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ABSTRACT

The present study is divided into two parts. Part I was an
attempt to investigate the steady state mass transfer across a liquid-
liquid interface accompanied by a very slow, second order, irreversible
chemical reaction using a glass vessel. Both liquid phases were well
stirred and the lower phase was allowed to flow in and out of the reactor
continuously. The system chosen for the study was ethyl acetate-sodium
hydroxide solution. In order to simplify the transfer situatioﬁ, the
ethyl acetate phase was pre-saturated with water, so that the transfer
became uni-directional, from the upper phase into the lower phase.
Experimental runs were performed at 25°C, 40°C and 55°C temperature
levels and at various sodium hydroxide concentrations ranging from
0.0002 N. up to 0.389 N. (while other experimental conditions, for
example, stirrer speeds and lower phase flowrates were kept constant).

In each run, transfer rate of ethyl acetate into the lower phase was
measured and the mass transfer coefficient was calculated.

The results showed (a) Van Krevelen's film model for slow,
second order, irreversible reaction system did not apply to ethyl acetate-
sodium hydroxide because the reaction involved was too slow to cause any
enhancement in mass transfer. (b) Mass transfer coefficient for reaction
run was smaller than that for physical transfer into water; and the dif-
ference was accounted for by an interfacial resistance (l/kr) apart from
salt effect of sodium hydroxide and sodium acetate.
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The resistance (l/kr) varied directly as the concentration of
sodium acetate, which, in turn, varied as a positive function of input
sodium hydroxide concentrations in the bulk lower phase.

The cause of the retardation to transfer was still uncertain.
However, it was speculated to be due to (a) Modification of hydrodynamic
conditions near the interface by salt and reaction effect. (b) Formation
of a surface barrier due to the presence of impurities. (c) Formation of
an additional reaction zone or film due to a very slow chemical reaction.

In addition, an analogue study on concentration profiles of reac-
tants and products in a film model was carried out. Also, J. B. Lewis'
experiments were partly repeated and his method of evaluating physical
mass transfer coefficients was discussed.

Part II was a study of unsteady state diffusion accompanied by
a slow, second order, irreversible chemical reaction across unstirred
liquid~liquid phases. The systems of ethyl formate-sodium hydroxide and
ethyl acetafe-sodium hydroxide were chosen.

The results of the schlieren investigation showed that when the
ethyl ester, pre-saturated with water, was in contact with the sodium
hydroxide phase, a zone was formed inside which reaction occurred. Turbulent
liquid motion was observed in the zone which extended itself in course of
time during the experiment.

A great part of the experimental work was spent in an effort
to search for information about the zone. The Moire pattern was made
use of in studying the zone propagation. Experiments were performed at
room temperature, with each of the ethyl ester contacting sodium hydroxide

solution at various concentrations (one concentration for each experiment).



The reaction zone thus formed was photographed at intervals. About 25
photographs were taken for each run. They were developed and analysed.
In some runs, concentrations of reactants inside the zone were measured.

The results showed (a) The speed of zone propagation was
higher in the ethyl formate-sodium hydroxide system than in the ethyl
acetate-sodium hydroxide system. Within the system the speed increased
with initial sodium hydroxide concentration used, then passed through a
maximum, and decreased with increasing sodium hydroxide concentration,
(b) Concentrations of both reactants inside the zone were low as compared
to their initial concentrations.

A simple model was proposed to describe the zone prOpégation

making use of the concept of eddy diffusivities.



INTRODUCTION

Lver since the development of chemical engineering, mass transfer
across fluid-fluid interface has been one of the vital operations in the
fielde Important practical examples are numerous such as gas absorption
of sulphur trioxide, nitrogen dioxide in the manufacture of acids. There
are several operations in chemical industries involving the application
of liquid-liquid extraction, for example, in the treatment of petroleum
naphthas for purification and sulphur removal using caustic soda and
added organiq solvents.,

Quite often these mass transfer processes involve simultaneous
chemical reactions with the result that the transfer rates are affected
to some extent. It is desirable to know how these reactions affect the
transfer rates which are the key data for designing the equipment for the
operation.

More work has been done in the field of gas absorption with all
kinds of experimental apparatus such as liquid jets, bead columns or wetted
wall columns,. and the theories in concern are also rather well developed.

On the other hand, very little work has been done in the field
of liquid-liquid mass transfer especially with chemical reaction. It was
for this reason that the present investigation was carried out. The system
of ethyl acetate-aqueous sodium hydroxide was chosen, where the reaction
kinetics were not complex and which had been studied by many researchers.
Both the steady state and unsteady state mass transfer experiments of

the system were carried out,



The results in the preliminary investigation in steady state
transfer showed that physical mass transfer of ethyl acetate into water
was greater than into sodium hydroxide solution although the system in-
volved a chemical reaction. The system was also investigated using a
scﬁlieren apparatus and it revealed that with sodium hydroxide solution
as fhe lower phase, the interface became less agitated and the transfer
of ethyl acetate into lower phase was observed qualitatively to be reduced
as compared to the case of physical mass transfer into distilled water,

If there are two liquids "A" and "B" contacting each other as
shown in figure (1) and considering that only "A" is going into "B"'at
a steady state., Generally the mass transfer rate depends on thé‘properties
of liquids such as solubility, diffusivity, density, viscosity and concen-
tration gradient. If a physical mass transfer is accompanied by a chemical
reaction, part of the substance transferred from the other phase will be
used up by the reaction, thus the concentration gradient will be greater
and a highef transfer rate will be observed. If the chemical reaction is
a very rapid one, the concentration of "A'" in compartment (2) becomes
very small, and the process.is'diffusion controlled. On the other hand,
if the chemical reaction rate is slow, some of "A" is left in compartment
(2). 1In either case, the transfer rate is usually greater than the
physical mass transfer rate.

In the preliminary investigation of unsteady state diffusion,

a zone of reaction was observed shortly after the contact of the two
phases. The zone was distinctly separated from the sodium hydroxide
phase by a demarcation line which extended itself in course of time.

Inside the reaction zone, turbulent liquid motion prevailed.



The results obtained in both of the preliminary investigations
on the system of ethyl acetate-sodium hydroxide presented some interesting
phenomena; some of them even contradicted the general idea that mass trans=-
fer was enhanced by chemical reagtion. In view of this fact, a more exten-

sive study was made.



BACKGROUND TO THEORETICAL STUDY

A) Transfer mechanism across the interface : =

1) Physical mass transfer

As early as 1904, Nernst (86)(87) extended the concept of Noyes
and Whitney (89) and proposed the "diffusion layer theory". He visualized
that during dissolution, say, of a solid in a liquid, a layer of constant
thickness & adhered to the surface of the solid and diffusion took place
through this layeres On the other hand, he assumed that at ever& boundary
between two phases, equilibrium was established with a practically infinite
velocity. Based on experimental results, Nernst (87) and Brunner (9) showed
that the rate of dissolution was proportional to the surface area exposed,
to a concentration driving force, and a constant called transfer coefficient,
which depehded on the system and the operating conditions used., It was
the study of this constant and its functional dependence on a number of
variables which interested éhemical engineers.

Following the advent of the "Nernst diffusion layer theory", a
considerable number of workers (48)(110)(152) published their findings
either in support or against the theory. Lewis and Whitman (71)(149)
extended the concept of the diffusion layer to cover two films at a
gas-liquid interface and derived the two-film theory of gas absorption.
Their theory, together with Nernst's, were subjected to numerous discus-
sions and investigations (9a)(106)(107)(126). Some investigators agreed
or discarded the theories; while others, inspired by the theories, also
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developed some other new ideas (59)(83),

Recently, various mechanisms have been proposed in an attempt
to give a realistic physical picture of transfer from an interﬁhase into
the stirred bulk of a liquide The over-simplified two-film theory of
Lewis and Whitman has been superseded by more elegant concepts such as
the penetration theory of Higbie (49), the surface renewal theories of
Danckwerts (15) and Kishinevski (61)(62)(63); the "film penetration"
model, and recently, the "mixing model for transfer near a boundary"
of Toor and Marchello (132)(132a). The Danckwerts' surface renewal
theory was modified by Harriott (44a) by assuming that only part of the
eddies which influenced the transfer rate came all the way to tﬁe inter=
faces More recent development tended to favour the derivation of trans-
fer rate based on the boundary layer theories first developed by Prandtl
et al. (101)(143) . A comprehensive summary of the development was made
by Marangozis (77). Furthermore, the effect of ions diffusing in mixed
electrolytes has been discussed (121)14l) and in several cases, it has
been combined with the existing theories (77)(121)(137)(141).

Theories on two component and multicomponent mass transfer
have been developed by Toor and Sebulsky (133) and also by Roper et al
(107a) on gas absorption. The mass transfer equations obtained differed
in form from the usual bin&ry components equations and predicted quali-
tative as well as large quantitative differences between binary and
ternary transfer,

If the physical transfer rate equation for every theory is put
into the form N=k&C, then every theory can be compared with the film

theory; different theories predict different values of transfer coefficient.



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 prediction of the ratio of the rate of transfer with chemical reaction
to the rate of pure physical transfer. Several cases have been treatede
A détailed discussion of the cases was given by Marangozis (77) and com-
parison of the cases in film, penetration and surface renewal theories was
presented by Vassilatos (137). Recently, a mathematical model based on
the film-penetration concept, accompanied by a first order irreversible
chemical reaction, has been formulated (53). Although most of the theories
are proposed specifically for gas absorption, their extension té liquid=-
liquid systews do not involve assumptions differing significantly from
those postulated for gas-liquid systems.

3) Comments on the models

The film theory is simple to apply and mostly used by design
workers. H§wever, it is proven by direct and indirect experimental evie
dence to be oversimplified. Probably the type of apparatus used (i.e.
the flow pattern) is closely related to the theory chosen., For example,
the film theory would be expected to work better for a gently stirred
vessel, where steady state mass transfer across an unbroken interface
occursy 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.

The penetration theory has been proven to work for apparatus
such as wetted wall columns (37)(90)(95), laminar liquid jets (13)(113),

disc column (2) and rotating drums (16).
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Danckwerts (16a) has shown that neither the fi}m theory nor
the penetration theory is completely valid for packed towers. For such
a kind of apparatus, the film-penetration model would be expected to work
better. Applications of the film-penetration model to stirred vessel for
liquid~liquid and gas-liquid systems have been recommended (138).

At present, although the Danckwerts surface renewal theory has
be;n tested by absorption in a packed tower (16b), no direct proof has
yet been available, and therefore, it still should be considered as ten~
tativeo.

The laminar and turbulent boundary layer theories afford a
rather vigorous, promising approach to the prediction of rates of inter-
phase transfer from a knowledge of fundamentgl liquid mechanics and
reaction data. The picture seems to be more realistic in many casese

Though usually applied in cases where a fluid flows over a
solid surface (77)(140a), the method has been extended by Potter (99)
to include transfer between co-current liquid streams. The boundary

layer theory has also been applied to physical transfer in drops (25)(58),

B) Transfer across liquid-liquid interface : -

1) Physical mass transfer

Notwithstanding the fact that measurementsof diffusion across
interfaces with the liquids being stirred were made by Sjolin (124),
Hutchison (54) and Davies (19) as early as two decades ago, much more
work has been done in the field of gas absorption and solid-liquid systems
rather than liquid-liquid systems, mainly because the situation arising
from liquid-liquid extraction is more cowplicateds The flow of components

frequently involves both directions from the interfacey and the surface
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properties are quite different from the gas-liquid or solid-liquid inter-
faces. As an example to demonstrate the complexity of liquid-liquid
extraction, the Fick's diffusion equation for the rate of physical mass
transfer is considereds In the case of gas absorption or solid dis-
solution, the experiments are usually conducted in such a way so that

the concentration of the solute in the liquid phase is lowe. Consequently,
the transfer coefficient as well as the diffusion coefficient are often
assumed to be independent of the concentration of the solute without intro-
ducing serious error. Howevery in liquid-liquid extraction, the solute
concentration frequently comes up to the range where the assumption of
the constant diffusion coefficient is no longer valide If the fariation
of the diffusion coefficient is taken into account by incorporating into
the diffusion equation a suitable function of concentration, the equation
becomes, in most cases, non-linear, Some solutions have been obtained by
Fujita (31) and Raal (103).

Aithough the present existing theories for gas absorption are
supposed to be applicable to liquid-liquid mass transfer, yet, comparisons
of experimental results with theories often show large deviations. As a
result, either the theoretical equations have to be modified or certain
interfacial phenomena leading to the deviations have to be accounted fore
Some investigators, based on the experimental results and dimensional
analysis, proposed different mechanisms of mass transfer. Thus, J. Be
Lewis (67)(68), in his studies of transfer across liquid-liquid inter-
face in a stirred cell, proposed a correlation for individual mass trans-
fer coefficients in terms of only Reynolds numbers and viscosities of

the liquids. Although the proposed correlation represented the liquid-
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liquid extraction results on a number of two-component systems fairly
adequately, it appeared generally unable to give satisfactory predictions
when applied to three-component systems. Sherwood (117) pointed out that
the experimental results of Lewis actually did not exclude the possibility
of correlating transfer coefficients with molecular diffusivities, Similar
experiments were performed by Blokker (4) using several liquid systems

and the results agreed with those of Lewis. More recently, Lewis experi-
ments were repeated by Mayer (78) and McManamey (81) almost simultanecusly.
Both of them included a Schmidt group in their correlation as discussed

in Appendix XI. Gordon and Sherwood (39) carried out experiments on the
physical extraction of various solutes in water-isobutanol systems They
were able to prove the theory of additivity of reaisfances first proposed
by Whitman (71). Fujinawa et al (27) carried out the same type of experi-
ments as Gordon and Sherwood except using water benzene as the two phases
insteade They confirmed Gordon and Sherwood's results,.

Liquid-liquid mass transfer phenomena were also studied in static
diffusion cells by several workers (10)(123)(129)(134)(146)., Equations
predicting mass transfer rates were also derived.

Liquid=liquid extraction involving drops has been investigated
by Johnson et al and many others (5)(25)(42)(58). A comprehensive litera-
ture survey on this subject has been made by Johnson and Hamielec (42).
Several researchers have investigated, particularly, the ethyl acetate-
water system (4la)(57a). Prediction of transfer rate usually involves
either the application of the boundary layer theory or the derivation of
concentration profiles from stream functions. Higher mass transfer rate,

as compared to solid spheres, are usually obtained by both experimental
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measurements and theoretical predictions. The increase in transfer rate

is believed to be due to internal circulation of the drop or interfacial
turbulence, depending on the system under studye A recent paper by Thorsen
and Terjesen (131) showed that both the internal circulation and the inter-
fécial turbulence due to local variation ia interfacial tension were not
responsible for the higher rate of transfer. Instead, they proposed that
the high transfer rate in pure liquid-liquid systems was due to interfacial
turbulence set up in the continuous phase over the rear point of the
drope The turbulent motion was associated with the unstable liquid boun-
dary and the point of separation where the primary disturbance was con-
sidered to arise. Their conclusions were quite different from fho present
existing explanation (33) for high transfer rate based on the thinning of
the boundary layer caused by internal circulation. It should, however,

be noted that the work of Terjesen et al involved only a few systems and

at a certain range of Reynolds numbers (50-800). Whether the idea could

be generaliied or not still has to be confirmed by more experiments.

One of the difficulties encountered in liquid-liquid extraction
is that mass transfer is sometimes associated with interfacial resistance
or interfacial turbulence. It must be accepted, of course, that inter-
facial resistance may occur in gas absorption. Likewise, interfacial
turbulence is also observed in gas absorption. Using schlieren and inter-
ferrometric techniques, Kroepelin and Prott (65) showed that the transfer
of methanol vapor to water was an example of eruptive transfer,

Werd and Brooks (146) were the first to report the existence
of spontaneous, highly localized interfacial agitation accompanying mass

transfer across liquid-liquid interface. Since then, interfacial turbulence
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has been observed and studied in drops and flat interfaces both visually
and photographically. Lewis et al (68)(70), in several cases of their
liquid-liquid transfer studies, reported interfacial turbulence. Their
observations were confirmed later by other workers (34)(46)(91)(122).
Optical studies of interfacial turbulence were carried out by Gore (40)
and Nelson (85). A rather complete literature survey on this subject
had been given by Orell and Westwater (92). On the other hand, a mathema-
tical model on interfacial turbulence based on the Marangoni effect,
wherein movement in an interface was caused by longitudinal variation
of surface tension, had been formulated by Sternling and Scriven (127),
The model was tested by Orell and Westwater (92) using ethyleno.glycol-
acetic acid-ethyl acetate systems It was found that the Sternling-
Scriven model of interfacial turbulence could only explain part of the
observed phenomenon.

2) Mass transfer with chemical reaction

Most of the experiments carried out so far in liquid-liquid
mass transfer with chemical reaction are aimed at testing the film and
penetration theories for rapid irreversible second order reaction, Com-
parison of available results leads to deviations, Thus Osborne (93),
Searle and Gordon (115), Sherwood and Wei (122) extracted acetic acid
from isobutanol using aqueous sodium hydroxide solution; the measured
overall mass transfer coefficients appeared to be much higher than pre-
dicted by Hatta's theory (45), although Sherwood and Wei had taken the
effect of ionic diffusion into accounte At higher concentration levels
of sodium hydroxide solution (1N - 3N), the transfer coefficients became

irregular and non-reproducible. Other extraction experiments, namely,
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extraction of acetic acid from water by solutions of cyclohexylamine in
isobutanol and extraction of n-butyric acid from benzene by aqueous sodium
hydroxide were also performed by Sherwood and Wei (122); abnormally high
values of transfer rates were obtained. They attributed the deviations

to SRbsriacial Yurbuleste. On the contrary, Fujinawa et al (27)(28) car-
ried out a large number of experiments on liquid-liquid extraction with
chemical reaction, including the extraction of acetic acid from benzene

by aqueous sodium hydroxide. In all the systems under study, chemical
extraction rates were found to be constant in the range above some critical
value of initial sodium hydroxide concentration. The conclusion was in
support of the film theory.

Raal and Johnson (104) derived a non-linear differential equa-
tion on liquid extraction where the solute on absorption reacted to form
a dimer through a rapid second order reversible reaction with the solvent.
However, experimental results deviated from the predicted ones (103),
probably due to interfacial turbulence or interfacial resistance.

Very little information concerning mass transfer with reaction
involved 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 (29). 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 rate, in general,
slightly increased with increasing potassium concentration. Recently, mass
transfer of ethyl acetate from a fixed drop into flowing aqueous sodium

hydroxide solutions was measured by Watada of this Department (147). His
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preliminary results also indicated a decrease in transfer rate with
increasing sodium hydroxide concentration.

Even less information can be obtained concerning unsteady state
diffusion with chemical reaction in still fluids. In theory, only diffu-
sion accompanied by an infinitely fast second order irreversible reaction
has been worked out by Sherwood and Pigford (119) using the stagnant film
model. This theory was generalized later by Scriven (114). The solution
has also been worked out using both laminar boundary layer (24) and tur-
bulent boundary layer models (1l7a). Mathematical solution of diffusion
accompanied by a very fast, but not infinitely fast second order and
third order irreversible reactions has been attempted by Friedlander (23).
However, all the aforementioned workers have been, 80 far, trying to solve,
one way or the other. the general mass balance equation (i.e.

"

3% - V'Vni=V-D Un, + G, )

p & iy 8 4

C) Interfacial resistance : =

In recent years, considerable attention has been given to the
phenomenon of interfacial resistance both in gas agbsorption and in liquid=-
liquid mass transfer. This kind of study is of fundamental importance in
mass transfer. In essence, experimental mass transfer rates are compared
with the theoretical predictions assuming a certain theory (such as the
film or penetration theory). The interfacial resistance causes the trans-
fer rates to be lower than the predicted values. This, of course, auto-
matically involves the assumption that the mechanism chosen fits the

transfer situation. Thus, many workers (13)(49)(76a)(142) have made
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the comparisons and have reported interfacial resistance of this type

in physical gas absorption and evaporation (47). Similar type of inter=
facial resistance is also common in the liquid-liquid extraction without
chemical reaction. The presence of interfacial resistance to the transfer
of uranyl nitrate between water and solvents such as dibutyl carbitol and
methyl isobutyl ketone was observed by Murdoch and Pratt (84) in a wetted
wall column. Later, Smith et al (125) found that satisfactory agreement
between experimental and predicted overall mass transfer coefficients for
the transfer of uranyl nitrate between water and isobutyl ketones in a
packed column could only be obtained by taking this interfacialiresistance
into accounts J. Be Lewis (68)(69) studied the transfer of a variety of
solutes (including uranyl nitrate) between water and‘a number of solvents
in a stirred cell. The experimental overall transfer coefficients were
compared with values predicted from individual transfer coefficients
calculated by an empirical correlation previously determined (67).
Interfacial resistance was observed in a number of cases. Blokker (4)
carried out liquid extraction experiments in the same way as Lewis and

he noted that deviations as high as + 50% from calculated coefficients
occurreds Gordon and Sherwood (39) reported interfacial resistance

when they measured extraction rate of acetic acid from isobutanol by
water in a stirred vessel,

Interfacial resistance was observed even in static diffusioh
cell. Thus, Sinfelt and Drickamer (123), Tung and Drickamer (134) could
measure resistance in aqueous and non-aqueous liquid pairs using radio=-
active tracers. They also reported interfacial resistance in phenol-

sulphuric acid-water system.
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Very few data showing the interfacial resistance in chemical
gas absorption or liquid-liquid extraction with chemical reaction are
available. Jenny (57) carried out batchwise absorption of ethyl acetate
vapor by sodium hydroxide solutione. The absorption rate was found to be
smaller than physical absorption rates The liquid-liquid extraction
work of Raal (103), Fujinawa et al (29) and Watada (147) as discussed
previously all indicated the existence of interfacial resistance with
mass transfer accompanied by a chemical reactione

It is important to distinguish between the actual resistance and
the apparent resistance due to (1) deviation from conditions of static
equilibrium (2) presence of small traces of impurities (3) occurrence
of a slow aurface reaction.

