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This dissertation describes an experimental study of 

the simultaneous mass transfer and chemical reaction at a 

plane liquid-liquid interface involving the saponification of 

simple esters transferring into aqueous caustic solutio:ns. 

The transfer experiments \vere carried out vlith both liquid 

phases stirred and unsti.rred respectively. 

Special emphasis uas placed on the stagnant-phase 

systems. Turbulent reaction layer propagation rates WBre 

measured for ester phases ( pre·-saturated 1d th \vater) in 

contact \·lith aqueous caustic solutions (at various concentration 

levels). 'fhe distortion of the moire pattern was used to 

indicate the position of the propeigating layer front o The 

cause and nature of the tur·bulent layer \vel'·e elucidated. An 

apparatus, capable of \vit hdrawing sm .. -=tll samples of the liquid 

\vlth probes precisely located in the aqueous phase, \WS 

const:cucted. Experimental t echniqu.es 'Nere developed to measure 

(ii) 



the abnormal concentration profiles of the reactants and tho 

products vd.thin the turbulent layer. From the component 

concentration distribution data, the turbulent layer thicknesses, 

the reaction zone (\'lith in the turbulent layer) thicknesses, 

the mass transfer rates, and the enhancem::mt factors \'!ere 

deduced. The effects of turbulence in the aqueous phase were 

estimated in terms of the derived eddy diffusi vit ies and of 

the differences between the experimentally measured and the 

theoretically predicted (by molecular diffusion with reaction 

equation) enhancement factors. 

In the steady state transfer study using stirring in 

both phases, transfer rate data and enhancement factor data 

were obtained for three formate-sodium hydroxide systems. 

In addition to the mass transfer studies, a preliminary 

investigation on the diffusion coefficient measurement in 

binary and ternary liquid systems employing the moire' pattern 

method was carried out. A diffusion cell 1vas designed and 

built to enable the quick acquisition of the experimental 

data uith reasonable accuracy. 
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CHAPTER l 
~-- -

INTRODUC'l'ION - -·- -----
Ever since the development of chemical engineering, 

j_nterphase mass transfer has been one of the vital operations 

in the field. Important practical examples are numerous; 

such as the gas absorption of sulphur trioxide and nitrog<m 

dioxide in the manufacture of acids. There are many industrial 

operations involving the application of liquid-liquid 

extract:i.on, for example, the sulphur removal from petroleum 

fractions, the nitration and sulfonation of organic compounds 

and the saponification of esters. A considerable number of 

these mass transfer processes are accompanied by simultaneous 

chemical reaction. Interphase mass transfer is frequently 

complicated by interfacial phenomena, for example, interfacial 

ttu"'bulence, interfacial resistance, spontaneous cmulsifi cation 

and the change j_n physical equilibria betv-reen phases. These 

interfacial phenomena are more pronounced in reacting systems, 

because the products formed and the heat evolved by the reaction 

continually change the physio-chemical nature of the inter-

facial region. It is evidently desirable to be able to predict 

and to know hou the reactions and the associated interfacic:~l 

phenomena affect the transfer rates which are the key data for