1) Question of interfacial equilibrium

Kennedy (17) and many others suggested that the apparent resis-
tance during absorption of carbon dioxide was due to departure from inter-
facial equilibrium, However, Lynn, Straatemeir and Kramers (76a) decided
from their wetted wall column experiments that interfacial. equilibrium
existed in the sulphur dioxide system. Cullen and Davidson (13), Scriven
and Pigford (112) concluded from jet absorption experiments and study on
Knudsen's equation of gas kinetic theory that interfacial equilibrium
existed in freshly formed, relatively clean carbon dioxide-water interface
and the statement probably applied to the absorption of other slightly"
soluble gases in water. Less work was done in liquid-liquid mass transfer
to prove this point. Scott, Tung and Drickamer (111) concluded from
diffusion measurement involving the transfer éf sulphuric acid between
water and phenol that it was certainly not safe to assume equilibrium

at the interface. Ward and Brooks (146) studied diffusion of acetic,
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propionic, n-butyric and n-valeric acids across the water toluene inter-
face without stirring by Lamm scale methode They found that for all the
acids, the concentration immediately next to the interface in the two
layers remained constant throughout diffusion with a ratio equal to the
distribution ratio. The extraction experiments of Terjesen et al (6)
(7)(50)(72)(131) tended to favour the existence of interfacial equili-
brium during mass transfer,

Strictly speaking, the interfacial equilibrium must be upset
before any mass transfer can occur. For physical mass transfer experi=-
ments in gas absorption and liquid-liquid extraction, the assumption of
interfacial equilibrium seems to be valid for many systems if tﬁe mass
transfer rates are not very greate This assumption should not be gener=-
alized. With a reaction occurring at the interface, the existence of
static equilibrium becomes less known and requires further investigationse

2) Presence of impurities at the interface

Iﬁ mass transfer operations, particularly with pure liquid
systems, the transfer rates are quite often reduced by the presence of
traces of impurities or foreign material at the interface. There has
been a huge amount of work devoted to investigating the effect of added
surface active agents on the mass transfer rate. The general result,
at the first glance, seems to be rather contradictory and confusing.
Some investigators reported that the presence of surface active agents
partially reduced the physical mass transfer rate; while others reported
that surface active agents had no effect on the mass transfer rate.

a) Effect of surface active agents in gas‘absorption

The effect upon absorption of adding to water measurable
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quantities of surfactants, such as Teepol and Petrowet had been investi=-
gated by several workers (14)(22)(76a). The apparatus used were wetted
wall columns or laminar jets. In the wetted wall columns, the addition
of wetting agents markedly affected both the liquid flow regime, causing
the disappearance of rippling in the falling films, and absorption rates,
which were reduced. In the shorter columns or laminar jets, wetting
agents were found to have no effect on absorption rates. Hammerton and
Garner (43) demonstrated clearly that contamination of the surface of a
rising bubble by surface active material initially present in trace
amount could convert a mobile, free liquid surface into a rigid struc-
ture and that such a conversion was accompanied by a marked redﬁction in
absorption rate.
b) Effect of surface active agents in liquid extraction

There are even more experiments done in liquid-liquid extrac-
tion with surface active material, particularly in dropss. A comprehen-
sive earlier literature survey on the effects of surfactants on extrac-
tion from drops was given by Garner et al (35). These workers, based on
their experimental results together with some others, showed that extrac-
tion rates decreased with addition of surface active agents. In some
cases, the extraction rate was reduced to over half of the original value,
Terjesen (6)(7)(50)172)(131) carried out extensive studies in liquid
extraction with surface active agents soluble only in aqueous phase
(mainly some sodium salts of sulphate or sulphonate) and they concluded
that transfer rate was reduced by the agent. They first proposed that
the role of surfactants on the decreasing extraction rate was due to

their barrier behaviour hindering the transfer of solute travelling
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across the interface, an explanation different from the one proposed by
Hutchinson (55) and Garner and Hale (36) that resistance was caused by
some kind of interaction between the adsorbed film and the diffusing
solutes An equation was derived relating the aqueous concentration of
the surface active agent and the resistance (72). The derivation of the
equation was based on the assumption that the interfacial resistance was
proportional to the interfacial concentration of the surface active agent,
However, Terjesen et al, in their later experiments (131) found that the
action of surfactants on reducing transfer rate was due to their power
of modifying the hydrodynamic conditions at or near the interface,
Fujinawa et al (30) performed similar experiments as Terjesen and Garner
and they found that the addition of very small amounts of surface active
agents decreased the rates of extraction appreciably. In addition, they
also found that the higher molecular substances had similar effect on
transfer rate.

On the other hand, Lewis (67) carried out the extraction experi-
ments in a stirred cell with long chain quarternary ammonium compound as
surface active agent and with rigid protein film added respectively. He
reported that while the ammonium compound which formed a mobile film at
the interface had little effect, the rigid protein films caused a retarda-
tion of transfer, probably by damping interfacial turbulence. Gordon and
Sherwood (39) carried out extraction experiments with addition of several
commercial surface active agents respectively, they concluded that the
effect of surface active agents on transfer rate was smalle Davis and
Mayers (20) repeated the experiments done hy Lewis using a variety of
surface active agents. They showed that the liquid-liquid mass transfer

rate in a stirred cell was reduced in the presence of either soluble or
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insoluble surface active agents. These workers explained the nature of
the surfactant films in terms of a "surface clearing ' model which was
related to the surface compression modulus of the filme In this way, they
favoured the idea of the surface active agents acting like a barrier.

Conflicting results were found even in the study of static dif-
fusion cell. Thus, Wiggill (151), Sinfelt and Drickamer (123) reported
that the addition of a surface active agent had no effect on the transfer
rate in the systems which they investigated. While Szpak (129 ) found
the addition of "Aerosol OI" to water-acetic acid-benzene system slightly
reduced the rate of extraction of acetic acid. At the same time, he
noticed the disappearance of the interfacial turbulence associafed with
mass transfer when the system was pure.

Recently, Quinn and Jeanin (102) investigated the effect of
surfactants (Tween 20) using a liquid-liquid laminar jet. They found no
difference in transfer rates was detected between the runs with and without
surface active agents,

The different results obtained by the workers are probably due
to different types of surface active agents employed at various concen-
trations. Also it may be, to some extent, due to the choice of apparatus
or system. For example, the laminar jet, whose geometry is well-defined,
should be expected to be less affected than the liguid interface in a
stirred cell, becaﬁse of the more rapid formation of new surface in the
former apparatus. The drop systems seem to be more easily affected by
the surfactants, probably because the agents reduce the interfacial ten=
sion of the system, thus decreasing the internal circulation of the drope

On the other hand, it has also been shown, though not confirmed, that
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internal circulation does not affect the transfer rate. Despite the con-
flicting results, there is a general tendency to believe that the action
of surface active agents on interphase mass transfer is more of a hydro-
dynamic rather than interfacial barrier nature.
3) Occurrence of slow surface reaction

Interfacial resistance can also be caused by a slow reaction
happening at the phase boundarye Such reaction had been reported in
the liquid extraction of inorganic nitrates by Murdoch and Pratt (84).
Later, McManamey (82) repeated the experiments on inorganic nitrates
extraction and showed that the metal nitrates might form a solvated com-
plex at the interface and then pass into the solvent phase, |

Since no direct proof of the existence of such interfacial
reaction is available, the proposed cause of interfacial resistance must

be reserved as tentative.

Sﬁmmarizing the above discussions, it is clear that interfacial
resistance arising in mass transfer experiments can be accounted for by
the presence of impurities or foreign matters capable of modifying the
hydrodynamic conditions at or near the interface. There are cases where
the cause of interfacial resistance is due to employing an incorrect
model or occurrence of an interfacial reaction and, in odd events, de-
viation from phase equilibrium (109).

True interfacial resistance is small if there is any (11)(13)

(102) and can often be negligible except in the case of evaporation (47).

D) Note on the film theory : =
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In the case of transfer between liquid and solid or gas and
solid, the film is well~defined because of the rigidity of one phase
and its thickness can be estimated experimentally quite accurately.
Values as small as 10—4 cm have been measured (129). In the case of
gés absorption by liquid, the concept of film is not as clearly defined,
The liquid-liquid extraction operation requires even a closer examination
of the film concept.

The actual transfer mechanism of the film theory, embodying
the assumption of a thin stagnant liquid film adjacent to the interface
in which steady state diffusion occurs, has long been open to question,
particularly in cases where vigorous agitation at the interface occurs
(for example, the packed tower). As pointed out by Lewis and Whitman
themselves, the films were fictitious rather than realistic and the
theory could neither predict the magnitude of the film thickness nor
the mass transfer coefficient. Szpak (129) has demonstrated recently
through experiments, that the classical concept of the film theory is
incorrect. He proposed that mass transfer across liquid-liquid inter=-
face must be irregular and contributed separately by two factors, the
random movement and the convective flux of the liquidse

Despite all the severe criticisms, the film theory survives
and is still used in industrial design calculations mainly because of
its simplicitye.

Actually, the utility of the Whitman two-film theory does not
depend on the existence of stagnant films but on the validity of three
assumptions: (1) the rate of mass transfer within each phase is propor-

tional to the difference in concentrations in the main body of the fluid
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and at the phase boundary or interface; (2) the phases are at equilibrium
at the phase boundary; and (3) steady state diffusion occurs to the extent
of negligible holdup of diffusing solute in the region near the phase boun-
dary. The validity of assumption (2) has been discussed in the previous
section. For the conditions of most applications, the first assumption is
believed to hold well, though some investigators (105) found the molecular
diffusion of water into n-butanol to be more nearly proportional to fuga-
city than to concentration difference.

In addition, it has been shown (8)(?77)(137) that the effect of
a reaction on the rate of pure physical mass transfer is nearly independent
of the chosen model., This indicates that for any given type of equipment
(which gives rise to various flow patterns) and provided the physical mass
transfer is obtained, the film theory can always be applied to predict the
transfer rate with reaction in the same equipment provided all the other

conditions are kept constant,.



PART I

STEADY STATE MASS TRANSFER

ACCOMPANIED BY A SLOW, IRREVERSIBLE

SECOND ORDER CHEMICAL REACTION

(WITH STIRRING)




THEORLTICAL PRINCIPLES

A) Film theory : -
The following is the classical film theory describing the mass

transfer across a liquid-liquid interface accompanied by a slow, second
order irreversible chemical reaction. The situation is simplified by
assuming that the transfer is uni~directional and from the upper phase
into the lower phase. It is also assumed that the film in the upper
phase offers no resistance to mass transfer., Thus, in this case, only
the film in the lower phase is important.

Conéidering the following irreversible second order reaction

1 +.2 —> 3+ 4 eeee (1)
taking place in a film of the lower phase between component 2 of the
upper phase ‘and component 1 of the lower phase. The rate of this reac-

tion is given by

dC dC
__1". = -—-—2- = -kclcz ecee (2)
doe ae

where k is the reaction rate constant, C1 and C2 are the concentrations
of components 1 and 2 respectively, © is the time. By a material balance
in a differential volume element dx(l) of the liquid inside the film in

steady state, the following equations can be written for the reactants: -
2

dCl d Cl

— Dl — k0102 = 0 sens D)
de dx

ac, a’c,

Sr—— = D2 '—2—" - kClC2 = O coeco (l")
aoe dx
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and for the products:

dC3 d203

= D + kC.C_. =0 esee (5)
@ 2 ax T
d04 dzcu

= Dl} 5 4 kClCZ = 0 sone (6)
dae dx

with the following boundary conditions: -
at x = 0

dc
ol il
dx

Gy » Cug

dC

D, —= = transfer rate of C
2 dx 2

dC
-l O (It is assumed that both components 1 and 3 cannot
dx go into the upper phase.)

Cy = Cyy,
where the D's refer to the molecular diffusivities of their
corresponding components, x is the distance from the interface

and X, is the film thickness. C21 represents the saturation

concentration of 2 at the interface and ClL is the concentration

of 1 in the bulk of the liquid in the lower phase. All the
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diffusion coefficients are assumed to be constant throughout

the film.

The simultaneous equations (3)(4) cannot be solved analytically
as they are not linear. An attempt to obtain a numerical solution of the
same equations has been made through the application of an analogue com-
puter and the results are shown in Appendix IX. Analogue computer solution
for the equations were also obtained by A. R. Gemmel (32) at the University
of Toronto.

On the other hand, an approximate solution of equations (3) and
(4) was first presented by Van Krevelen and Hoftijzer (136). They assumed
that the concentration of component 1 was constant to a value Cl; through-
out the proper reaction zone in the liquid film; and the concentration
C2L in the bulk lower phase was negligible. Figure (1) illustrates the

concentration profiles after Van Krevelen's assumption. The constant

concentration C_, is related to 02i by the equation

1i
D D.
2 1
NZA W . (CZi) = - i (clL - Cli) evece (7)
*R £~ *R
where N2A is the transfer rate of 2 from the upper phase

xR is the thickness of the reaction zone
also, defining: -

mass transfer coefficient with reaction

D2 N2A
lﬁE‘A Ll i a ecece (8)
X C2i

mass transfer coefficient without reaction
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k. = — soee (9)

ﬂ e R ooo.(lo)

eseel(ll)

M G o —— oo-.(lZ)

solution for equations (3) and (4) is

ke® x
¢ _.;!"_A. = —-g = JM(l = q(g - l)) ;000(13)

k4, Xz tanh V(1 - q(g - 1))

If the value of @ is greater than 1, the diffusion path for
component 2 will be shortened because of the reaction. It should be
noted that the thickness ﬁf of the film is assumed to be the same with
and without reaction under the same hydrodynamic conditionse A solution
for equation (13), obtained by trial and error calculations, was first
presented by Van Krevelen and Hoftijzer as given in figure (2).

Another approximated solution of equations (3) and (4) was
obtained by Peaceman (95) who assumed that the concentration of component

1l in the film varied linearly from a value of cli at the interface to

ClL in the bulk of the liquid.

B) Retardation to mass transfer : -

1) Mass transfer coefficient

Considering the general transfer equation of component 2 from

the upper phase into the lower phase; and assuming the resistance to



30

transfer in the upper phase is negligible,

N2 = kLAC = kL (c:21 - CZL) save UIN)

where

N2 = transfer rate of component 2

kL = mass transfer coefficient

For the system of ethyl acetate-sodium hydroxide, the reaction
rate is very slow so that ethyl acetate (CZ) can be assumed to diffuse

into aqueous sodium hydroxide phase and react with sodium hydroxide (Cl)

in the bulk homogeneouslye.
Writing a mass balance for NaOH in the lower phase

FCo - FCl = kClcav T (15)

where
F = flowrate of the lower phase
Co = input concentration of NaOH

\

volume of the lower phase
k = reaction constant
also, writing a mass balance for ethyl acetate in the lower phase

T = FCa + kCICZV eece (16)

where
T = transfer rate of ethyl acetate

From equations (15) and (16), Cl and C , can be calculated which are

equivalent to ClL and CZL'

Referring to equation (14), if N_ and C

> 2 are known, kL

can be calculated.
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2) Mass transfer resistance

In the reaction runs of the ethyl acetate-sodium hydroxide
system, decreases in mass transfer rates are observed with increasing
concentrations of sodium hydroxide solutions in the lower phase. This
retardation may be due to the change in either the concentration gradient

{C.. CZL) or the transfer coefficient (ki) or both of them.

2i
a) Change in concentration gradient

The decrease in concentration gradient is due to the change in
the ethyl acetate solubility which, in turn, is due to the salt effect
of sodium acetate and sodium hydroxide present at the interface.

There have been a number of qualitative and quantitative theories
of salt effect, all with common underlying aspects bﬁt emphasizing different
approaches to the problem, They can roughly be divided into four groups:
the hydration theories (38), the electrostatic theories (21), the Van der
Waals forces (64) and the internal pressure concept (80)., Comparison of
experimental data with the theoretical values showed that the internal
pressure concept is the best explanation for salting out effect on non-
polar nonelectrolytes; while the electrostatic theories give better re-
sults for polar nonelectrolytes.

On the other hand, the decrease in solubility produced by an
electrolyte can often be described by the empirical relation (96)

1n (5°/8) = k C S LT
over a considerable range (up to approximately 4.0 molal). S is the
solubility in the solution of electrolyte of concentration C. S° is
the solubility in pure water, and ks is a constant for each specific

electrolyte when salting out a particular nonelectrolyte.
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Salt effect of sodium acetate on ethyl acetate is easy to eva-
luate since it requires only a few simple experiments to get the data for
equation (17). On the contrary, salt effect of sodium hydroxide on ethyl
acetate cannot be measured experimentally since they react with each others
Furthermore, the salt effect of sodium hydroxide on the nonelectrolyte
cannot be calculated using Kirkwood's (60) or Deybe's (21) methods due
to limited thermodynamic data available., Nevertheless, comparison of a
large group of experimental data on salt effects (44)(73) indicates that
the salting coefficient of sodium hydroxide on ethyl acetate should be
in the same order of magnitude as sodium acetate on ethyl acetates In
this work, it is assumed that salting coefficients for both sodium hydrox-
ide and sodium acetate on ethyl acetate are the same.

b) Change in mass transfer coefficients

There are several factors, all speculative, responsible for
the decrease in mass transfer coefficients in the reaction runs. They
are outlined briefly below: (i) modification of hydrodynamic conditions
near the interface (ii) formation of a surface barrier, covering up
part of the interface (iii) presence of an additional film due to slow
chemical reaction.

Let

*
kL = mass transfer coefficient of ethyl acetate without reaction

ki = mass transfer coefficient of ethyl acetate with reaction
l/kr = resistance

By the theory of additivity of resistances (71)(118),

l/ki - l/kL = l/kr [ XXX ] (19)



Concentration profiles of reactants are as shown in

figure (3).
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EXPERIMENTAL DETAILS

A) Experimental : =

1) The flow sheet (Numbers in the following description refer to Figure (4))

The lower phase was introduced to surge tank (a S5-litre aspirator)
and flowed into a constant head device (3). The outlet flow from the con-
stant head device was regulated by an adjustable pinch clamp 13 The volu-
metric flow rate was metered by an FP flowmeter, tube #FP-1/8-12~G=5, The
solution was then adjusted to the desired temperature by letting it flow
through a round glass coil (6) immersed in a 12" diameter glass water bath
(7)s The outlet flow from the reactor was conducted through another con-
stant head device (16) again and then to drain.

2) Experimental run

To start an experiment, pinch clamp (15) was closed. The ethyl
acetate, pre-saturated with distilled water at the temperature of the experi-
ment,was introduced into the reactor through the stopcock (1l6a)at the bottom
of the lower compartment, Then the lower phase was let flow into the lower
compartment very slowly so that mixing of the two phases was practically
avoideds As more of the lower phase got into the lower compartment, ethyl
acetate gradually rose into the upper compartments When the interface
reached the tip of the hook gauge and the ethyl acetate level reached about
1 cm. from the top of the upper compartment, pinch clamp(l5)was screwed
open and the stirrer started at 141 r.pe.m. Then the flowrate was adjusted
to the 12th division on the FP flowmeter which was about l.5 litres/hour
and has a range of + 0,1 litre/hour,depending on the temperature of the

36
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experiment. This stirrer speed as well as the flowrate were pre-determined
in the preliminary investigation.

The experiment was run at least for 20 minutes before taking any
measurement in order that the system could come to steady state (retention
time was approximately 4 minutes). Lach experimental run lasted for at
least 5 hours.

At the beginning and end of each experiment, the whole apparatus
was flushed with distilled water for at least half an hour.

3) Measurement of transfer rate

At steady statey the interface was right at the tip of the hook
gauge and the experiment was started. During the run, the upper phase was
transferred into the lower phase. Therefore the volume of the upper phase
decreased, The hydrodynamic equilibrium in the system was upset and the
interface went up. A small amount of the upper phase liquid (1 to 2 ml)
was added in at® short intervals using a 5 ml syringe #H7608 manufactured
by Becton, Dickinson and Company, U.S.A. This addition was to keep the
level of the interface always at the tip of the hook gauge. The amount
added would be equal to the amount transferred, if there was no other lossj
thus the transfer rate could be calculated if the time between additioms
were known.

L) Interface adjustment

The interface was always kept constant to the indented point
of the reactor: this was indicated very clearly by the tip of the hook
gaugee.

The interface level could be adjusted by the constant head

device mounted on a vernier scale.
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5) Temperature control

The experiments were performed at 5 temperature levels 25°C,
4O°C and 55°C.

The temperature of the reactor was kept constant using a water
jacket which was also made of pyrex glass with an outside diameter of
9.15 cme

The water was kept at the desired temperature level to a range
of + 0.05°C by a Universal Thermostat, manufactured by Haske Company,
Germany.

6) Vspor loss determination

Since the top of the reactor was open to the atmospheré, eva-
poration of the ethyl acetate was bound to occur. The stainless steel
cup helped to reduce the evaporation but could not totally eliminate ite
Consequently, part of the ethyl acetate added during the experiment was
lost to the atmosphere instead of being transferrede.

Experiments determining the rate of evaporation of ethyl acetate
in the reactor were carried out at 25°C, 40°C and 55°C.

The réactor was filled with ethyl acetate up to the mark on the
stem which was 1 cme. down from the top of the reactor, The stirrer was
started at 141 r.p.m. and temperature was maintained at the desired level,
In course of time, ethyl acetate vaporized and the level of ethyl acetate
was kept constant at the mark by continuously adding fresh water-saturated
ethyl acetates The amount added per hour was taken as the evaporation
rate at that temperature level.

7)  Solubility measurements

Solubility of ethyl acetate in water was measured at three
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temperature levels (25°C, 40°C and 55°C). Water and ethyl acetate were
mixed and shaken vigorously in a separatory funnel and then put into a
water bath in which the temperature could be maintained at a desired level
to within 0.05°C. Solubility measurements from both initially super-
saturated and under-saturated solutions were made. The ethyl acetate-
water mixture was maintained at that temperature for 24 hours and was

well shaken at intervals. Both phases were then separated as quickly as
possible to ensure against any change in temperature. The concentration
of ethyl acetste in water was analysed in a gas chromatograph (Beckman
GC=2A) using a carbowax column,

Duplicate runs were performed, and the results were wifhin 5%
deviation,

8) Salt effect

It was observed that when sodium acetate was added into a system
of ethyl acetate-water in equilibrium condition, the condition in the water
phase was diéturbed and droplets of ethyl acetate were seen salting out,

The salt effect of sodium acetate in this work was determined
experimentally at 25°C and 40°C and 55°C.

To 250 ml, of water, saturated with ethyl acetate at a certain
temperature (for example, 25°C), a known amount of sodium acetate was
added and the mixture was put into a water bath of the same temperature
and well shaken at intervals. The top of the containing flask was coated
with paraffin wax as to ensure against vapor loss. After 24 hours, the
container was taken out and the amount of excess ethyl acetate salted out
was measured; thus the decrease in solubility could be calculated. The

experiment was repeated at other sodium acetate concentrations and then
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at other temperature levels,

9) Ideal concentration profile across the film

An analogue study was carried out in an attempt to solve the
differential equations (3), (4), (5) and (6). The detailed procedure
was as shown in Appendix IXe.

10) Checking the assumption of homogeneous reaction in the lower bulk

phase

The calculation of concentrations of ethyl acetate and sodium
hydroxide in the lower phase involved the assumption of a homogeneous
reaction throughout the lower phase. This assumption was checked by two
experiments at 25°C and 55°C, .

The experiment was performed as the normal run. At about 300
minutes, the transfer rate of ethyl acetate was recorded, The feed
(sodium hydroxide solution) was shut off, the stirrer was stopped and
the output line of the reactor was also clamped as to avoid the backflow
of the liquid from the constant head device. The lower phase was then
drained, through the stopcock at the bottom of the reactor, to about 2/3
of its original volume to a beaker. 25 ml. of the solution was pipetted
to 30 ml, of HC1l solution of known normality, so that the NaOH in the
solution was neutralized with a little excess of HCl., The whole opera-
tion required le.2 minutes to finish. The excess HCl was back titrated
with standard solution of NaOH again. Brom thymol blue was used as

indicator.

B) Number of mass transfer experiments performed: -

1) Ethyl acetate-aqueous sodium hydroxide system
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More than 80 experiments were performed at three temperature
levels and at verious NaOH concentrations. The transfer rate for each
run was measurede. These experiments can be divided roughly into three
groups.

The first group consisted of 36 runs was experimented with ethyl
acetate prepared by Fisher Scientific Company some time ago. The second
group consisted of 29 runs was experimented with ethyl acetate prepared more
recently by the same company; this fact about ethyl acetate was known
through the lot number of the drums purchased. In the third group of
experiments, ethyl acetate used was purified by redistillation in the way
as described in Appendix IV.

2) Ethyl acetate-water system

Physical transfer rates of ethyl acetate into water were also
measured at the three temperature levels, All three types of ethyl ace=-
tate classified in the preceding section were used.

3) Ethyl aéetate-qgueous potassium hydroxide system

Three runs at 55°C were performed with potassium hydroxide solu-
tion as the lower continuous flowing phase. The input potassium hydroxide
concentration for each run was varied. The mass transfer rates of the
ethyl acetate obtained were compared to that of sodium hydroxide runs.

4) Other mass transfer experiments

In order to study the effect of products on the transfer rates,
5 runs at 55°C using sodium acetate solution at various concentrations
were performeds One run was performed at 55°C with ethanol solution as
the lower phase. Besides, two runs were performed using sodium propionate

solution as the lower phase, one with ethanol being added to the same
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concentration as that of sodium propionates Apart from all these, du-
plicate runs at 55°C using sodium butyrate as the lower phase were also
performed and the results were found to be reproducibles

In all of the experiments, mass transfer rates of ethyl acetate

into the lower phase were measured.

C) Method of calculation: -

1) Mass transfer rates of ethyl acetate

In each run, time required for each 5 ml. of ethyl acetate to
transfer into the lower phase was notede These time intervals were plotted
against time after the start of the experiment, (i.e. after the first
measurement was taken). Typical plots were shown in figures (5), (6) and
(7). '

In some of the runs, steady state could not be obtained and
therefore a certain time (for example, 300 minutes after the start of
the experiment) was arbitrarily taken as a standarde Therefore transfer
rates at 300 minutes for all the runs were obtained from the graphs.
These results were corrected for vapor loss by esubtracting the corres-
ponding evaporation rates.

2) Mass transfer coefficients

Solving the simultaneous equations of (15) and (16) in the
theoretical section, the concentrations of ethyl acetate (CZ) and sodium
hydroxide (Cl) for the runs could be calculated.

The mass transfer coefficients with reaction (ki) could be
evaluated from equation (14) with the solubility of ethyl acetate into
water (CZi) corrected for salt effect.

The entire calculations were done in a Bendix G-15 digital
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computer employing Algo programmings

3) Concentration of sodium hydroxide in the check run

(refer to Section A (10))

It should be noted that the concentration of sodium hydroxide
obtained from titrations did not agree with the ones predicted from equa-
tions (15) and (16) mainly because there was a time lag of l.2 minutes,
During that period, the reaction still went on. The sodium hydroxide
concentration, after 1.2 minutes, could be calculated by the following
reasoning:

As soon as the flow of the lower phase was stopped, steady
state condition in the lower compartment was no longer applicable. Since
it was lo.2 minutes between the time when steady state ceased to exist and
the time when the solution was neutralized , the condition at that le.2
minutes became batchwise. The concentration of sodium hydroxide at the

end of 1.2 minutes could be calculated using the following equation: (144)

1 nyy (o, = (g = my )

1n
o+ D ¢ n), (A, = (g =mp))

- k(t2 - tl) save 120)

where

n, = original concentration sodium hydroxide
n, o= concentration of sodium hydroxide at the start of sampling
n, = concentration of sodium hydroxide at the time of titration

n,, = original concentration of ethyl acetate (if no reaction
occurs) in the lower phase

k = reaction constant

(t2 - tl) = time between the beginning of sampling and the
titration
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RESULTS

1) A few samples of the detailed experimental data for the mass
transfer runs for Group III of the ethyl acetate~-sodium hydroxide runs
were tabulated in Appendix V,

For the first group of the ethyl acetate~sodium hydroxide
experiments, steady state was achieved almost right after the start of
the experiment. Table 3 showed the variation of transfer rates (already
corrected for vapor loss) with the initial input sodium hydroxide con-
centration in the continuous flowing lower phases. The physical transfer
rates of ethyl acetate into water for this group were also included,
Results in Table 3 were plotted on a semi-log scale graph as shown in
figure (8),

For the second group of the ethyl acetate-sodium hydroxide
experiments, steady state was reached about 100 minutes after the start
of the experiment, Table 4 and figure (9) showed the variation of mass
transfer rates of ethyl acetate with input sodium hydroxide concentrations.
The physical transfer rates for this group were again included.

For the experiments performed with re-distilled ethyl acetate,
steady state could hardly be attained even 300 minutes after the start of
the experiments. Table 5 and figure (10) showed the transfer rates of
ethyl acetate at 300 minutes versus input sodium hydroxide concentrations.
Despite the scattering of data, all points on 55°C runs could be correlated
by a straight line with a mean deviation of 10,7%. There was not much
difference in the transfer rates for the 25°C and 40°C runs at the same
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input sodium hydroxide concentrations, and all the data in these runs
could be correlated by a single straight line with a mean deviation of
13%.

The values of mass transfer rates for subsequent calculations
were taken from the smoothed graphe

Results obtained for the runs with potassium hydroxide as the
lower phase were tabulated in Table 6 and plotted in figure (11).

2) Using the experimental mass transfer rates, initial lower phase
concentrations, flowrates and some other physical properties, the concen-
trations of ethyl acetate, sodium hydroxide, sodium acetate, and the mass
transfer coefficient corrected for salt effect for each run were calculated
and tabulated in Appendix VI.

Tables VII, VIII, IX showed the variation of the resistance
l/kr with sodium acetate concentration in the lower bulk phase at the
three temperature levels (values of l/k£ were already corrected for salt
effect), These results were also plotted in figure (13).

Mass transfer rates were also found to be retarded by the pres-
ence of sodium acetate, propionate and butyrate., Tables X and Xa showed
the data obtained from these runs. Values of 1/kr versus sodium acetate
concentrations for ethyl acetate-sodium acetate solutions were recorded
in Table Xa.

3) Solubility data for ethyl acetate in water were obtained and
presented in Table I, Three samples were analysed in the gas chromato-
graph for each solubility determination and the average value was takens
Deviations between the values for each determination were less than 2%.
The data were, on the average, about 10% higher than those recorded in

the literature (56)(116). The data from the literature were used for
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all calculations in this work.
L) Salt effect on solubility of ethyl acetate in solution of sodium
acetate was described in Table II, Figure (12) showed the plot of solu-
bility of ethyl acetate in sodium acetate solution versus concentration
of sodium acetateo
5) The analogue study of concentration profiles across the film
gave the results as shown (in the case of no enhancement of transfer rate
by chemical reaction, and no effect of products on transfer rate):
NaOH NaAc EtOAc

Concentration c. C C c c C

. ¢ e S e i e
Run #85

0e¢ll N. NaOH 0364  ,0398 L0758 ,0702 « 7500 QL21
at 55°C

Run #83
0ell N« NaOH 0578 00594 «0532 0507 «8500 Q118
at 25°C

Ci = concentration at the interface in gm. moles/litre

Ce = concentration at the other end of the film in gm. moles/litre

The results were shown in figures (14) and (15).
6) For the two "check runs" performed at 25°C and 55°C, concen-
tration of sodium hydroxide measured during the experiment agreed fairly

well with the predicted value, Data obtained were shown as follows:

. measured NaOH conc, in predicted NaOH conce in %
Run  iye bulk lower phase the bulk lower phase deviation
25°C 040521 moles/litre 0.,0565 moles/litre 7.8%

55°C  0,0528 moles/litre 0.0557 moles/litre 5e2%
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TABLE I

SOLUBILITY DATA OF ETHYL ACETATE IN WATER

Temperature Solubility of ethyl acetate Solubility of ethyl
in water (experimental) acetate in water (1it.)
25°C 0.980 moles/litre 0.850
Loec 0.844 moles/litre 0.773

55°C 0.822 moles/litre 0,750



Temperature

25%
40°C

55°C

VARTATION OF SOLUBILITY OF ETHYL ACETATSZ {ITH BODIUM ACETATS CONCENTRATION

TABLE IT

Solubility of EtAc in
0,042 moles/litre NaAc
solution

0.8224 moles/litre
0,7525 moles/litre

0,7359 moles/litre

Solubility of EtAc in
0,085 moles/litre NaAc
solution

0,7956 moles/litre
0.7362 moles/litre

0,7192 moles/litre

Solubility of EtAc in
0,167 moles/litre NaAc
solution

0,.7642 moles/litre
0.7035 moles/litre

0,6948 moles/litre

0.369
0.296
0.230
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VARIATICKE OF TRANSFER RATE OF ETHYL ACSTATE .ITH INPUT CONCENTRATION

Conc, of NaCH

0 .0002 .00083 .0021 .10 205 .389 1,001 2.41

Temperature (water) N N K N N N N N
25%c 15.76 4,38 L4,41 k.51 4.2k 3.78 2.99 1,65
15.80 .41 3.96 2.97 1.58
450°C 16,67 5.68 5.59 5.49 5.39 4.92 Lo 3l 2.78
16.97 5.52 5.40 5,01 b4l 2.61

5.22

55°C 18.70  16.80 10.43 7.91 6.63 7.17 6.27 6.27 4,30
7.11 6.61 6.04 4,28

Note: Transfer rate of ethyl acetate saturated with water is in ml/hr



VARIATION OF TR

TABLE IV

ANSFER RATE OF ATHYL ACETATE WITH INPUT CCHCENTRATION

AN

OF NaCH IN THS LCWER PHASEZ (GROUF II)

Conc. of NaCH 0 .00045 .00098 .00488
Temperature (water) N N N
25% 16.53 12,17 7.53 4.86
8.0
40°C 17.82 14.10 11.41 6.95
11,20
55°C 18.65 18,42 18,20 10.96
18,20
Note: Transfer rate of ethyl acetate saturated with water is in ml/hr

.105

4.33

15



Conc., of NaOH
Temperature

25%

40°¢

55°C

Note:

TABIE V

VARIATION OF TRANSFER RATE CF ETHYL ACETATL WITH INPUT CONCENTRATION

OF NaOH IN THE LOWER PHASE (GROUP III)

0 .0002 .001 ,0057  ,01 051
(water) N N N N N
16,80 14,93 13,13 15:15 13,07
18.47 14,17 11.77 12,97

B.0
20,00 19.55 18.05 14,86 15,15 15,28

Transfer rate of ethyl acetate saturated with water is in ml/hr,

<289
N

10,92

11.17

13,20

2s



TABLE VI

VARIATION OF TRANSFER RATE OF ETHYL ACETATE WITH INPUT CONCENTRATION

OF KOH IN THE LOWER PHASE

Conc., of KOH 0 0.095 C.343

Temperature (water) N N
55°C 20,00 18.75 13.85

Note: Transfer rate of ethyl acetate saturated with water is in ml/hr

0.755
N

11.55

¢S



TABLE - VII

VARIATION OF l[k; AND l/kr WITH SODIUM ACETATE CONCENTRATION

IN THE TOWER BULX PHASE

ETHYL ACETATE - AQUEOUS SODIUM HYDROXIDE SYSTEM

(GROUP ITI) AT 25°C

Conc. of

input NaOH .0001 .0002 .001 .0057 .01 .051 T
(normality

l/k;(l/hr)'l 5.110 - 5,217 5,488 5.833 54957 &3E 6.6
l/kr(l/hr)_l .703 .810 1.081 1.426 1.550 1.907 1.954

conc. of Nalc
(normality) 00007294 0001451 .0007145 003967 .006847 .03014 .05065

5.582

1.175

.07122
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TABLE VIII

VARIATION OF l/ki AND l/kr WITH SODIUM ACETATL CONCENTRATICN

IN THE LOWER BULK PHASE

ETHYL ACETATE - AQUEOUS SODIUM HYDROXIDs SYSTEM

(GROUP III) AT 40°C

Conc. of

input NaOH .0001 «0002
(normality)

1/1{ 4,687 . o 78l

(li’cres/hr)-1

l/kr 1.073 1.170
(litres/hr)-l

conc. of NaAc

(abrisa)iy) »00008576 0001709

.001

5.041

1.427

. 0008481

.0057

2.371

1.757

.004757

.01

5.491

1.877

.008255

.051

5915

2.301

211

6.050

2.436

.05847

. 389

5.476

1.862

06957

49



Conc. of
input NaOH
(normality)

/K7
Qitre/hryl

1/kr

Gitre/hrTl

conc. of NalAc
(normality)

TABLE IX

VARTATION OF l/ki AND 1/k WITH SODIUM ACETATE CONCENTRATION

IN THE LOWER BULK PHASE

ETHYL ACETATE - AQUECUS SODIUM HYDROXIDE SYSTEM

(GROUP III) AT 55°C

.0001 »0002 .001 .0057 .01 -051 «11 389
2. 331 3.448 2,746 L, 14k L. 294 4.884 5.181 5.006
.097 .21k B T .910 1.060 1.650 1.947 1.772

. 00009380 .0001874 » 0009320 .005263 .009179 <O4341 .07020 .07580



~gonc. of
solution(N.)

Temperaturs

55°C

Note:

TABLE X

VARIATION CF TRANSFER RATS CF STHYL ACETATH WITH INPUT CONCENTRATICN

OF SCDIU: ACETATE, OR SODIUM PRCPIONATZ, OR SODIUM BUTYRATE

SOLUTION IN THE LOUER BULK PHASE

NaAc Naic NaAc NalAc Na Propionate Na Butyrate
0122 0366 212 o461 0 397 402
19,37 18.50 17.25 15.54 15.37 7.05
15.35 7.14

Transfer rate of ethyl acetate saturated with water is in mi/hr

LS



TABLE Xa
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L
VARIATION OF l/kL AND 1/k WITH SODIUM ACETAT CONCENTRATION
i

ETHYL ACETATE -~ SODIUM ACETATE SOLUTION SYSTEM AT 5590

IN THE LOWER BULK PHASE

Conc., of NaAc

Solution

(normality) .0122 .0366 o 461
k’; (1itre/nr) 2978 .2822 .2599 .2303
1/ (Litre/hr) ™ 3,362 3.565 5.85 b3kl
1/k_ Chitre/hr) .128 311 622 1.107
kt (1itre/nr)

corrected for salt effect » 3002 .2871 .2758 2960
1/13; (1itre/hr)—l 3.552 3.481 3.6%0 3,410
1/k, (1itre/nr) ">

corrected for salt effect .098 247 « 396 .176
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DISCUSSION OF RiSULIS

1) The chemical reaction involved in the system of ethyl acetate-

sodium hydroxide

The saponification of ethyl acetate can be described by the
following reaction equation

NaOH + CHBCOOCZH5 = CH3C00N1+ CZHSOH cses (21)
This reaction is second order and irreversible. A large amount of data on
reaction constants in homogeneous phase can be obtained from literature,
as shown in Appendix VIIIc. It is found that these data are generally

consistent,

2) Comparison of transfer rates between Groups I, II, III of

ethyl acetate-sodium hydroxide system

Comparison of results on Groups I and II of the reaction trans-
fer runs on ethyl acetate-sodium hydroxide system reveals that transfer
rates of Groups I and II runs are not the same even at identical input
sodium hydroxide concentration; although reproducible results are obtained
within each individual group. Generally, as seen in figures (8) and (9),
mass transfer rates for the first group are lower than that of the second
groupe Incidentally, ethyl acetate used for Group II runs is more recently
prepared than that used for Group I. It is, therefore, logical to suspect
that some contaminants formed in the ethyl acetate during storage time,
These contaminants may accumulate at the interface during the experimental
run and act as a sort of resistance helping to reduce the interphase mass

transfer, More contaminants may form in the ethyl acetate as the storage
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time increases.

There are some speculations on the nature of these contaminants
which may be surface active agents or compounds of higher molecular weights.
If the speculations are right, these contaminants should have high boiling
points, The ethyl acetate used for Group III of the reaction runs is puri-
fied by re-~distillation. It is expected that after re-distillation, con-
tamination in ethyl acetate is reduced to a minimum if not completely elimi-
mated; and for this reason, only the results in this group are considered
for further calculations and discussion.

The results in Group III, as seen in figure (10), show that the
transfer rates of the purified ethyl acetate into sodium hydroxide solution
are much higher than those of Groups I and II. In spite of this; the v
transfer rates for all the reaction runs are still lower than the physical
mass transfer rates into water at the same experimental temperature.

It should be noted, on the other hand, that for some of the ex-
periments in this group, steady state cannot be reached even when the ex-
periments are run up to 300 minutes —— the time when transfer rates for
the runs are recorded. For this reason, the steady state equations for
calculating ClL and CZL are not strictly Yalid. Fortunately, by observing
figures (6) and (7), it is obvious that the change in transfer rates with
time are so slow that steady state can be assumed without too great a
sacrifice in accuracye.

3)  Ethyl acetate-potassium hydroxide system

Table VI and figure (11) of the ethyl acetate-potassium hydroxide
runs at 55°C show a similar trend of retardation in mass transfer as those

of the ethyl acetate-sodium hydroxide system although the transfer rates
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obtained between two corresponding experiments are not quite the samee
The difference in transfer rates is probably due to different experi-
mental conditions, such as density, viscosity, interfacial tension and
diffusivity of the liquids in concern. The reaction constants for the
two systems are almost the same,

4)  Calculation of l/kr in ethyl acetate-sodium hydroxide system

The retardation in transfer for each run is evaluated in terms
of a resistance (l/kr) as explained in equation (19). The term l/ki is
calculated from equation (14) which includes the concentration term Cope
Calculation of the concentration of ethyl acetate in the bulk lower phase
involves the'assumption of homogeneous reaction happening in the bulk
lower phase. The two '"check runs'" performed at 25°C and 55°C iﬁdicate
that this assumption is quite close to the actual situationa

5)  Application of the "film theory'" to the ethyl acetate-sodium

hydroxide system

As seen from the reaction constant, the rate of reaction for
the system under study is very slowe. Van Krevelen and Hoftijzer's model
for slow, second order, irreversible reaction is applied to this system
and the enhancement factor @ is found to be practically equal to l. The
theoretical enhancement of transfer rate by this chemical reaction is very
small if not negligibles

Results for the application are tabulated as shown:

(refer to figure (2) in the "Theoretical Principles' chapter)
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: Yo
Variables q (kDZClL) &

Run #85
0.1) N. NaOH 10.75 0.169 1
55°C

Run #88 '
0.389 No NaOH 1.36 O 7kt l.12
55°C (approx.)

Run #86

0.389 N. NaOH 1.63 0.208 1

25°C

It is concluded that Van Krevelen's model does not apply to this reacting
system, at leasty mot in the sodium hydroxide concentration rangé taken

in this study»

6) Comparison of results on ethyl acetate-sodium hydroxide system

obtained by other workers

Semi-batchwise absorptions of ethyl acetate vapor in caustic
solutions were carried out by Jenny (57). Both phases were stirred during
the experiment and the mixture of the ester with air was fed continuously
to the gas space,

Also, transfer of the ester from a fixed ethyl acetate drop into
the flowing sodium hydroxide solution was measured by Watada of this Depart-
ment (147).

Data from both of them confirm that retardation to mass transfer
rates occurs when ethyl acetate transfers into sodium hydroxide solutions

instead of into water.
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7) Possible factors governing the retardation

a) Effect of experimental conditions
The experimental conditions between the physical and reaction
mass transfer runs may be different due to changes in density and viscositye

Usually, this change can be correlated using the stirrer Reynolds number.

Re = r x d2 X e
3

where r is the number of revolutions per unit time, d the diameter of the
stirrer, ¢ the density and,w the viscosity of the liquid, respectiyely.

The concentrations of the input sodium hydroxide solution for
all the Group III reaction rums are so low that the stirrer Reynolds num=-
ber between the reaction runs and the physical runs are practically the
sames

As an example, ''Re" for Run #86 (0,389 N. NaOH at 25°C) is
compared to that of the physical transfer run at the same temperature.
Stirrer Reynolds number for reaction run (maximum case):

_ 141/60 x (2.4)° x 1.015

1.08/100 = A0

Re

Stirrer Reynolds number for physical run:

2
141/60 x (2.4)" x 1 _
. 17100 = 1554

Re

Deviation is only 5.8%.
NOTE:  Data for ¢ and.r are taken from International Critical Tables.
b) Back transfer of ethanol

During the reaction, ethanol is produced as a product. The
ethanol formed diffuses back into the upper ethyl acetate phase; thus
the transfer rate measured is lower than the actual transfer rate.

As a practical example, Run #85 (0.1l N. NaOH at 55°C) is
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considereds Fthanol formed is equivalent to the amount of sodium acetate
formed according to the mass balance in the reaction equation: this is
0.0702 moles/litre. Assume steady state is reached at 300 minutes after
the start of the experiment, the equilibrium concentration of ethanol in
the upper phase is approximately 0.047 moles/litre. This means that
0.047 x 46 x 1/0.78 x 0.11 = 0.305 mlA5 hours)of ethanol is back trans-
ferred into the upper phase.

From the above result,; the back transfer is, of course,
negligibles
c¢) Effect of back transfer of ethanol on the rate of ethyl acetate

transfer

It has just been shown, in the preceding section, that the
volume of ethanol diffusing back may introduce error in the measurement
of ethyl acetate transfer.

However, the process of back diffusing of ethanol might reduce
the transfer rate of ethyl acetate to some extente Furthermore, the
presence of ethanol may affect the properties, for example, the inter-
facial tension of the systeme In order to check this point, transfer
rates of ethyl acetate into ethanol solution and ethanol, sodium propionate
solution were measured. Results indicate that ethsnol has no effect on
transfer rates.

d) Back transfer of sodium acetate and sodium hydroxide

It is suspected that the transfer rate of ethyl acetate may be
altered by the back diffusion of sodium acetate and sodium hydroxide into
the upper phase.

In the case of experiments performed at 55°C level, and according
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to solubility data, approximately 4.2% by weight of water is in the upper
phase, that is about 4.3 ml. This amount can, at least theoretically,
dissolve 0.15 gme moles of sodium hydroxide and 0,07 gm. moles of sodium
acetate, However, the actual situation in the upper phase may be very
complicated: whether the water in ethyl acetate actually can dissolve
any sodium hydroxide or sodium acetate or not is very doubtful.

Ethyl acetate in the upper phase after experimental runs was
tested for the presence of sodium hydroxide by phenolphthalein indicatore
Then the whole phase was evaporated to dryness to see if there was any
white residue., Neither sodium acetate nor sodium hydroxide was found in
the upper phase in each‘run.

It may be speculated that during the run, some of the sodium
hydroxide diffuses into the upper phase and reacts with the ethyl acetate.
The sodium acetate formed largely goes back to the interface or the lower
bulk phase so that analysis of the upper phase shows no trace of sodium
ions,

e) Effect of sodium acetate and sodium hydroxide

Two compounds are formed as products of the chemical reaction.
One is ethanol which has been proven to have no effect on the transfer
rate; the other is sodium acetate.

Mass transfer rates of ethyl acetate into sodium acetate solu-
tion at 55°C were measured and the results showed a positive retardation
to transfer as a function of sodium acetate concentration. The retarda~-
tion thus obtained was expressed in terms of resistance (l/kr). Part of
the resistance calculated was due to salt effecty; and the values of (l/kr),

after being corrected for salt effect, were plotted against sodium acetate
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concentration in the lower phase as shown in figure (13). As observed,
the resistance due to the presence of sodium acetate in the bulk lower
phase accounted for only a small part of the resistance in the reaction
run.

Just how the sodium acetate can decrease the ethyl acetate
transfer is unknown. Visual observations in physical transfer runs show
that it does act, to some extent, like a surface active agent stablizing
the interface. Similar action would be expected for the sodium hydroxide.

In additiony physical transfer results of sodium propionate
and sodium butyrate runs indicate that higher members of the homologous
series do have a greater retardation effect to transfer ratess

Another speculation for the cause of resistance is to éssume
that adsorption of sodium acetate happens at the interface. Lxperiments
were carried out to measure interfacial tension change as shown in
Appendix VIII, B. Results obtained were not accurate enough to prove
the existence of either an adsorption or desorption.

Also, the situation at the interface when with a chemical reaction
is expected to be quite different to the one without. There may be some
factors associated only with the chemicalAreaction, causing the retarda-
tion; these factors cannot be duplicated in physical transfer runs.

It should also be noted that the effect of sodium acetate and
chemical reaction on the transfer rate are counter-balancing each other,
The more rapid the reaction, the greater is the enhancement on transfer,
but, at the same time, more sodium acetate is formed which causes the

retardation.
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f) Additional film

Additional resistance arises due to the formation of an extra
film in the bulk lower phase. This is more fully discussed in Appendix X.
g) LEffect of contaminants

In the same way as the contaminants found in the =thyl acetate,
it is possible that sodium hydroxide used for the experiments may also
have traces of contaminantsvwhich cause retardation in transfer. On the
other hand, the ethyl acetate may still contain contaminants which cannot

be separated by re~distillation.



MINUTES FOR 5 ML.ET.AC.TO TRANSFER

25

20

iS5

10

FIG. §

25° RUN
40° RUN
55° RUN

RECIPROCAL OF PHYSICAL MASS TRANSFER RATE VS. TIME

( ETHYL ACETATE - WATER SYSTEM )
GROUP 1li

1
50 100

1 | 1 i
150 . 200 250 300 350

TIME ( MINUTES)

4100

1
450

9L



MINUTES FOR 5 ML.ET. AC. TO TRANSFER

25

20

FIG. 6 RECIPROCAL OF REACTION MASS TRANSFER RATE VS. TIME

(ETHYL ACETATE~ 0-O0I N SODIUM HYDROXIDE SOLUTION)

TIME (MINUTES)

GROUP il
®
® @ @
e
5 “ & ® & s & ® & o
L ° o °© o (o] 4 ©
0" o - OUIE0 T o
. A a & & A4 a & &4 a4 & a
4 4 5 4 a4 a
25° RUN
40° RUN
— 55° RUN
1 ] 1 | 1 | 1 1 1
(0] 50 100 150 - 200 250 300 350 400 450

L



MINUTES FOR 5 ML. ET. AC. TO TRANSFER

25

20

15

10

FIG. 7

25° RUN
40° RUN
55° RUN

RECIPROCAL OF REACTION MASS TRANSFER RATE VS. TIME
(ETHYL ACETATE - O'O5N SODIUM HYDROXIDE SOLUTION)

GROUP i

1
50 100

o ® ©
° ®
4 &
PP T S
] 1
150 . 200

TIME

1
250

{ MINUTES)

QL



CONCLUSIONS

1) Mass transfer of ethyl acetate into aqueous sodium hydroxide

is accompanied by a very slow second order irreversible chemical reactione
Theoretically, very little enhancement in transfer rate can be obtained,
The concentration profiles for the reactants and products across the film
are only slightly affected by the reaction, which is sufficiently slow

to permit ethyl acetate to diffuse largely through the film before reactinge
This conclusion is in agreement with those of Jemny, Viallard (139) and
Watada.

2) Reduced transfer rate was observed with ethyl acetate trans-
ferring into sodium hydroxide solution instead of into water. Part of

the retardation was proved to be due to salt effect.

3) Interfacial resistance (l/kr) occurring in transfer of ethyl
acetate into sodium hydroxide is speculated to be due to

a) modification of hydrodynamic conditions near the interface by the
presence of sodium acetate and sodium hydroxide.

b) formation of a surface barrier due to impurities.

c) formation of an additional film in the lower phase and near the inter-

face, as a result of the slow chemical reaction.

2



RECOMMENDATIONS

1) It is evident that much work is left to be done in order to
fully understand the factors governing the interfacial resistance which
occurs during the reaction‘run of the ethyl acetate-sodium hydroxide
system. Particularly, more runs should be performed with esters of other
members of the homologous series (for example, ethyl formate, ethyl pro-
pionate and ethyl butyrate) in order to study the stearic effect of
molecules to mass transfer rates. Also, runs with other esters such as
methyl propionate should be performed. Some runs should be performed with.
more pure material such as purified sodium hydroxide (100) and repeatedly
re-distilled ethyl acetate so that the effect of contaminants on mass
transfer rates can be understood.

In all the runs, concentrations of reactants and products should
be measured instead of calculated, and the transfer rates should be
measured with a more accurate syringe.

2) The three zones model as described in Appendix X seems to be
quite specific and,so far, only observed in saponification of ester. Before
starting to generalize the idea, more mass transfer experiments should be
performed with other systems.

3) In the present system (ethyl acetate-sodium hydroxide) the
reaction is so slow that Van Krevelen's model for slow second order

reaction does not apply. A more rapid reaction is required for studying

the Van Krevelen's model.
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L) In mass transfer studies, the field of interfacial resistance
is relatively untouched, particularly in theoretical aspects. If the
resistance is generally attributed to the modification of hydrodynamic
conditions at the interface, then establishment of some theory concerning
the criterion for interfacial resistance to occur (similar to the criterion
of instability for interfacial turbulence (127)) may be worthwhile to try.
5) Fujinawa (29) also reported interfacial resistance occurring

in liquid-liquid extraction of acetic acid in benzene drops by aqueous
potassium hydroxide sclution. However, this particular system did not
show any three zones phenomena under the schlieren apparatus. (With
reference to Appendix X and Part II) At the present moment, it may be
speculated that the reaction rate in the system used by Fujinawé is

rapid; and a high concentration of sodium acetate thus formed causes

the hydrodynamic condition at the interface to be modified. This specu-

lation should be further investigated by experiments.



APPENDIX I

PRELIMINARY INVESTIGATION

A system with slow chemical reaction such as the saponification
of esters was chosen for this study. Lthyl acetate was considered. Mutual
solubility of ethyl acetate and water was reasonably high and a distinct
interface could be seen between the two liquids.

A semi-continuous flow apparatus was devised similar to the one
described in the "experimental section'" and the procedure for measuring
the transfer rates was also the same as described in the "experimental
section".

Eleven runs on ethyl acetate-water system and ethyl acetate-
aqueous sodium hydroxide system were performed at various temperatures
and stirrer speeds; but the flowrate into the lower phase was kept con-
stant in each run. Mass transfer rates versus stirrer r.p.m. with tempera-
ture as parameter were plotted and as shown in figure (16). It could be
seen that at higher temperatures there was less effect of stirrer speed
on transfer rate. Probably, the higher molecular diffusivity played a
more important role in the transfer at high temperature runs. In any
case, under similar conditions, the transfer of ethyl acetate in 0.95N
sodium hydroxide was found appreciably lower than the physical transfer
rate. Duplicate runs were done and results were reproducible.

Results for reaction runs at 0.95N sodium hydroxide and at 141
stirrer r.p.m. were also plotted as shown in figure (16). Mass transfer

rate at 55°C was much higher than that of the 25°C and 40°C runs.
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The preliminary investigation showed that for the present
apparatus under study, in order to have a reasonably high mass transfer
rate as well as a stable liquid-liquid interface, satisfactory operating
conditions were found to be such that the lower phase flowrate was approxi-

mately 1.5 litres/hour and stirrer r.p.m. was 14l.
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APPENDIX II

DETAILED DESCRIPTION OF THE APPARATUS USED FOR

STEADY STATE MASS TRANSFER EXPERIMENTS

1 Reactor

The reactor itself consisted of a cylindrical pyrex glass vessel,
was indented as to give two compartments of approximately the same volume.
The top of the upper compartment was narrowed and extended and ended with
a mercury-seal device. . There was an inlet and outlet in the lower compart-
ment, so that continuous flow of the lower phase could be achievéd. A
glass hook gauge was installed for the purpose of indicating the interface
level.

Precise dimensions of the reactor were difficult to obtain because
it was curved in shape. The lower compartment was 5.8 cm in diameter and
3.7 cm in height, and had a volume of 98 c.c. The extended part of the
upper compartment had a diameter of l.4 cm and a height of 12.3 cm. The
indented part just above the tip of the hook gauge had a diameter of 4.8 cm

and an area of 18.1 sq. cm.

2. Stirrer (refer to figure 17a)

The stirrer was made of stainless steel (type 316) driven by
an a-c motor type D-37-40 manufactured by SA Company and supplied by
Canlab.

The stirrer was of paddle type with the blades 2.4 cm in diameter
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and 3.9 cm apart.

When not in motion, the paddles could stay inside the rod and
remain in a vertical position. When the rod started to rotate, the two
paddles were flung out in horizontal §OSition. This device facilitated
the insertion and removal of the stirrer into the reactor through the

narrow neck.

3. Constant head device (refer to figure 17b)

Constant flow of the lower phase liquid was maintained by con-
stant head device constructed as shown in the figure. The liquid flowed
into the device through 1, and out through 3. Excess liquid was drained

or recycled through 2.

4, Mercury-seal (refer to figure 17¢)

The original purpose of the mercury-seal was to seal off the
top compartment and minimized the vapor loss of the upper phase (ethyl
acetate) during the experimental run. However, later experiments, particu-
larly at higher temperature runs, showed that vapor pressure of ethyl
acetate built up inside the seal during the experimental runj; thus the
interface between two liquids was depressed and erratic transfer rate
measurements resulted.

The idea of using mercury-seal was therefore abandoned. Never-
theless, the stainless steel cup could still be used as a lid in the manner

as shown in figure (17d) to reduce part of the vapor loss.
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APPENDIX III

SAMPLE CALCULATION (For Part I)

A) oalting coefficient of sodium acetate and sodium hydroxide : -

Referring to Table II, 25°C and 0.042 N. NaAc solution,
solubility of ethyl acetate in 0.042 N. NaAc: 0.8224 moles/litre.

o
Apply R (:SS"') = kSC ensoe (17)

and assuming NaAc is completely ionized

0.850 _
1n W ks 2 x 0.042

0.03345

ks 0.08400

= 0,3980

Averaging the values of three runs at different concentrations of NaAc
at 25°C,

= 0.36¢
lcq 0.369

s

B)  Ethyl acetate-sodium hydroxide system : -

1)  Concentrations of reactants and products

Data are taken from run No. 83

0.11 N. input NaOH at 25°C (Co)

flowrate of lower phase (F): 1.4l litres/hr.

Reaction constant at 25°C (k): 374.4 (moles/litre)-l hr-l

Transfer rate (T): 11.90% ml/hr. (already corrected for vapor loss)
Volume of the lower phase (V): 0.098 litre

Vater-saturated ethyl acetate contains 96.76 of ethyl acetate at 25°C,

.. transfer rate = 128';6 x ]l’gg = 0.1181 moles/hr of ethyl acetate
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Let B = (F2 + kVT — FCokV)
Substituting the values into the equation

( (1.L+1)2 + 37h.4 x 0,098 x 0.1181 — 1,41 x 0,11 x 374.4 x 0,098)

B =
= (1,9881 + 4.333%0 — 5,6908)
= 0,6303
2 1/2
c =B + (B = (=4(FkV) (FZCo)))
NaOH = 2(FKV)
e 006303 + (0-3973 +_‘+50256)1/2
X 2 x 51.734
6,1407
= 103.47

0.05935 moles/litre

Substitute the values of CNaOH into equation

b f F (Co - cNaOH)
EtAc kVCy _om

1,41 x 0.05065
374.4 x 0,098 x 0,05935

0.03%2794 moles/litre

Substitute the values of CNaOH and CEtAc into equation

kCNaOH.CEtAcv
C =C = F

NaAc EtOH

_ 274.4 x 0,05935 x 0.032794 x 0,098
.. 1.451

0.071415
1.41

0,050649 moles/litre
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?2) Mass transfer coefficient

Data are taken from run No. 83

0.11 N. input NaOH at 25°C and assuming the salting coefficients for both
sodium acetate and sodium hydroxide are the same

substituting data into the equation

N = k® (CaiE - G )

L tAc EtAc
0 11(%1 = k° ( CEtAc (wnter) N )
e P k_x 0.1 x 2 EtAc
e
. v k§ = 0.1181 = 0.15722 litre/hr
L = 0.7512
1 . 6.361 hr/1itre
&

3) Resistance

Mass transfer coefficient without chemical reaction at 25°C:

=~ = 4,407 hr/litre
!
< X
TN S ¥ T
k ko k
r L L

)  Check run calculation : -

Keferring to check run No. 2
Temperature: 25°C

Transfer rate: 11.0 ml/hr
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Input sodium hydroxide concentration: 0.116 N.
Calculated sodium hydroxide concentration at steady state: 0.066995 N.
Calculated ethyl acetale concentration at steady state: 0.028109 N.

Substitute into equation ( 20
z 2 0.066995 (0.077114 - 0.116 + M2 gkl o
0.0338386 s (0.077114 - 0.116 + 0.066995) ~ 60 4

n, = 0.0565 (corrected to 3 significant figures) gm. moles/litre

From titration ny, = 0.0521 gm. moles/litre

. 00h!
% deviation = %ngéi x 100
= 7-78
D) Estimation of diffusion coefficient: -

Sodium hydroxide diffusing into water

Referring to Appendix VIII, limiting ionic conductances in water at 25°C:
for Na@ = 50.1; for OH = 197.6 amp/(cma)(volt/cm)(g-equiv./cm))

using equation (22 )

. e 2RT
>
2570 " (1/r0 + 1/52) Fa®
2 x 8.316 x 298 . 2041 x 1072 cma/sec

= (1/50 + 1/198)(96500)°2
using equation (23 )
1

D(T) T 33k s

o = -5 328 g B 2

D550y = 2.141 x 107 x 335 = 0.508% = t-142 x 10 7em"/sec.
E) Pendan! drop: -

Referring to Appendix VII1,



Water drop suspended in ethyl acetate (saturated with water)

d = O. 375 Cile

e
ds

S = ;— = 0.871
e

1 c

H = 0-4)5

effective density = 0.097 gm/cm3

Using equation (25)

Ys g(? 1=X2) de2
H

(0.455) (0.097) (980. 4) (0. 375) °

6.085 dynes/cm
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F) Error analysis : =

1) Errors involved in the calculation of sodium hydroxide conc.

Data are taken from run No. 83
variables involved are,

F + dF = 1.41 + 0,001 litres/hr.
V+dv= 0.098 + 0.001 litres

-1

k + dk = 374.4 + 0.6 ( moles/litre )™  hr

T + 4T = 0.118 + 0,002 moles/hr.

Co + dCo = 0.1100 + 0.0002 moles/litre

The equation used is,

dCNaOH = ( bCNaOH/aF )aF + ( acNaOH/av Jav + ( wNaon/"k )dk

+ ( acNaOH/aT )aT + ( acNaOH/aco )dCo

By differentiation and substitution,

3 %

ac = (( =2F + CokV + ( 1/(2(32+up

2
NaOH ))( 2B(2F-kVCo)+12F kVCo))

kVCo)
/(2FkV) - ( -B + (Ba+4F3kVCo)%)/(2F2kV)) dF
+(( =kT + FCok + ( 1/(2(52+4F3kVCo)”))( 2B(kT-FCok)+4F3kCo))

+ (B2+hF3kVCo)%)/(2FkV2)) av

1
i
los)

/(2FkV)
+(( ~VT + FVCo + ( 1/(2(Bz+4F3kVCo)%))( 2B(VT-FCov)+hF3VCo))

( -B + (B +uF kVCo)%
1

/(2FKv) )/(2F 1)) dik

+{( k¥ .+ ( 1/(2(B 2 4 kVCo)'")) (2BkV))/(2FkV)) 4T

+(C RV + ( 1/(2(B2+4PkVC0)) ) ( ~2BRRV+bE KY) ) /(2FkV)) dCo
Subhstituting the actual valnes,

dc = 0.0000374 + 0,000152 + 0.0000219 + 0.0006436 + 0.,000150h4

NaOH (maximum)
= 0.0010053%

i is
Maximum % error in CNaOH S

(ac )100 = 1.693

NaOH (maxi mum)” CNaOH
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Taking the root mean square,
dCy.OH(probable) = ©0+00067

Probable % error in CNaOH is 1.129

2) Errors involved in the calculation of ethyl acetate concentration

Data are taken from run No., 83

The equation used is,

/3k )dk

dc /oF )dF + ( aCEtAc/av Jav + ( aC

= (2C
c

EtAc EtAc

+ C3Chne

EtA
/3T )aT + ( aCEtAc/°C° )dCo

By differentiation and substitution, and denoting CNaOH =G

. 2
dCpiae = ((( -FCl—E(Co-Cl))/(kvcl ))(acl/aF) + (Co-cl)/(kvcl)) dF

+ ((( -Fcl-F(Co-cl))/(kvcla))(bcl/bV) - (F(C°-°15)/(kclva)) av

+ ((( -Fcl-F<Co-cl))/(kvc12))(acl/ak) - (F(Co-Cl))/(kzvcl)) dk
2

+ L .Fgl-F(Co-cl))/(kvc1 ))(zcl/aT)) aT

4 .
+ ((( _Fcl-F(Co-Cl))/(kVCl ))(acl/aCo)) + F/(kVCl)) dCo

Substituting the actual values,

& =0,0000216 + 0.,0001503 + 0.0000261 + 0,0007716 + 0.,000051

CEtAc(maximum)
' =0.0010206

aximum % error in C_ is
M % err EtAc
(

Bkt mailamm)’ Cptin 1 L0 = el

Taking the root mean square,

dcC = 0,000788

EtAc(probable)

i 40
Probable % error in CEtAc 182405
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3) Errors involved in the calculation of sodium acetate concentration

Data are taken from run No. 83

The equation used is

Lo ( bCNaAC/aF )AF + ( acNaAc/av Yav + ( chaAc/ak )dk

d o )dC
+ ( acNaAc/aT )ar + ( acNaAc/ac )dCo
By differentiation and substitution, and denoting Cp , = 02

WCpape = ((KCV/FYQC,/2F) + (kC V/F)(AC/OF) - kclcav/Fz ) aF

" ((kCEV/F)(bCl/aV) + (kc1V/F)(3c2/av) + kCch/F) av
* ((k02V/F)(301/bk) + (k01V/F)(302/5k) + CchV/F) dk
+ ((kczv/r)(acl/bT) + (k01V/F)(ac2/aT)) ar

+ ((kCZV/F)(Bcl/aCo) + (kCIV/F)(bCE/aCo) dCo

Substituting the actual values,

dc =0,0000387 + 0.000154 + 0,0000222 + 0.,000658 + 0,0000486

NaAc (maximum)
=0,0009215
Maximum % error in CNuAc is

( ac )100 = 1,819

NaAc(maximum)/CNaAc

Taking the root mean aquare,

dCNaAc(probable) e ol

Probable % error in CNaAc is 1.297



i)

B)

C)

D)

APPENDIX IV

THE CHEMICALS USED IN THE EXPERIMENTS

Ethyl acetate

Fisher certified, A.C.S.
F.W. 88.108

Boiling range: 76.8 - 77.3°C

Density: 0.893 to 0.895 gm./ml. at 25°C

Lot No. (for Group I experiments)
Lot No. (for Group II experiments)

Lot No. (for Group III experiments)

Sodium hydroxide pellets

Fisher certified, A.C.S.

F.W. 39.999

Lot No. 71308k

Potassium hydroxide pellets

Fisher certified, A.C.S.
F.W. 56.108

Lot No. 714291

Sodium acetate

Fisher certified, fused anhydrous

F.W. 82.037
Loq No. 72031G
92

712431

720520

720520
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E) Sodium propionate

Fisher N.F.
F.W. 96.064

Lot No. 713377

F)  Sodium butyrate

Matheson Coleman and Bell Division,
The Matheson Co. Inc.,
F.W. 110.09

Lot No. 299026

G) Redistilled ethyl acetate

The batchwise apparatus for the purification of ethyl acetate was
as shown in figure (17e).

Approximately 2 litres of fresh ethyl acetate was put into a 2-litre
round bottom flask surrounded by a Glas-col hemispherical heating mantle,
"seriesVO". Fractionation was done in a 24" long column packed with small
helical glass rings. The column was equipped with a nichrome wire heating
coile Both the pot and the column was electrically heated, and the power
supply was regulated by powerstats. Ethyl acetate vapor overhead was
cooled by a cold-finger type condenser.

During the purification, the column was operated at 78°C which was
a little above the boiling point of ethyl acetate. Reflux ratio of 1:1
was used until ethyl acetate vapor at constant boiling temperature (76.8°C)

was obtained. Zero reflux ratio was then used.



H) Test of purity on ethyl acetate

It was suspected that different batches of elhyl acetate purchased
contained different amounts of contaminants. Several experiments were
carried out to clear the point.

(a) Both samples of ethyl acetate used for the Group I and Group II
experiments were passed through the gas chromatograph (Beckman GC-2A,

using a paraplex column). No traces of volatile impurities were detected.
(b) Samples of ethyl acetate used for Group II and Group III (redistilled)
experiments were analysed in a Infraed Spectrophotometer (Beckman IRS).

No traces of impurities were detected.

(c) Refractive index of ethyl acetate used for all of the three Groups of
experiments were checked separately with an Abbe Refractometer for the

difference. Negative results were obtained.

I) Ethyl formate

Baker analysed reagent
F.W. 74.081
Density: 0.917 gm./ml. at 25°C

Lot No. 24231
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APPLNDIX V

SAMPLES OF LXPRRIMENTAL DATA FOR TRANSFLR RUNS

Run No. 66
Upper phase: ethyl acetate saturated with water at 40°C.
Lower phase: distilled water at 40°C.
Temperature: }QO°C.
R.P.M. ;1

Flowrate : 1.53 litres/hr. (lower phase)

- em e we We em  em e e es we e em e me e me e e e me AR R R me e e e rm e mm em e ew em e

Time(in minutes) ml. added Time required
for adding 5 ml,
0 2
8.6 2
14.0 1
16.7 2 16.7
23%.6 2
29.8 1
32.8 2 16.1
39.0 2
SR 1
L3.6 2 15.8
55.2 a
61.4 i |
6.l 2 15.8
71.0 1
4.3 2
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Time (in minutes) ml added Time Required
for adding 5 ml

80.7 2 16.3
87.1 2.
935 1
96.7 2 16.0
103. 4 2
109.9 1
112.7 2 16.0
119.5 2
126.0 1
128.8 2 16.1
13542 2
141.6 1
144.8 2 16.0
151.6 2
157.8 1
161.0 2 16.2
167.5 2
173.5 1
177.1 2 16.1
184.1 2
190.1 1
19%.6 2 16.5
200.1 2
206. 2 1

209’7 2 16.1
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Time (in minutes) ml added Time Required
for adding 5 ml

216.1 2

222.7 r I

226.0 2 16.3

232.0 2

238.6 1

241.9 2 15.9

248.3 2

254.3% 1

257.8 2 15.9
264.2 | 2

270.6 1

273.8 2 16.0

280.2 2

286.7 1

290.0 2 16.2
296.3 2

302.6 1

305.9 2 15.9
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Run No. 83

Upper phase: ethyl acetate saturated with water at 25°C
Lower phase: 0.110 N NaOH.

Temperature: 25°C ‘

R, P. M. : 141

Flow rate : 1l.41 litres/hr.

(lower phase)

Time (minutes) ml added Time required
for adding 5 ml

0 2

9 2

18.5 1

23.2 2 23.2
32.8 2
42.0 1
46.8 2 23.6
564 2

65.8 1

70.5 2 23,7
80.1 1

85.0 2

94,1 1 23.6
99.4 2

110.0 2
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Time (minute) ml added Time required
for adding 5 ml

119.4 2 25.%
128.5 2

137.7 53

142.5 2 23.1
152.0 1

157.2 2

166.4 2 23.9
175.9 2

185.4 1

190.2 2 2%.8
200. 3 1

205.2 2

214.8 2 24.6
224.5 2

é}h.h 1

239.1 2 2he3
248.0 2

257.0 1

261.4 2 22.3
271.1 1

275.8 2

286.1 2 24,7
295.0 2

204.9 1

30908 23'7
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Run No. 94

Upper phase: éthyl acetate satufated with water at 55°C
Lower phase: 0.112 Nf NéAc.

Temperature: 55°C.

R. P. M. I LA

Flow rate ¢ 1.608 litres/hr.

(lower phase)

Time (minutes) ml added Time required
for adding 5 ml

0 2
6 2
12.5 1
15.8 2 15.8
22.7 2
29.5 1
32.7 2 16.9
39.4 2
L46.3 1
49.5 2 16.8
56.3 2
63.3 1
66.6 2 17.1
72.9 _ 2

79.1 1
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Time (minutes) ml added Time required
for adding 5 ml

83.0 1 1644
86.5 2
93.1 g
99.9 1 16.9
103.3 2
110.2 2
117.3 2 17.4
123.8 2
130.6 X
133.9 2 16.6
140.7 1
144,.2 2
150.9 2 17.0
157.8 2
164.5 1
168.0 2 17.1
174.8 2
1817 . )
185.1 2 17.1
192.2 2
198.7 1
202.2 2 17.1
209.2 2
216.1 1

219.6 2 17.4
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Time (minutes) ml added Time required
for adding 5 ml

226, 4 2

2335 1

23%6.8 2 17.2
2h3.6 2

250. b 1

25k.1 2 17.3
261.2 i

264.1 2

2712 2 17.1
278.1 2

285.2 1

288. 4 2 17.2
295.2 2

301.9 1

30544 2 17.0
312.2 2

318.7 1

32242 2 16.8
328.7 2

3357 1

339‘1 1609



APPENDIX VI

COMPUTER RESULTS FOR ETHYL ACETATE -~ SODIUM HYDROXIDE SYSTEM

(GROUP III)

A) Transfer rates data for 25°C and 40°C

All the transfer rates obtained from these runs (taken at 300
minutes after the start of each experiment) were plotted agéinst input
NaOH normalities as shown in figure 10. These data could be correlated
by a single straight line by means of the least square method. The mean

deviation was 13%., The smoothed data were as follows:

Input NaOH (normality) Transfer rate (ml/hr)
0.0001 14,762
0.0002 14,479
0.0010 13.822
0.0057 134112
0.0100 12.882
0.0510 12.217
0.1100 11.903
0.3890 11.388

B) Transfer rates data for 55°C

Least square method was also applied to the results of the 55°C
runs and a straight line relationship between input NaOH concentrations

and transfer rates could be drawn with a mean deviation of 10.7%. The
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smoothed data were tabulated as follows:

Input NaOH (normality) Transfer rate (ml/hr)
0.0001 19.516
0.0002 18.956
0.0010 : : 17.657
0,0057 i 16.252
0.0100 15.798
0.0510 14,483
0.1100 13.862
0.3890 12.843

C) Computer results (Bendix G - 15)

With the aid of data obtained from the preceding sections,
concentrations of reactants and products in the bulk phase were calculated
using equations (15) and (16). Also, mass transfer coefficients were
calculated using equation (14). Salt effect of both sodium acetate and
sodium hydroxide was accounted for in estimating the solubility of ethyl

acetate in the reacting solution.



TABLE XIe

' COMPUTER RESULTS OF 25°C RUNS

Input NaOH CracE Cetac CNaAc = CEton -
(normality) gm.moles/litre gm.moles/litre gm.moles/litre litre/hr.
0,0001 0.000027061 0.10358 0.000072939 0.19571
0.0002 0,000054933 0.10148 0.00014507 0,19168
0,0010 0.00028551 0.096170 0.00071449 0.18221
0.0057? 0,0017332 0.087950 0,0039668 0.17143
0.01 0.0031528 0.083459 0.0068472 0.16787
0.051 0.020863 0.055509 0.030137 0.15838
0.11 0.059350 0.032795 0.050650 0.15722
0.389 0.31778 0,0086128 0.071221 0.1791%4

90T



Input NaCH

(normality)

0,0001
0.0002
0.001
0.0057
0,01
0,051
0.11
0.389

cNaOH

ga.moles/litre

0,000014237
0.000029088
0,00015189
0.00094274
0,0017453
0,014043
0,051531

0.31943

TABLE KIb

COMPUTER RESULTS CF 40°C RUNS

cEtAc

gm.moles/litre

0.094656
0.092325
0.087735
0.073290
0.074319
0.041352
0.017828

0.0034224

CNaAc=EtAc
gm.moles/litre

0,000085763
0.00017091 ‘
0.00084811
0.0047573
0.0082548
0.036957
0.058468
0.069573

(+]

by 3
litre/hto

0,21338
0.20901
0.19839
0.18617
0.18212
0.16907
0.16530
0.18261

L0T



Input NaOH
(normality)

0,0001
0,0002
0.001
0.0057
0.01
0.051
0.11
0.389

TABLE Xde

COMPUTER RESULTS CF $5°C_RUNS

C C

NaOH EtAc
gm,moles/litre gm, moles/litre
0,00000620 0.11687
0,000012582 0.11507
0.000068018 0. 10585
0.00043710 0.093014
0.,00082114 0.086353
0.0075909 0.044177
0.039797 0,013627
0.31320 0,0018695

cNaAcchtOH

gm.moles/litre

0,0000938
0.00018742
0,00093198
0.0052629
0.0091789
0,043409
0,070203
0.075797

k;
litre/nr,
0. 30025
0,29004
0.20697
0.24129
0.23289
0.20476
0.19302

0.19978

801



APPENDIX VII

DATA ON EIHYL ACET'ATE-SODIUM HYDROXIDE SYSTEM OBIAINED BY

OTHER WORKERS

A) Jenny's data (57) are presented in the following table
TABLE XII

RATE OF ABSORPTION OF ETHYL ACKETATE VAPOR BY

SODIUM HYDROXIDE SOLUTIONS

Initial sodium Partial pressure Absorption rate
hydroxide conc. of solute in gas lb.moles/hr.ft.
(normality) (atm.)
0 (water) 0.095 0.00294
1.0 - 0,092 0.00274

B) Watada's data (147) are best presented as shown in figures (18)
and (19).

It should be noted that the lines were drawn through a large
amount of scattered data. In spite of this, retardation of transfer rates
in the same order of magnitude as those obtained in this study was observed
"with the ethyl acetate-sodium hydroxide system as compared to ethyl acetate-

water system.
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FIG. I8 PHYSICAL TRANSFER OF ETHYL ACETATE
B FROM A FIXED DROP INTO WATER (23-25°C )
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FIG. 19 REACTION TRANSFER OF ETHYL ACETATE
FROM A FIXED DROP INTO NaOH (23-25° C)
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APPENDIX VIII

PHYSICAL PROPERITES

A) Diffusion coefficient determinations : -

In order to study the concentration profiles of reactants and
‘producta across the film for the ethyl acetate-sodium hydroxide system,
diffusion coefficients of the components involved were required. They
were measured using a diaphragm cell as shown in figure (20a). Thé
procedure fur the measurement was a standard one as described in the
text and reference (135) (128).

Diffusion coefficient of ethyl acetate in water at 25°C was
first measured. The results obtained did not agree with the value re-
corded in the literature; and furthermore, not reproducible. Diffusion
coefficients calculated from equations based on well-known references
were used instead.

) Ethyl acetate

Since ethyl acetate was organic in nature, it was assumed to
be noneionic. The molecular diffusivity was obtained from the correlation
proposed by Stokes-Einstein as given by Wilke (153) to be 1.02 x 10-5
cma/ sec. at 25°C as compared to 1.14 x 1072 cma/ sec., extrapolated from
J. B. Lewis' (66) results. The diffusion coefficient at 55°C (using
‘35- = constant) was found to be 2.21 x 10"5 cma/ sec. Dilute solution

was assumed.
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e Sodium hydroxide

The diffusion coefficient p° in very dilute solution of complete

ionized simple univalent electrolytes was given by the Nernst equation

O

D’ o= 2RT I (b
(1./x+° + 1/ ) Pa®
and
= O P acse (2,5)
D(T) o e e 3
5)“us

where Bk viscosity of water at T°C in centipoise. The diffusion coeffi-
cient of sodium hydroxide calculated in this way was found to be 2.14 x
1077 cma/sec. at 25°C and 4.14 x 1072 cm“/sec. at 55°C, Dilute solution
was assumed.

The situation was compliqated if the presence of sodium acetate
in the solution was included. In this case, diffusion in mixed electrolytes

was concerned and the expression giving the diffusion of anions was, (121)

(141)

nN = - BE: L= G +nc

Z heGe/ny = 2X.G./n. )
2)\4‘9’_ + Eh O
oo - C2UY
where

n = valence of the ion

, -1
N = mass transfer rate, gm.moles sec ~cm
: e 0.,
R = pgas constant, 8.315 joules/ K (gm.mole)
T Lemperaturs OK

Fa. Faraday, Q6500 coulonbs/em. equivalent

A = ion mobility, amp/(cmz)(volt/cm)(gm.nquivnlent/cmB)
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G = concentration gradient of the ion gm. equivalent cm

3

C = concentration of ion gm. equivalent cm

Z . sum

+ = refers to cations

- = refers to anions

However, for the present qualitative analogue computer study,
a maximum limit for concentration profiles was enough, and for'this reason,
diffusion coefficient for single electrolyte diffusing in water was used.
(Diffusivity of hydroxyl ions in the film were enhanced about 50% by the
presence of other ions (138))

B Sodium acetate

Diffusion coefficient for sodium acetate in water was also
N
calculated, based on Nernst equation. D° was 1.20 x 10~ cmz/sec. for

s
25°C and 2.%25 x 10~ cmz/sec. for 5500.

R) Interfacial tension measurement : -

There was a suspicion, although not likely, that sodium acetate,
which exhibits retardation to transfer rate, might accumulate at the inter-
face during the run owing to the slow reaction. The excess amount at the
interface could be described by the Gibbs isotherm.

T- 2 X ek £25)

RT da
where
Te exceés amount of sodium acetate at inlerface moJe:‘;/"cm2

a = concentration of sodium acetate moles/litre

)
i

= gas conslant for a mole
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T temperature °x

y = interfacial tension dynes/cm

It could be seen that the accumulation, if there was any, could
be determined by measuring the change of interfacial tension. Pendant drop
method by Andreas was used for this interfacial tension measurement (1).

The drop formed at the end of the glass nozzle was photographed
with the aid of an electronic flash light as to reduce the heat effect.

The photograph was then developed and printed. The two dimensions "de"
and "ds" as shown in figure (20b) were measured.

Drops of sodium acetate solution at 0.0306 moles/litre, 0.0706
moles/litre and 0.0965 moles/litre were suspended in pure ethyl acetate,
saturated with water. It should be noted that photographs for eéch drop
must be taken at the same time after the formation, because the local
concentration and the interfacial tension changed with time. The y found
between ethyl acetate and water, 0.0306 N., 0.0706 N., 0.0965 N. sodium
acetate solution were 6.085 dynes/cm., 6.312 dynes/cm., 6.119 dynes/cm.
and 5.903 dynes/cm., respectively. It was therefore concluded that there
was no accymulation of sodium acetate at the interface, or else, the change

of vy was so small that this method was not suitable for the measurement.

C) Reaction constants for the system of ethyl acetate-sodium hydroxide : =

Homogeneous reaction was assumed in the lower phase and the
‘reaction constants were taken from the literature (52) (100) (140).
A curve of reaction constant versus temperature was drawn as

shown in figure (20).
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FIG.20 REACTION RATE CONSTANTS VS. TEMPERATURE
(ETHYL ACETATE - NaOH SYSTEM)
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APPENDIX IX

ANALOGUE STUDY

An analogue study was also carried out with the aid of a TR -~ 10
computer manufactured by Electronics Associates Inc., and a variplotter.
There are three objects for doing this study: (a) to establish the con-
centration profiles of the reactauts and products for the system of ethyl
acetate and sodium hydroxide solution across the film, (b) to evaluate
the retardation to mass transfer in the system of ethyl acetate-sodium
hydroxide, and (c) to simulate the concentration profiles of re#ctants
and products across the film of a system with some boundary conditions

given,

A) Concentration profiles of reactants and products across the film

for the system of ethyl acetate-sodium hydroxide

If the film model is assumed for this system, the concentration
profiles of the reactants and products across the film at steady state
can be obtained by solving equations (3) (4) (5) and (6). For the present
study, only sodium acetate as the product was concerned.

Perhaps, one of the troublesome part in applying a TR - 10

-analogue computer is in scaling. Since the computer can produce a maximum
voltage of only 10, every numerical value has to be scaled so that the
corresponding representing voltage is less than 10. An example for the
scaling is given below with data taken from Run No. 85:
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input sodium hydroxide concentration = 0.1l N.

temperature 55°C

it

diffusivity of NaOH (55°C) Bk x 1077 ol fabts

i

diffusivity of EtAc (55°C) 2.21 x 10~ cmz/sec.

H

i

diffusivity of NaAc (55°C) 2.325 x 107 cma/sec.

5N

reaction constant (55°C) 0.59 (moles/litre)-lsec.—

The film thickness as calculated from physical mass transfer rate is
L,7 x 10™2 om. Let A (machine constant) be 10-3; the solution time (T)

will be 4.7 sec.

Let C1 = concentration of NaOH
C2 = concentration of EtAc
C3 = concentration of NaAc

A table can be set up.

machine max. value representing
variable across the film voltage
Cl IOOCl 0.0398 moles/litre 3.98
02 IOC2 0.712 moles/litre 7.12
03 lOOC3 0.0702 = 0,08 moles/litre 7.02 = 8
EEE 0.197 moles/hr.,
dx

% 47 x 10 ome
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The X

D) values are calculated as follow: -

substitute the values into equation (3)

4(100C. ) 107 x 0.59 10 (10°C.) (10C.)
1 2 1 2
— = 10% x — x — -
a2 107 x 4.1 10° % 10 10
% = 000145
1

substitute the values into equation (4)

*

. d2((100/2.5)02) 10° & 0.59 10 (10201)(1002)
> = x 10 b 5 >
dt “ 2.5 b,k x 1077 10° x 10 10
% = 0.0107
2

substitute the values into equation (5)

o)
d2(10007) 2 B 0.59 10 (10“01)(10C2)
——*—-—5—2— &= 10 X 10 X _5 )

atT 2535 % 10 10F 10 10
K . 6.005%0
.

The transfer rate, which is the initial condition for integrator No. 5,

is calculated from the equation: N, = D2A a2 .

2 dx

* NOTE:

d((100/2.5)C.) a(1oc.)
In order to reduce e into ———2. the output

from integrator No. 5 is multiplied by a factor of 0.25 through a

potentiometer.
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Assuming a physical transfer rate, which is rather true in ideal case,

(%&) = .1%6 (moles/c.c.)cm-1 = 1%6 (moles/litre)cm-1
)

. d(10°c, 25) oy &
. .“———d—%—“—"= 102 x 10—j X ‘é"—s = b-""’" volts

The circuit diagram was as shown in figure (21). The analogue
plots were as shown in figures (14) and (15).

By observing the concentration profiles, it was certain that
the assumption of homogencous reaction in the lower phase was close to

the actual situatione

B) Evaluation of the retardation to mass transfer in reaction runs

for the system of ethyl acetate-sodium hydroxide

Considering equation (14), N = 2% (AC) = kz (ac)

if the transfer rate was reduced, the retardation could be evaluated in
terms of either one or both of the variables. In the theoretical section,
the retardation was explained, apart from salt effect, in terms of "k" by
adding one more resistance as "l/kr". In this section, it was shown that
the retardation could also be evaluated in terms of AC. The decrease in
AC due to retardation to transfer could easily be obtained by an analogue
computer.

The same circuit was used as in section(A) and the data were
taken from Run No. 85 (0.11 N. NaOH and SBOC) as an example. The boun-
dary conditions were the same as those for Run No. 85 except the initial
condition for integrator No. 6 was adjusted (solubility of ethyl acetates

so that C? at the other side of the film coincided with the bulk
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concentration measured. In this run, the equivalent retardation was found

to be a decrease in solubility of 0.147 moles/litre.

C) Simulation of concentration profiles of reactants and products

across the film for a given system

Considering a system similar to ethyl acetate and sodium

hydroxide, the reaction equation was

A+ B > C + D.

Since all the components involved were mono-molecular, the
concentration of C and D was the same.

There were actually two main factors controlling the shape of
the profiles; the transfer rate and the reaction constant, The solubility
was also fairly important. As a practical example for demonstration, the

physical transfer rate for the system of ethyl acetate and sodium hydroxide

R

at 5500 was again taken and for the sake of simplicity, % = % D
; 2

| 3

was assumed.

Myt
The idea was to find the ~%— and transfer rate of a system whose

physical transfer rate was equivalent to that of ethyl acetate - sodium

hydroxide system and whose concentration profiles satisfied the film model.
If the transfer rate was kept constant at 8 volts, which was

equivalent to 200(moles/litre)(cm)_l, and the value of % was varied, a

set of computer plots could be obtained as shown in figure (2la). The

profile of C2 was getting more and more curved. If the % value was

increased beyond 5.5, C, at the end of the film had a higher value than

2

the physical transfer one and retardation occurred. Therefore, the system



125

having % values of more than 5.5 should have a transfer rate of higher

than 200(moles/1:i.tre)(cm)-'1 in order to satisfy the conditions of the
film model.

On the other hand, the system could also be studied by keeping

5 constant and varying the transfer rate instead. Figure (21b) showed

the variation of concentration profiles with transfer rate keeping D
constant at 10.
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APPENDIX X

A) The three zones model (with reference to Part II) : =~

If the optical cell situation for ethyl acetate-sodium hydroxide

system as observed in Part II is modified; and sodium hydroxide is passed

in and out the well-sitrred lower
eventually be reached where three
If the liquid inside the reaction
the concentration profiles of the
figure (22).

Method of obtaining the

phase continuously, a steady state will
zones separated by two boundaries exist.
zone is assumed to be well mixed, then

reactants can be sketched as shown in

concentration profiles is outlined as

follows. The differential equations of (3) and (4) are again used.

2 2
d Cl d C2

ba® 2 ax°

= kClC2

C, refers to the concentration of sodium hydroxide

1
2
The boundary conditions

at x = 0 C, =

dC]
__) - 0
ax. ‘% = 0

20

C, refers to the concentration of ethyl acetate

are: for 0% x §<xl

C

1

dcC.
D ——é> = N (moles/cm2 sec.)
X.="0

127
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Q
il
Q

(@]
]
Q

22 (moles/cm sec.)

2 2L

in the region x, g x 4 X5

rate of reaction = (x - X )(1)){(3120?2

in the region x3 £ X, mass balance on sodium hydroxide yields

1
FCo - FC,; = kG C, V A(-Dl(;-—) : ) R

X =

and mass balance on ethyl acetate yields

5 £ (-—D (._.. > kClLC?LV =0 sene (25
= %3

sese (26)

1°2 12788 e

1
N20 ij kC.C. dx + kG, G Lib = xl) + N22
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where k is in (moles/litre)-lsec.-l; F is in (litres/sec);
A is in (cma)
Integrating equations (3) and (4) and substituting the boundary

conditions, the following expressions are obtained:

for the first film,

D, (c2 -C,5) = Dy (cl -Cp,) =N, (xl - x)

or

D2 (021 - Caz) - Dl (Cli - 012 = N20 (xl - 0) sees o0 (I+7)
similarly, for the second film,

D, (c22 - CZL) - D (c12 - clL) = N,, (x3 - x2) ke (28

On the other hand, if the concentration Cl is assumed to be

constant across the film and equal to the average of the boundary values,

2

d=C.,
D, —= = kC.C can be integrated to the form of
2 , 2 172

dx

5 - [k
iy G JDZ o

C2 = K e + Ke vane N29)
where

K K2 are integration constants

l’

C= is the average value of component 1 between boundaries of

I

one filme.

With the above equations, concentration profiles of the reactants

can be set up by trial and error method.
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B) Simplification of the three zones model : -

The thickness of films and reaction zone depends on the stirrer
speed as well as the flowrate of the lower phase. For the reaction runs
in the present study, it may be speculated that the reaction zone is so
small that its presence can practically be neglected and the situation is
simplified to two adjacent films at the interface.

If the reaction inside the films is so slow that the concentration
of sodium hydroxide is essentially unchanged throughout the films and equal
to that of the bulk lower phase, the films act as pure resistances and the
situation is further simplied to that as described in the '"Theoretical

Principles'" section.
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APPENDIX XI

REPETITION OF J. B. LEWIS' EXPERIMENTS

There is still another way of determining the concentration
of sodium acetate at the interface (cai) apart from either solving
equation (5) or measuring the interfacial tension of the system as
described in Appendix VIII, section (B).

A reaction run of the ethyl acetate-sodium hydroxide system
is considered. It is assumed that only one film exists at the inter-
face. At steady state, material balance on sodium acetate across the

film yields the following equation:

RE 1 C. ¥

N, =k (C, - —2E)

where

Cai = concentration of sodium acetate at the interface
(gm.moles/litre)

ka = physical mass transfer coefficient of sodium acetate
across the film into the lower phase (litres/hr.)

Clm = measured concentration of sodium hydroxide in the
bulk lower phase (gm.moles/litre)

C2m = measured concentration of ethyl acetate in the bulk
lower phase (gm.moles/litre)

Na = amount of sodium acetate formed inside the film per

unit time; theoretically this is equal to measured

152
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((sodium acetate concentration in the lower phase) x

(flowrate)) = (k0102V) (moles/hr.)

1° C2 = calculated sodium hydroxide, ethyl acetate concentrations
in the lower phase, assuming negligible reaction rate
inside the film (gm.moles/litre)

If ka is known, Cai can easily be evaluated.

In 1954, J. B. Lewis published a paper concerning thé mechanism
of mass transfer of solutes across liquid-liquid interfaces (67). According
to his idea, individual physical mass transfer coefficients for any binary
systems were related only to Reynolds numbers and physical properties of

the two phases by the expression (units were referred to his paper):
j. ot -6 1.65
60 k), = 6.76 x 10~ (Re; + Reju,/py) +1 cess (31)

In his second paper concerning a single solule transferring from one phase
to another (68), he compared the measured overall transfer coefficient with
the predicted one, which was obtained by acquiring individual transfer
coefficients from equation (31) and adding them up, using the equation
(solute travels from phase 1 to 2 ):

l/KOZ = 1/k2 + m/k1 ) csee (52)

In some cases, good agreements were observed; while in some others, as
high as 30 fold differences were reported between the observed and the
predicted results.

The validity of the expression (31) is therefore doubtful, and
some of his experiments were repeated as a check.

The apparatus used was a cell, similar to the one used by Lewis,
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and as shown in figure (23). Two identical halves of the cell were ﬁade
of 6 inches internal diameter thick-walled glass column. They were bolted
together on both sides of a central stainless steel plate. The interface
was restricted to an annular gap between a central circular baffle and a
circumferential wall baffle. The purpose of the baffle was to reduce
cavitation and possible irregular wall effects and, in general, to give
greater stability to the interface. Two stirrers were driven by syn-
chronising motors through fwo concentric shafts. The speeds of the stir-
rers were regulated by '"Zero-max' variable speed torque converters. The
driving unit and the cell could be detached; and in the experimental runs,
they were connected only by the concentric shafts. In this way, the trans-
mission of the mechanical vibration from the motors to the cell was reduced
to the minimum. Temperature of the cell was kept at a desired level to
+ 0.05°C using a constant temperature water bath.
Three systems were chosen for this study at 20°c. They were:

(a) iso-butanol-water (mutual saturation runs)

20 runs were performed at various stirrer speeds.
(b) ethyl acetate-water (mutual saturation runs) |

7 runs were performed at various stirrer speeds.
(¢) toluene-water, already mutually saturated (acetic acid transferring

from toluene to water)

4 runs were performed at slightly different initial acetic acid

concentration.

The procedure and method of calculation were the same as those

ugsed by J. B, Lewis. An Abbe refractometer was used for analysing the con-
centration of iso-butanol in water, ethyl acetate in water and water in

iso-butanol. A gas chromatograph (paraplex column) was used to determine
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the concentration of water in ethyl acetate., Titration method was used
to determine the concentration of acetic acid in both the toluene and
water phases.

All of the mutual saturation runs were fairly reproducible.
Mass transfer coefficients of 4 runs on iso-butanol-water system with
identical conditions showed a maximum deviation of 6%. The results on
acetic acid transferring from toluene to water were more scattered.
Transfer coefficients on three similar runs showed a maximum deviation
of 20%.

All the least square calculations were processed on an I.B.M.
1620 digital computer. The results for systems (a) and (b) were plotted,
similar to Lewis' form and as shown in figure (24). Even the units for
k was (em/min) this time instead of (cm/sec) as used by Lewis, 15 k valucs
for transfer of water into iso-butanol phase still could not be included
because they were so small that "60 k.l/9l - 1" became negative. By the
least square melhod, the data in figure (24) could be correlated by the

expression (with an average deviation of 8.9%):

6

had 20. 7 i

60 k /9, = 2.84 x 1070 (Re, + Rep/u)™ %" 41 cinr 6353
or

-8 2. -

kyAq = 473 x 107 (Rey + Rejp/p,) 7 4 0.0167 © eens (34)

Only one average result is obtained in system (c); and more than a s—fold
difference was obtained between the predicted overall transfer coefficient
(0.0009 ecm/min) and the measured one (0.0049 cm/min).

It was, therfore, concluded that Lewis' correlation was very
empirical and restricted to a particular cell. In order to generalize

the expression (%1), some more terms were required, for example,
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Sherwood number.
Recently, Lewis' experiments were repeated by two more researchers,
and they proposed the following correlations, which were more reasonable:

(reference 78)
kld/Dl = B (Sc)5/6 (RelRe2)0°5 sk 25
and (reference 81)
60 kl/pl = (Sc)—o'37 (Rel)o'9 (it uaRea/ulRel) S (50

[ 3 is a constant

p is a function of f?(pl
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PART II

UNSTRADY STATE MAss TRANSFER

ACCOMPANTIED BY A SLOW

1RREVERSIBLE SECCND ORDER

CHEMICAL REACTION

(WITHOUT STIRRING)




EXPERIMENTAL DETAILS

A) Schlieren investigation : =

1)  Apparatus

The schlieren arrangement was as shown in figure (25). The
schlieren principle has been reviewed quite extensively (74)(75)(97).
Various modifications on the apparatus have been made.’ The arrangement
used in this experiment was most conventional. It consisted of five
componentss the light source, the optical unit, the test cell and the
knife edge, all aligned and mounted on a 3 meter long optical bench.

The phenomenon observed in the test cell was recorded in motion pictures.
A detailed description of the apparatus was given in Appendix XII.

2) Experimental run

25 ml, of re-distilled ethyl acetate pre-saturated with distilled
water at room temperature was let contact with approximately 90 ml, of
sodium hydroxide solution. The liquid=liquid interface thus formed was
closely studied with the aid of the schlieren apparatus. The experiment
was carried out at room temperature (24° + 2°C) and repeated at various
concentration levels of sodium hydroxide solution. Duration of the

experiment ranged from two hours to over ten hours.

B) Measurement of concentration distribution of reactants inside the

reaction zone : =

1) Apparatus
139
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The apparatus consisted of a test cell, a ''phase contactor"
and long hypodermic needles as shown in figure (26). (A detailed des-
cription of the apparatus was given in Appendix XII.) A cathetometer
was used to position accurately the needle~tips from the ethyl acetate-

sodium hydroxide interface.

2) Experimental
a) Experimental run (Numbers in the following description refer to

figure (26))

Four long sampling needles (3) were put into the cell (1).
The needles were equally spaced within the cell and their relative
vertical distances with respect to each other were measured using a
cathetometer. Ethyl acetate pre-saturated with water was poured into
the test cell, filling one-eighth of its volume, Then, the phase con-
tactor (2) containing approximately 1) litres of sodium hydroxide at
the desired concentration level was lowered into the cell until the
fritted glass disc just touched the bottom of the cell., After the cell
top was tightly covered with clean aluminum foil to avoid evaporation
of the upper phase, the sodium hydroxide solution was let out slowly
through the sintered glass disc and under the ethyl acetate phase. The
flowrate was controlled by the pipette filler. In this way, a smooth
and rather undisturbed interface between the light phase and the heavy
phase was formed. As more and more of the sodium hydroxide solution
was introduced into the cell, the interface moved up graduslly to a
pre~determined level which was 1 mm. above the tip of the highest needle.
Zero time for the experiment began as soon as the sodium hydroxide started

to be introducedes Duration of the experiment was 100 minutes. During
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the experimental run, four samples were taken at intervals from each
sampling needle; and 2 ml. of the solution was drawn for each samplee.
The "phase contactor' was left inside the cell throughout the experiment.

After each experiment, both the test cell and the 'phase con-
tactor" were cleaned with warm concentrated sodium hydroxide-ethanol
solution and concentrated chromic acid respectively. The sampling
needles were flushed with a large amount of distilled water.

b) Temperature control

All the experiments were carried out at room temperature
(24° + 2°C). Temperature variation within each individual experimeﬁt
was within 1.°C.

c) Sample analysis

mach sample freshly drawn from the cell was quickly put into
an erlenmeyer flask containing 25 ml. of distilled water. The dilution
helped to slow down the reaction occurring in the sample. Then, the
solution was titrated immediately with 0.1 N, HC1l to the end point using
phenolphthalein as indicator.

A known amount of sodium hydroxide was then added to the titrated
gelution, The top of the erlenmeyer flask was sealed with paraffin wax,
while the lower half of the flask was immersed in water at constant
temperature of 70°C for three hours until the hydrolysis was completed.
The original amount of ethyl acetate present in the sample was determined

by back titration with the acid.

C) HMeasurement of zone propagation : -

1) Apparatus
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The apparatus consisted of a light source, a test cell, a
"phase contactor", Moire plates and photographic equipment. They were
arranged as shown in figure (27) (A detailed description of the apparatus
was given in Appendix XII.)

2)  Experimental

a) Experimental run (Numbers in the following description refer to
figure (27))

45 ml. of re-distilled ethyl acetate saturated with water was
first introduced into the cell (1); then the '"phase contactor', containing
approximately 100 ml. of the sodium hydroxide solution at desired concen-
traction level, was lowered to the optical cell until the fritted glass
disc just touched the bottom of the cell, The pair of Moiré plates (2)
were placed in position. The top of the cell was covered with a pair of
glass plates in order to eliminate the turbulence induced by evaporation
of the light phase. Sodium hydroxide solution was introduced into the
cell in the similar way as described in Section (B) 2. The time for
the beginning of the experiment was taken as soon as the heavy phase
started to enter, Duration of the experiment was arbitrarily set to be
100 minutes, During each run, about 25-30 pictures of the reaction zone
were photographed with the camera (4). The "phase contactor" was left
inside the cell throughout the rune.

At the end of each experiment, the cell, the ''phase contactor'"
and the cover plates were carefully washed with concentrated sodium
hydroxide~ethanol solution, concentrated chromic acid and a large amount
of distilled water,

b)  The Moire pattern (41)(76)(94)(108)
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In order to get a Moire pattern of the solution under test,
one plate with the ruled lines in horizontal direction was attached to
one side of the cell. On the other side of the cell, the other plate
was attached in such a way that the lines of the two plates intersected
at a small angle (8° 32'). A ground glass plate was inserted between
one side of the cell and the Moiré plate. The resulting pattern was
a set of vertical straight Moiré lines if there were no concentration
gradient of any component within the solution inside the test cell,
The spacing of the lines depended on the angle at which the two plates
intersected. At the angle of intersection used for this work, the
spacing was 16 lines/inch. The Moiré lines became curved wherever a
concentration gradient existed, and the degree of curvature was usually
proportional to the concentration gradient,
¢) Temperature control

All the experiments were performed at room temperature (24° + 2°C),
Temperature variation within each experimental run was less than 1°Ce.
d) Measurement of zone propagation

The pictures taken during each run were developed. Most of the
negatives were made into slides which were subsequently projected. Dimen~
sions of the reaction zone for each slide were recorded. Measurement
of the transfer rate for each experimental run was also attempted by
noting the changing of ethyl acetate-sodium hydroxide interface level

with respect to the bottom of the cell,

D) Number of diffusion experiments performed : -

1) Ethyl acetate-aqueous sodium hydroxide system
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Ten experiments on the measurement of the propagation of
reaction zone were performed at room temperature and at various sodium
hydroxide concentrations, Experiments at 0.5 N, sodium hydroxide con=
centration level were repeated twice to check the reproducibility.

On the other hand, only three experiments were performed at
different sodium hydroxide concentrations on probing the concentration
distribution of the reactants inside the reaction zone,

More than ten experiments were performed on the schlieren
investigation,.

The ethyl acetate used was purified by re-distillation in the
way as described in Appendix IV,

2) Ethyl acetate-water system

Physical diffusion of ethyl acetate into water was studied at
room temperature, using both the schlieren apparatus and the Moire plates.

3) Ethyl formate-aqueous sodium hydroxide system

More than ten experiments were performed on the measurement of
the propagation of reaction zone at room temperature and at various sodium
hydroxide concentrations ranging from 0.05 N. to 2,0 No Experiments were
repeated at three sodium hydroxide concentration levels to check the
reproducibility.

The ethyl formate used was of the analytical grade supplied by
Jo Te Baker Chemical Co. Owing to the shortage of supply, the ethyl for-
mate was not purified by re-distillation.

k) Ethyl formate-water system

The diffusion phenomenon of ethyl formate into water was inves-

tigated at room temperature, using the Moiré plates.
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E) Method of calculation : -

1) Measurement of zone thickness

The photographic slides for each run were projected on the
wall consecutively., The image of the reaction zone on each negative
was enlarged in order to reduce error in measurement. The magnification,
in this case, was 11ls354 times the actual dimensions,

For each slide, the thickness of the reaction zone was measured
three times on three different locations, Each of the measured zone
thickness was divided by 11.354 (the magnification number) so that it
could be converted back to its actual experimental value. The three values
thus obtained were averaged, and the square of the averaged zone thickness
was also calculatede.

All the calculations were done in a Bendix G-15 computer.
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FIG. 27 APPARATUS FOR THE MEASUREMENT OF
ZONE PROPAGATION
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RESULTS AND OBSERVATIONS

A) Schlieren investigation : -

1) Ethyl acetate-sodium hydroxide system

(The following description refers to figure (28)

Right after the contact of the two phases, ethyl acetate was
seen diffusing into the lower phase through the interface "AB" which
appeared on the screen as a thick, dark line due to its meniscus on the
cell wall., The diffusing ethyl acetate reacted with sodium hydroxide on
its way into the lower phase forming a reaction zone, inside which tur-
bulent liquid motion was observed. The zone was separated distinctly
from the lower sodium hydroxide phase by a boundary "CD" which also was
revealed on the screen as a thick, dark line. Down from the boundary
"CD", small but numerous streaks protruded slowly into the lower phases
These streaks were found to be sodium acetate and ethanol by an éxperi-
ment described in the '"Preliminary Investigations' (Appendix XIII)s In
the course of time, the reaction zone extended itself further down, while
the turbulent motion within the zone gradually died outes The speed of
zone extension was faster with lower normality of the initial sodium
hydroxide concentration.

2) Ethyl acetate-water system

No reaction zone was observed with the system, and the transfer

of ethyl acetate into water was gentle and slow,
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B) Concentration distribution of theAreactggts inside the reaction
one : -
Data for the three runs on ethyl acetate-sodium hydroxide system

were presented in Tables XII, XIII and XIV respectively (Appendix XV),
These data were plotted with concentration of sodium hydroxide and ethyl
acetate versus time for each needle position. The graphs were shown in
figures (29), (30) and (31). In the three graphs, if the time was kept
constant, the concentration of reactants as a function of disténce from
the interface for each initial sodium hydroxide concentration could be
obtained. Two graphs of such a kind were drawn at 20 minutes and 40
minutes after the beginning of the experiments., They were presented in

figures (32) and (33).

C) Measurement of zone propagation : -

Pictures taken during each run were analysed. Besides the
measurement of zone thickness on each picture, the accompanying Moire
pattern was also noted.

X3 Ethyl acetate-sodium hydroxide system

At the beginning of the run, straight Moir€e lines were observed
extending from the bottom of the cell up to near the liquid interface
between the reaction zone and the bulk lower phase, Inside the reaction
zone, turbulent liquid motion was noticed and no Moire lines were observ-
able, Just below the demarcation line between reaction zone and sodium
hydroxide, curved Moiré lines were observed. With low initial sodium
hydroxide concentration, the strip where the lines curved themselves

was quite narrow. On the other hand, with more concentrated sodium
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hydroxide solution, the curved-line portion was perhaps wider, Typical
pictures of the Moiré pattern for some runs were shown in plate numbers
1, 2, 3y 4 and 5.

In course of time, liquid motion inside the reaction zone became
less turbulent and the speed of zone propagation slowed down. The reac-
tion zone stayed at a certain thickness for some time, and shrank sub-
sequently at a very, very slow rate, at the same time, the demarcation
line became diffused. In the experiments with higher initial sodium
hydroxide concentrations, streaks of sodium acetate were seen diffusing
out of the reaction zone and blurring the Moiré pattern below the inter-
face; thus rendering both the observation and measurement difficult.

Nevertheless, measurements of zone thickness from the photo-
graphs for each run were made as a function of time. An example of the
measurements was shown in plate No. 2. The data, after being converted
back to the actual zone thickness, were recorded in Appendix XVI, It
should be noted that the calculation was done in a computer which gave
out the results in five significant figures. A Due to the precision of
the measuring instrument, any figures beyond two decimal places were of
no significant value.

For each experiment, a curve of zone thickness versus time was
plotteds This sct of curves was shown in figure (34).

Also, for each experiment, (zone thickness)2 was plotted agﬁinst
time, and the set of straight lines was shown in figure (35). The slope
of each line in figure (35) was plotted against the initial sodium hydrox-
ide concentration of the particular experiment at which the line was

obtained. The resulting graph was shown in figure (36).
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2) Ethyl acetate-water system

No reaction zone was observed throughout the entire physical
diffusion experimente The Moire lines were straight all the way up from
the bottom of the cell, until near the ethyl acetate-water interface,
where the lines were curved, A typical Moird pattern was shown in plate
No. 6.

3) Ethyl formate-sodium hydroxide system

The observation was generally similar to that of ethyl acetate-
sodium hydroxide runs with a few exceptions., The speed of zone propagation
was much faster than that of the eth&l acetate-sodium hydroxide system,
and the turbulence inside the reaction zone was more vigorous,

In the runs with low initial sodium hydroxide concentration,
the reaction zone was found to be extending itself down to the bottom of
the cell within a short period of time, Motion of liquid within the
reaction zone was observed to be vigorous and cycling convection current
was set up as illustrated in figure (37). (also plate #8)

With high initial sodium hydroxide .concentration, for example,
1.5 N. and 2.0 Ne, the propagation of the zone was much slower and only
to a certain thickness. Turbulent and cycling liquid motion was observed
around the parimeter of the zone, Furthermore, the zone movement was not
even, Quite often, approximately one-quarter of the interfacial area,
particularly the reaction zone and the bulk sodium hydroxide phase,
travelled slower than the rest: this caused the zone thickness measure-
ment to be difficulte. A typical Moiré pattern was shown in plate No. 9.

Data obtained were treated in the same way as for ethyl acetate-

sodium hydroxide systems, Computer results and graphs were shown in-
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Appendix XVI and figures (38), (39) and (40) respectively.
Zone propagation for one of the runs (0.1 N. sodium hydroxide
solution) was recorded with 16 mm. motion pictures taken at 8 frames/sec.

k) Ethyl formate-water system

No reaction zone was observed in this system. However, a rather
interesting phenomenon was observed when ethyl formate was transferring
into water., The diffusion mechanism, instead of by the conventional
diffusion gradient setting up at the interface, was by eruptive transfer.
Streaks of ethyl formate streamed down towards the bottom of the cell as
shown in plate No. 7. As a result, more ethyl formate was found at the
bottom than at the upper portion of the water phase. The Moiré lines
were observed to be curved at the bottom pari of the lower phase.

5) Reproducibility of the experiments

Comparison of data on repeated runs in ethyl formate-sodium
hydroxide system showed that the reproducibility for the runs under test
ranged from a minimum deviation of 3% to as high as 9k.

Results of three repeated runs in ethyl acetate-sodium hydroxide
system (0s5 N. sodium hydroxide) were plotted as shown in figure (41),

6) Measurement of transfer rate

Measurement of transfer rate of the upper phase in each run
was attempted. The levels of the interface (between the light phase
and the heavy phase) at the beginning and at 100 minutes of each experi-
ment were recorded with reference to the bottom of the cell, The differ-
ence between the two measured levels multiplied by the area of the cell
gave the volume of the upper phase transferred in 100 minutes.

The measurements were found to be inaccurate due to the small
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amount of the upper phase transferreds The attempt was unsuccessful,
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FIG. 28 SCHLIEREN PICTURE OF THE REACTION
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FIG. 37 PICTURE OF THE REACTION ZONE
( ETHYL FORMATE — NaOH SYSTEM )
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DISCUSSION OF R&SULTS

A) Schlieren investigation : -

1) Ethyl acetate-aqueous sodium hydroxide system (with reference to

figure (28))

The schlieren picture is interpreted in the following way.
kthyl acetate transferring from the upper phase through the interface
"AB" reacts with sodium hydroxide in the reaction zone, which can be
distinguished visually because of its difference in refractive index
from the other phases. Sodium acetate and ethanol formed as the reaction
products inside the reaction zone diffuse into the lower phase through
the interface "CD", In course of time, more and more of the sodium
hydroxide in the zone is reacted while ethyl acetate (which is in excess)
from the upper phase keeps on diffusing down. As a result, more and more
of the diffused ethyl acetate is unreacted and the zone pushes itself
down. The speed of extension depends, of course, on the available sodium
hydroxide.

Explanations for the zone formation are numerous but uncertain.
Up to the present stage, zone formation is mainly attributed to the
occurrence of (a) slow chemical reaction and its accompanying effects
such a5 (b) temperature (c¢) reaction products (d) interfacial
tension.

a) Zone formation due to slow chemical reaction has just been

discussed in the preceding paragraph.
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b) Due to the heat of reaction, which is calculated to be 13,141
kecal/mole for ethyl acetate-sodium hydroxide and 15.649 k.cal/mole for
ethyl formate-sodium hydroxide, (Refer to Sample Calculations) a
temperature gradient may set up in the lower phase, This temperature
difference causes the local physical properties of the liquid to change,
and this in turn, causes the refractive index of the liquid to alter.
c) The reaction products also cause a change in the refractive
index of the portion in which they are present.

d) The reaction zone is also characterized by the presence of
turbulence, It has long been suggested that in liquid-liquid systems,
the interfacial turbulence commonly observed is caused mainly by the
change of interfacial tension as a result of localized concentration
changes of components at the interface, These concentration changes
may be due to the movement of liquids or the presence of a chemical
reaction. The theory of interfacial turbulence has been discussed
guite adequately by Scriven and Sternling (127), and is particularly

applicable to liquid-liquid systems.

B) Concentration distribution of the reactants inside the reaction

zone & -
Based on the data obtained, the following statements are
deduced:
a) The reactante inside the reaction zone are not uniformly
distributed; instead, concentration gradients are observed as shown
in figure (3%2) and figure (33).

b) With dilute initial sodium hydroxide solution and at the
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beginning of the run (O to approximately 40 minutes), concentrations of
both reactants inside the zone are rather low as compared to their ori-
ginal concentrations. Outside the zone in both phases, the concentrations
of ethyl acetate and sodium hydroxide are constant and equal to their
original concentrationse. Very sharp concentration gradients are expected
across the boundaries on both sides of the zone, At the later part of
the experiment, concentration of sodium hydroxide inside the zone remains
substantially constant at a low value, while the concentration of ethyl
acetate in the zone increases, Also, the concentration gradients across
the boundaries become more gentle.

Similar process is also developed in experiments with higher

initial sodium hydroxide concentrations except in longer time,

The above statements must be considered as approximate. Afterall,
each sample drawn out for analysis is from a certain area rather than from
a point, Consequently, the analysis represents the average concentration
of a certain area in the zone rather than a particular point. There is
also another kind of error involved in the analysis of samples., Between
the sampling and the titration, there is a time gap, during which time
the solution undergoes further reaction. Although precautions have been
taken, such as diluting the sample solutions immediately after sampling
and making the sampling procedure standard, no allowance has been made

to compensate the error introduced.

C) Measurement of zone propagation : -

1) [Ethyl acetate-aqueous sodium hydroxide and ethyl formate-aqueous
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sodium hydroxide systems

a) Straight line relationship

From figure (35), it can be seen that in ethyl acetate-sodium
hydroxide system, the plot of (zone thickness)> versus time for each
experiment yields a straight line for some time, The higher the initial
sodium hydroxide concentration is, the longer will the straight line
relationship hold,

Similar plots are obtained with the ethyl formate-sodium
hydroxide system as shown in figure (39)
b) Speed of the zone propagation

From graph (36), it is evident that for ethyl acetate-sodium
hydroxide system, the speed of zone propagation increases with initial
sodium hydroxide concentration, passes through a maximum at about 0.37 Na.,
and decreases with increasing initial sodium hydroxide concentration.

With the ethyl formate system the speed is much higher (graph 40) e
Yet; a similar trend is observed as in the ethyl acetate-sodium hydroxide
system except that the maximum speed occurs at 0.1 N. sodium hydroxide
concentration,
c) Possible factors governing the speed of reaction zone propagation
(i) Turbulence

It is highly probable that the speed of zone propagation depends
mainly on the degree of turbulence within the reaction zone, The more
turbulent the zone, the faster it extends,
(ii) Physical properties

The zone turﬁulence is closely related to the physical properties

of the solution inside. Concentrated sodium hydroxide solution which has
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greater density and viscosity can reduce the degree §f turbulence and
slow down the speed of zone propagatione
(i1i) Heat of reaction

The heat effect is of two folds. Because of the temperature
increase, the viscosity of the liquid inside the zone becomes less.
Convection current of liquid inside the zone also sets up as a result
of temperature gradient. All these lead to the enhancement of’the

turbulence,

On the other hand, the density of the liquid inside the zone
is reduced (although may be to a small extent) as a result of temperature
increase, and a buoyancy effect is set up: this helps to slow down the
speed of zone propagation.
(iv) Salt effect

Salt effect of sodium acetate and sodium hydroxide at a higher
sodium hydroxide concentration run is expected to be great inside the
reaction zone, Under such a condition, the solubility of the upper phase,
thus the transfer rate, is reduced: this helps to slow down the speed

of zone propagation.

Referring back to curves (36) and (40), the indication is:
At high sodium hydroxide concentration runs, the turbulence generated
by chemical reaction is over-balanced by the effects of concentration,
buoyancy, physical properties and salt; thus the speed of zone propagation.
decreases with increasing sodium hydroxide concentration.
d) Zone thickness

It is quite interesting to note that in ethyl acetate-sodium
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hydroxide system, and also ethyl formate-sodium hydroxide system with
high initial sodium hydroxide solution, reaction zone extends itself
only to a certain thickness. Probabvly, with the presence of sodium
acetate inside the zone, a quasi-equilibrium is set up so that the trans-
fer of both reactants to the zone is extremely slow. The turbulence is
thus reduced, accordingly, to the minimum.

In the case of ethyl formate-sodium hydroxide system with
dilute initial sodium hydroxide solution, the reaction rate is so fast
that an equilibrium cannot Be establishéd.

e) The model

Based on the experimental observations obtained so far, a very

simple model is proposed for the ethyl ester-sodium hydrdxide system.
With reference to figure (42),

let

the concentration of the light phase inside the reaction zone

at time "t" = C, moles/litre.

the concentration of the heavy phase (NaOH) inside the reaction

pone at time "t" = Cy moles/litre

the saturation concentration of the light phase = C_,, moles/litre

2i

the original concentration of the heavy phase = C, . moles/litre

10
the distance of the reaction zone-NaOH interface from the ethyl
ester-reaction zone interface ( zone thickness ) at time "t''=x cm.

The following were observed;

Y. Rather abrupt concentration gradients occur across the interfaces on

both sides of the reaction zone.

2. Concentrations of both reactants inside the zone at time '"'t'" are low
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and may be considered constant without too large a sacrifice in accuracy.

The mean values of C1 and C_ are approximately equal and inversely

2

proportional to the zone thickness.

=T C2 oc Cai/x 3 Cl o< Clo/x
and )
] ]
D2 C21 . C. = Dl ClO
Cz = » 1 -
x X
where

D2' and Dl' are proportionality constants which include the

average eddy diffusivities of the upper phase ( C2 ) and the
lower phase ( ¢y ) respectively..

IAt the lower edge of the reaction zone, the rate of removal of the

‘reactant( sodium hydroxide ) is, for unit area ( Cio -Cl ) %f

By overall material balance on the reaction zone and assuming the lower

phase removed is being used up by the reaction,

dx D.'C_. D,'C

(Clo - Cl) a—t- = kClCZX =k X P X soes (37)

or, according to the second observation,

L B
dx D.'"C
1 10 ,
(Clo - Cl) E'E = k -'_x"" S A eoen (38)

where k = reaction constant; t = time

Integrating equation (38) between time "O'" and "'t"

2. 2
L]
e W T
. T
10 1 |
Since Cl is smallr (C10 -cl) - ClO
. 2 .2
® e x = Clole t
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The model works only if the experimental conditions are the

same as the two observations. This is the case at the beginning portion

of each experiment.
At the later part of each experiment, the turbulence inside

the zone gradually dies out and concentrations of reactants increase.

Under such conditions, C; # c,

equation (37) is used

dx D_'C D. G

(clo -cl) " k -

again, if Cl is small as compared to Clo ’
L ]
ax o D2 %P
dt X

on integration,

X = kD, "Dy Oyt

No doubt the picture is much more complicated, with the
interfacial tension and heat of reaction effects playing a role.
f) Application of the model to experimental results
(1) From figures (35) and (39), it can be seen that for each experiment,
a straight line is obtained for some time. The slope of the line is
equal to "kCloDl'a" of that particular experiment. Different slopes

indicate different values of "Clobl'z" between experiments since "k"
is a constant.

(ii) From figures (36) and (40), it is observed that maximum values

of the curves lie at approximately 0.37 and 0.1 N. respectively: this
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indicates that the maximum value of eddy diffusivity of sodiuﬁ hydroxide
for ethyl acetate-sodium hydroxide system and ethyl formate-sodium
hydroxide system lies in 0.37 N, sodium hydroxide and O.1 N, sodium
hydroxide respectively.

The above statement is in agreement with the visual observation,
particularly with the ethyl formate-sodium hydroxide system.

2) Ethyl acetate-water; and, ethyl formate-water systems

The Moiré pattern for ethyl acetate-water system is quite
normals The curved Moire lines indicate the presence of concentration
gradient at the interface. From the degree of curvature of the lines, a
concentration gradient can be calculateds. A complete theory on the
Moire pattern was given by Lord Raleigh (76) in 1874. His theory was
discussed by Guild (41). Recently, the method was applied by Sato et al
who developed a technique which could measure the concentration gradient
directly out of the geometry of the Moire lines (108).

The phenomenon observed in ethyl formate diffusion is rather
unusual. At first, it is thought that the eruptive transfer is a result
of the density flow., However, a check on the literature shows that the
density of ethyl formate at 25°C is 0.917, and the explanation is hardly
possible.

On the other hand, it must be realized that ethyl formate
hydrolizes in water at a fairly large rate. As an example, ethyl
formate is shaken well with water and f£orm two phases. The mixture
is let stand for two days, and the ethyl foimate is found to be hydro-
lyzed completely. From this point of view, the eruﬁtive transfer

phenomenon may be due to hydrolysis reaction.
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FIG. 42 CONCENTRATION PROFILES IN THE REACTION ZONE
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CONCLUSIONS

1) When ethyl ester is transferring into a limited amount of
aqueous sodium hydroxide solution == a case of unsteady state mass
transfer accompanied by a slow chemical reaction, a zone of reaction

is distinctly formedj inside which, turbulent liquid motion prevails.

The reaction zone extends itself in course of time., Studies of this
phenomenon apparently have not been reported in the literature.

2) The speed of zone propagation depends on the eddy diffusivity
of the lower phase (sodium hydroxide) which in turn depends on the system
and on the initial sodium hydroxide concentration used for the experiment.
The speed of zone extension is higher with ethyl formate-sodium hydroxide
system than with ethyl acetate-sodium hydroxide systems Within the
system, the speed increases with initial sodium hydroxide concentration
used, then passes through a maximum, and decreases with increasing
initial sodium hydroiide concentration.

3) Concentrations of both reactants inside the zone are low as
compared to their initial concentrations. Outside the reaction zone

in the lower phase, the concentration of sodium hydroxide is comnstant
and equal to the original concentration,

L) A simplified model is proposed to describe the zone propagation
and predict qualitatively the eddy diffusivity of the heavy phase.

5) Eruptive transfer was observed in physical diffusion of ethyl

formate into water,

178



RECOMMENDATIONS

The recommendations can roughly be grouped into two sections
according to their nature: (a) to obtain better experimental results
(b) to obtain more information about the phenomenon.

A) Recommendations for obtaining better results : -

1) Measurement of concentration distribution of reactants inside

the reaction zone

a) Micro-analysis

Some of the disadvantages in the titration method adopted for
the measurement lie in sampling. It is difficult to obtain a reasonable
size sample (2 ml.) representing a very localized area. Moreover,
sampling loss, in this case, may introduce error., Both of the disad-
vantages can be eliminated if micro-analysis techniques are developed.

It would even be better if delicate instruments were devised
and inserted into the reaction zone to detect the concentration of the
reactants without samplings One type of instrument suggested for
measuring the sodium hydroxide concentration is an accurate pH meter,
capable of readings up to 0,01 pH and a very fine electrode (for example,
Beckman Special model electrode, which has a sensitive tip of % mm, both
in length and in diameter).

With the aid of the refined method of amalysis, (such as the
micro-analysis or the ﬁH meter) experiments should be planned with zone

propagation and reactant concentrations measured at the same time,
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2) Zone measurement

a) Design of diffusion cell

At the present stage, the apparatus for measuring the speed of
zone propagation is rather crude. The use of sintered glass disc did
reduce mixing, induced when contacting the two phases, to a considerable
amount; but further improvement would be desirable. Furthermore, when
applying the method for filling the cell in the lower phase, there is a
time lag of about 1 minute. The apparatus is therefore not suitable for
zone measurement, particularly with experimental systems having high
reaction constants and fast zone propagation speeds.

A new diffusion cell with improved design should be constructed.
In fact, a modified Claesson cell (8) has been devised. A brief descrip-
tion of the cell is given in the following, with reference to figure (43).
It has the shape and dimensions as shown. The cell consists mainly of
two blocks of stainless steel, one (block B), being smaller, is enclosed
by the other. The smaller block can also slide smoothly onto the other.
Both the front and the back of the larger steel block (A) are mounted
with optically flat glass plates. When the céll is in use, one half of
the cell proper (EZ) in block (A) is filled with the heavy phase. Then
the other half (El) in block (B) is filled with the light phase through
the opening (C). Block (B) is then pushed to the right by the lever (D)
until the half cell proper (El) is exactly above the other half (Ez);
and the normal diffusion run begins,
b) Cleaning of the apparatus

The reproducibility of experimental results depends, to a large

extant, on the cleanliness of the apparatus. Experimental evidence
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indicates that measurement of zone propagation in apparatus not carefully
cleaned gives the speed about 50% lower than those measured in clean
apparatus.

A standard procedure should, therefore, be developed for the
cleanings One method suggested is that the apparatus should be washed in
soap solution for general cleaning purposes, then, in warm sodium hydrox-
ide—ethanol solution to remove any grease and silicone derivapives, and
finally in concentrated chromic acid to destroy any organic impurities.
In between the treatment of cleaning solutions, the apparatus should be
rinsed with a large amount of distilled water,
c¢) Temperature control

The reproducibility of experimental results is also affected
by the precision of the temperature controle Within each experiment, a
temperature fluctuation may cause a variation of reaction rate, which
in turn, may cause a variation of degree of zone turbulence,

Thus the cell should be thermostated at a desired temperature
level throughout each experimental run.

d) TFlattening of the interface

It is evident that the precision of the measurement of zone
propagation is largely reduced due to the presence of meniscuses at the
""demarcation line! and at the ethyl acetate reaction zone interface.
These meniscuses appear as thick dark lines on the photographs and
render the zone thickness measurement to be difficult.

Further efforts are worthwhile to be spent on eliminating the
meniscuses by coating fhe cell walls with some compoﬁnds other than

silicone derivatives.
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"Fluoro Glide' was found from preliminary investigation to
be opaque if too thick a layer was sprayed on. Its application to the
cell was required after each experimental run. Despite the aforementioned
disadvantages, if a skillful spraying technique together with a suitable
binder to the teflon suspension can be developed, it is not impossible
to obtain a good coating of "Fluoro Glide'" which does not dicsolve in
the liquids under test, and is capable of reducing the thickness of the
meniscuses; and, at the same time, is transparent enough to enable the
tracing of liquid movement inside the cell optically.

In addition, another chemical compound, 'Vinylidene Fluoride"
(supplied by Research Lab., Canadian Westinghouse Co., Hamilton) is
recommended for the coating. This compound is colburless and gives a
transparent coating which may be suitable for the liquid systems used.
e) Measurement of zone propagation by the colourimetric method

Besides the schlieren and Moiré pattern techniques currently
employed to trace the reaction zone propagation in this work, some other
types of experiment which can be performed more easily to serve the same
purpose should also be tried out,

Measurement of zone propagation making use of the pH change
of the liquid systems as a result of reaction should be carried out,
The pH of sodium hydroxide solution is about 12.4; and the pH of the
liquid inside the reaction zone is around 10.1. If an indicator, which
will change its colour between 10.1 and 12.4, is added to the lower phase
(sodium hydroxide) prior to the beginning of the experimental run, the

zone propagation may easily be traced by observing the colour change.
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B) Recommendations for obtaining further informatiom about the

phenomenon i =
1) Extension of the present experimental work

In addition to the measurement of ethyl acetate, sodium hydrox-
ide concentrations inside the reaction zone, the distribution of sodium
acetate and ethanol formed as reaction products should be probed so that
the effect of salt and alcohol to zone propagation can be more’fully
understood. Also, the distribution of reaction products reflects the
areas where most of the reaction takes place,

In order to learn more about the reaction zone, still a great
number of experiments should be done; such as repeating the experiments
on ethyl acetate-sodium hydroxide, ethyl formate-sodium hydroxide systems
at higher temperature levels, Experiments should also be performed with
esters of higher members of the homologous series (for example, ethyl
propionate, ethyl butyrate and methyl propionate) and also with other
kinds of alkaline solutions (for example, potassium hydroxide). All
these experiments will help to reveal the importance of reaction rate

as well as heat of reaction to the reaction zone turbulences

2) Temperature measurement of liquid systems

Previous temperature measurements of ethyl acetate-sodium hydrox -
ide systems (refer to Preliminary Investigation, Appendix XIII) indicate
temperature differences ranging from ¥ to 1°C were found within the reac-
tion zone. These numbers were rather doubtful since the measurements were
carried out at room temperature, and the liqﬁid systems were not tempera-
ture controlled. |

More precise temperature measurements should be made in liquid
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systems under investigation. Very fine chromel-alumel thermocouples
with O.D of 0,34 mm. are available for the purpose (Thermocoax,supplied
by the Philips Electronics Co.)s It is expected that very localized
temperature measurements within and outside the reaction zoﬁe can be
obtained. These temperature data may help to réalize the éffect of
temperature on zone turbulences

%) Measurement of zone turbulence

The proposed model on zone propagation (refer to "Discussion
of Results") predicts from the available experimental data that ethyl
acetate-sodium hydroxide and ethyl formate-sodium hydroxide systems have
maximum eddy diffusivities at initiai sodium hydroxide concentrations of
0037 Ne. and Q0.1 N. respectively. This prediction,valthouéh has been
verified qualitatively by optical obsgrvation. may also be tested ex-
perimentally. A hot-wire anemometer is available for the purpose.

L4) Interfacial tension measurement

In order to disclose the importance of liquid-liquid interfacial
tension to the zone turbulence, an expeiiment should be performed with
ethyl acetate vapor-sodium hydroxide solution system, - If the Scriven
and SternlingvTheory (127) is correct, zone turbulence should be partly
or entirely eliminated in thé presence of a gas~liquid interface.

5) Mathematical manipulation

It is quite obvious that the model proposed for zone propagation
is over-simplified. If a more refined model is to be set up, the folloying
effects, at least, should be includeds (a) turbulence caused by interfacial
tension change; (b) turbulence caused by reaction inside the zone; (c) free

convection of liquids inside the zone as a result of temperature difference,
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which, in turn, is caused by the heat of reaction; (d) change of physical
properties of liquids such as density and viscosity inside the zone as a
result of temperature as well as concentration changes; (e) concentration
of both reactants inside the reaction zone are small but substantial and
a concentration gradient exists just below the "demarcation line'"; (f)
the effect of reaction products, particularly the salt effect,
The mathematics may become too difficult to handle if all the gffects
mentioned are taken into account. It is expected that some of the effects
can be combined together, while others may be negligible. Nevertheless,
the appropriate selection can only be made possible from the results of
many experiments._

Another mathematical approach, besides setting up a model, is
by dimensional analysis.

On the other hand, there is, of course, the differential equation
describing the concentration gradients of components across the interface
by the use of mass and heat balance.

6) Simulation of the reaction zone

One of the most common ways to find out the dominating factors
contributing to the zone propagation is to study and distinguish all the
possible factors. Separate experiments should be conducted as to simulate
the experimental situation governed by individual factors. To make the
statement clear, two examples are given in the following:

a) It is suspected that the zone turbulence, to some extent, is
caused by free convection and change of physical properties of liquids
as a result of temperature difference which is roughly determined to be

in the range of % to 1°C. This speculation can be tested by performing
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an experiment with the system of ethyl acetate-sodium acetate solution.
Heating elements are immersed into the sodium acetate solution at a
distance from the interface equivalent to the ordinary zone thickness

(2 to 1 cms)e The liquid around the elements is heated to about % to 1°C
higher than that at the interface. Turbulence thus induced can be studied
under the schlieren apparatus or by the hot-wire anemometer.

b) It is also speculated that the presence of sodium acetate inside
the reaction zone is one of the main causes for the retardation of zone
propagation at high sodium hydroxide concentration runs. In order to
clear this point, an experiment should be performed with the ethyl acetate-
sodium hydroxide system at dilute initial sodium hydroxide concentration.
During the run, a known amount of sodium acetafe is added to the reaction
zone. 'lue speed of zone propagation thus measured is compared with that
obtained from the run at same initial sodium hydroxide concentration but
without the injection of sodium acetate,

7)  Miscelleneous investigations

Quite a number of interesting phenomena were observed during
the diffusion experimental runs. Some of them may be worthwhile to pursue,
for example, the eruptive transfer of ethyl formate into water. Also in
the reaction runs, the curved section of Moiré lines observed just below
the "demarcation line'" may be made use of to calculate the comcentration
gradient.,

Moreover, in the ethyl acetate-sodium hydroxide system, the Moiré
lines were found curving to the left in experiments performed with initial
sodium hydrdxide conceﬁtration up to 1 N¢ In reaction runs with initial

sodium hydroxide concentration higher than 1 N., the Moiré lines curved
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to the right (examples are shown in plates Numbers 1, 2, 3, 4 and 5).
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FIG. 43 SCHEMATIC DIAGRAM OF THE
PROPOSED DIFFUSION CELL
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APPENDIX XII

Detailed description of the apparatus used for unsteady state diffusion
experiments:

A)  Apparatus for schlieren investigation: -
1) The light source

The light source was a mercury super pressure lamp for direct
current (HBO 100 W/2) supplied by Osram Com., Germany. The lamp was housed
in the centre of a cylindrical metal container, 18 cm. in diameter and
2k cme high, with a hole of 1.2 cm. diameter on the wall to let the light
out.

2) The optical unit

The optical unit contained two 80 mm. convex lenses which served
as the schlieren and the collimating lens respectively. ‘Both lenses were
mounted and were free to travel along the optical axis of the system.

3) The test cell

The test cell was an ordinary optical cell (4.8 cme. long, 4.9 cm.
wide and 5.5 cm, high) supplied by Fisher Co., (cat. no, 4=732). It was
made of glass plates fused together with an acid-resistant glass frit.
The sides and bottom of the cell were groundj the front and back were
clear and plane. .
k) The knife edge

The knife edge was made of two metal pieces whicu were separated

by a gape One of the pieces was sharpened at one end like a single~edged
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razor blade. The slit could be adjusted by micrometer arrangement to cut
off the desired amount of light.

5) The camera

Interfacial activity observed in each experiment was photographed

in motion picture by a 16 mm. Bolex Paillard camera.

B) Apparatus for measuring the concentration distribution of components

inside the reaction zone : -

1) The cell

In order to reduce the error arising from sampling loss, a big
cell was used. It was made out of the lower half of a U=-litre pyrex beaker,
The cell was 12 cme high and 15,5 cme in diameter,

2) The phase contactor

The phase contactor was made out of the design and dimensions
as shown in figure (26). The reservoir had a capacity of 1) litres. A
pipette filler at the top was used to control the flowrate of the lower
phase liquid through the sintered glass disc (pyrex coarse grade).

3) Hypodermic needles

Four long needles were made out of stainless steel tube (type
304) -with outside diameter of 28/1000 inche One end of each tube was
fitted into a hypodermic needle (No. 18), so that liquid sample could be

drawn through the needle into a syringe.

C) Apparatus for measurement of zone propagation : =

The test cell, the convex lens and the light source used for

experiments had been discussed in Section (A).



191

1) The phase contactor

The phase contactor was made out of the design and dimensions
as shown in figure (44). The reservoir had a capacity of 100 mle

2) Moiré plates

The Morié plates were consisted of a pair of optically flat
glass plates; each plate was & cm. square and etched with equidistant
horizontal lines, 100 lines per inch. The plates were obtained from
Professor Kazuo Sato, Department of Chemical Engineering, Tokyé Institute
of Technology, Japan,

3) Photographic equipment

A Pentax camera was used with close-up extension tubes Numbers

1 and 2. Pictures were taken with Kodak plus-X film.
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APPENDIX XIII

PRELIMINARY INVESTIGATION

A) Schlieren investigation : -

Some experiments were performed at the earlier stage of this
work using the schlieren apparatus. The object of these experiments was
to develop and get familiar with the experimental procedure and try to
solve any experimental difficulties encountered.

1. Liquid systems under investigation

Besides the ethyl acetate - sodium hydroxide system, some diffu-
sion experiments were performed on ethyl acetate - potassium hydroxide,
ethyl formate - sodium hydroxide and acetic acid in benzene - sodium hydroxide
It was found that the same kind of schlieren picture was observed
in the ethyl acetate - potassium hydroxide system as in ethyl acetate =~
sodium hydroxide. This result was in agreement with the expectation, since
the reaction constants of both systems were almost equal. A more turbulent
reaction zone was observed with the ethyl formate - sodium hydroxide system.
However, with the acetic acid in benzene - aqueous sodium hydroxide system,
no reaction zone was observable.

2. Contact of two phases

Although great care was exercised when ethyl acetate phase was
poured freely on top of the sodium hydroxide solution, yet a great distur-
bance of the interface was observed as a result of mechanical mixing. This
disturbance was very undesirable because it might modify the original inter-

facial condition which was obtained when the two phases contacted each other
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smoothly. Several attempts had been made to improve the technique of con-
tacting the phases. They were described briefly as follows:

(a) The light phase was put into the cell first. The heavy phase in a
syringe was then injected into the cell slowly through a hypodermic needle
under the light phase. This method was found to be unsatisfactory even
with the application of the interface sharpening technique of Kahn and
Polson (98).

(b) The heavy phase was put into the cell first, then a partition dia-
phragm (sheets of filter paper or bond paper or saran wrap or aluminum
foil), which fitted the cell inner walls quite snugly, was placed on top
which sealed the liquid surface. The light phase was poured on top of
the diaphragm, filling the cell to the desired level. The diaphragm was
then pulled out at an extremely slow rate to permit the formation of a
calm, unperturbed interface. This method was workable, provided that a
suitable kind of material for the diaphragm could be obtained. In view
of the long period of time required to pull the sheet out carefully, the
zero time as well as the initial interfacial area were rather uncertain.
(¢c) The light phase was first put into the cell; then, the heavy phase
was introduced through a "phase contactor" as shown in figure (44). The
method was modified from that of McBain et al (79) (88), who used similar
kinds of apparatus to measure diffusion coefficients of components in one
phaée solution. This method was found, so far, to be the most suitable.

B Schlieren photography

Schlieren pictures of the reaction zone were taken for each

experimental run using a 16 mm movie camera together with a time lapse

device. Several ways had been tried in order to obtain sharp pictures.
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The methods are outlined as follows:

(a) The camera, with lens removed, was placed at the end of the optical
bench. The schlieren pictures were taken by focussing the image of the
test cell directly onto the film.

(b) The schlieren pictures were projected onto a screen first. The
movie camera, with lens on, was aimed at the screen and the pictures
were taken., .

(c) The schlieren pictures were projected onto a piece of ground glass
instead; and the movie was taken with the camera, shooting directly at
the back of the ground glass.

None of the above methods were satisfactory.

L, Interface flattening

When the schlieren picture of the liguid system in the test
cell was projected onto a screen, two thick, dark lines were seen sand-
wiching the reaction zone. These lines represented the "meniscuses' of
the two boundaries; one was the interface between the ethyl acetate phasé
and the reaction zone, and the other was a demarcation line between the
reaction zone and the bulk sodium hydroxide solution. Since the presence
of these '"meniscuses'" could block the vision on a portion of the inter-
facial area, their elimination would be quite desirable. Attempts were
made to reduce the thickness of the phase separation meniscus by coating
the cell walls with a layer of anti-wetting agent. The compounds tried,
so far, for the cdating were of silicone derivatives; such as "Dow Corning
1208" (a mixture of methyltrichlorosilane and dimethyldichlorosilane) and

"ReleasaGen" (a silicone derivative with spray application, supplied by
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General Mills Co., U.S.A.). The silicone derivative coating gave satis-
factory performance on air-water interface, but dissolved in both sodium
hydroxide solution and ethyl acetate. Other compound for the coating was
also tried; such as "Fluoro Glide" which was a suspension of teflon particles
to be sprayed on the apparatus under test (The material was manufactured by
Chemplast Inc., U.S.A.). The spraying was difficult to carry out because
if too thick a layer of coating was applied, the cell became opaque, and

if the coating was too thin, the meniscuses could not be eliminated. Fur-
thermore, the teflon coating adhered loosely to the cell wall and could
easily be washed away during cleaning. As a result, spraying had to be
applied after each experiment. The method was not suitable. Therefore,

no coatings were applied to the test cell for the experiments performed

in this work.

B) Measurement of concentration distribution of reactants inside the

reaction zone : =

1s Methods of analysis

There are several methods being considered for use in analysing
the concentration of either one of the reactants inside the reaction zone.
They are the optical method, the conductometric method (145) (13%0), the
high frequency method (148), the spectrophotometric method (26), the pH
method, the gas chromatograph method and the ordinary titration method
(100). Apart from the spectrophotometric method (for the determination
of ethyl acetate) and the high frequency method (for the determination of
sodium hydrokide) whicﬁ require equipment not readily available, the rest

of the methods are quite conventional.
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The optical method involves measuring the concentration of a
component inside the solution by noting the refractive index change. The
conductometric method involves determining the sodium hydroxide by measuring
the electrical conductivity of the solution. These two methods require
calibration, and the presence of more than one component in the zone causes
the calibration to be impossible for specific components.

The pH method involves the measurement of the hydrogen ion con-
centration. It is not a good way to determine the sodium hydroxide quan-
titatively because the pH is not sensitive to the change of the sodium
hydroxide concentration.

The gas chromatograph is handy for the analysis of volatile
mixture. However, if a solution containing ethyl acetate, ethanol, sodium
hydroxide and sodium acetate is injected into the gas chrométograph, the
ethyl acetate and ethanol will vaporize while the sodium hydroxide and the
sodium acetate are non-volatile and stay inside the column.

The only workable method is titration which has been discussed
more fully in the ""Experimental Detail'' section.

2e Preliminary experiments

A few experiments were performéd with the ethyl acetate=sodium
hydroxidé system on probing the concentration of reactants inside the
zone. The experiments were performed in a small optical cell. Due to
the limited amount of liquid available inside the reaction zone, only
one sample (2 c.c.) or, at the most, two could be drawn from each run.
Results of the sample analyses showed that the concentration of reactants
inside the zone were low as compared to their concentrations outside the

zone respectively.
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C) Measurement of zone propagation : =

Barly measurement on zone propagation involved tracing the zone
movement on time-lapse movie, and later measured the zone thickness on
developed film using a "'photo comparator'. Some of the experiments were
carriéd out using a cathetometer to measure the zone propagation. One run
was performed using both devices for the measurement.

Results of three experiments performed on ethyl acetate-sodium
hydroxide system using a cathetometer as measuring device were plotted.
Figure (45) showed the relationship of zone thickness versus time. Results
of the run using both the time-lapse movie and cathetometer for measurement
were shown in figure (46). It was clear that the readings obtained from
the''photo comparator''were not as good as from the cathetometer,

In addition, it was also found that no reaction zone could be
observed in the ethyl ester-sodium hydroxide system when the initial sodium

hydroxide concentration was lower than 0.05N.

D) ''he pH measurement : -

An expériment was designed to show that, for the ethyl acetate-
sodium hydroxide system inside the optical cell, the streaks diffusing
into the lower phase from the reaction zone were sodium acetate. This
involved the use of a pH meter capable of taking pH measurement continuously
(Beckman Zeromatic 9600).

First of all, pH of individual components were measured and the

results were:
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0.06 N. NaOH pH: 12.2
1.5 N. NaAc : pH: 8.2
0.06 N, NaOH and 1 N. NaAc pH: 12.3
ethyl acetate saturated with water pH: 5.8

Two phases in the optical cell are then contacted and the
electrodes were placed in the lower phase near the bottom of the cell,
and pH value of 12.2 was observed, indicating the presence of pure
sodium hydroxide. Some time later, as the streaks passed down to the
electrodes, pH value of the solution was still in the range of 12.1 to
12.2. However, as soon as the reaction zone extended itself into the

region where the electrodes stood, pH value dropped gradually to 10.1l.

E) The temperature measurement : -

Copper-constantan thermocouple and a potentiometer (Type K-3
manufactured by Leeds & Northrup Co.) were used to measure the tempera-
ture difference of the ethyl acetate-sodium hydroxide system inside the
optical cell. The thermocouple was insulated up to the region very close
to the hot junction so that very localized temperature measuremént could
be obtained.

Results were shown in the following tables, XIa and XIb. It
must be realized that the dipping of the hot junction into different zones
reépectively was a manual operation and therefore subject to position
error and non-reproducibility. Consequently, the data should be treated
qualitatively. The order of magnitude rather than the actual values should
be considered. On the other hand, since the experiment was performed with

the optical cell uncovered, evaporation of the ethyl acetate did help to
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cool down the temperature of the upper phase. As a result, the measured
one degree difference should actually be less. Perhaps, a 1/2°C temperature
difference was more reasonable (after examining the data).

Judging from the results, it was evident that the "hottest region'
for ethyl acetate-sodium hydroxide system was at the '"demarcation line"
between the reaction zone and the lower sodium hydroxide phase.

As far as acetic acid in benzene-aqueous sodium hydroxide system
was concerned, reaction was rapid, and turbulent ligquid motion helped to

spread the temperature evenly throughout the system in a short time.



TABLE XIa

TEMPERATURE MEASURAMENTS
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Upper phase: ethyl acetate saturated with water at room temperature

Lower phase: O.4 N. sodium hydroxide solution

Time after the
start of
expt.
(mins.)

Posi=-
tion of\ Temp,
thermo-
couple
Upper phase

Upper
Zone Middle

Lower

Lower phase

21.46

22.28

2195

2145

22,43

22,01

21e33
21,09
21.38
22435

22.09

13

2l.22
21.16
22,10
22435

22.10

27

21.05
21.78
21.98
22.21

22.09
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TABLE XIb

TEMPERATURE MEASUREMENTS

Upper phase: 0.4 No. acetic acid in benzene saturated with water

Lower phase: 0.06 N. sodium hydroxide solution

Time after the
start of

expto
(mins,.)

Posi- 1 5

tion of

thermo=

couple

Upper phase 21475 22.12
Interface : 22033 22425

Lower phase 22450 22425
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APPENDIX XIV

SAMPLE CALCULATION (For Part II)

A) Concentration distribution of reactants inside the reaction zone : -

Referring to Table XII, Appendix XV,

initial sodium hydroxide concentration: 0,58 N.
temperature: 2“01 0.5°C

2 ml sample taken from needle No. 1 at 13 minutes

amount of 0.1 N. HCl required for the titration = 0.6 ml

°

NaOH concentration in the sample = 2 x O.1
M5 Q.

= 0.03% N.
L ml of 0.0985 N.NaOH was added to the solution which was then refluxed
for three hours
amount of 0.1 N. HCl reéuired to neutralize the excess NaOH = 0.05 ml

amount of O.1 N. NaOH required to react with ethyl acetate in the

* e

sample = (4 x 0,0985 - 0,05%01) /04
= 5,890 ml
' ethyl acetate concentration in the sample = 2£§29§§_9;l
= 00199 N.

B) Measurement of zone propagation: -

Referring to run No. 4, Appendix XVI
initial NaOH concentration: 0.5 N.

temperature: 23.5 + 0.5°C
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picture No. 10 was taken at 25 minutes
the three measurements of the zone thickness were 7.8 cm, 8.1 cm and 8.0 cm

the actual thickness of the zone:

708 X 4.8/5“]’.5 = 0068697 cm
8ol X 4'8/514';5 = 0071339 cm
8.0 X "*08/51"'.5 = 00701‘}59 cm

average zone thickness = 0.70165 cm

square of average zone thickness = 0.49231 cm2

C) Calculation of heat of reaction of ethyl acetate~spdium hydroxide system: =

AH (combustion) 42tA were obtained from references (56)(51)

CH,C00C Hy + 50, = 4CO, + 4H,0 . « o BH = - 538760 cal. soee (41)
4H, + 20, = 4H,0 « o o BH = -68317 x 4 cal. eoes (42)
4C + ko, = kco, + o o BH_ = - 94051 x 4 cal. coes (43)

equation (43) + equation (42) - equation (41)

4¢ p = « o o = .. )
1C + 4“2 } 02 CHBCOOCZH5 AHf 110712 cal
in a similar way,

~ = = r. - -," o= & .

2C + 5H2 + 1/2 O2 2 02H5OH e AHf = =-6005% cal

from references (56)(51)

Aﬂf for NaOH = - 112000 cal.

o . 5 s
Anf for NaLOOC2H5~ 175800 cal.

AH

P o l
g  sanabbion) 1)71'1 kecal./mole

which agreed well with the literature value (3) of 13.08 k.cal./mole



APPENDIX XV

TABLE XII

CONCENTRATION DISTRIBUTION OF REACTANTS INSIDE

THE REACTION ZONE

INITIAL NaOH CONCENTRATION = 0,58 N,

Time Distance - NaOH ie) EtAc
(i) from interface conce conc,
(mm. ) (normality) (normality)
13 1,00 (needle #l) 0.033 0.199
17.5 2.35 (needle #2) 0.160 0,017
24,6 4,15 (needle #3) 0.340 0.002
27.9 1,00 0.015 0.198
35 2435 0.070 0.430
b2 4,15 0.013 0.148
L6 1.00 0.002 0.471
52 2435 0,002 0.486
58 4,15 0.020 0.256
61.8 6.95 (needle #4) 0,290 0.020
70 1.00 0.002 04579
75 2.35 0.002 -
79 4.15 0.003 0.399
a7 6.95 0.140 0.007
107 1.00 0.002 0.52k4
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INITIAL NaOH CONCENTRATION = 1,08 N.

Time
(minso)

10
15
22
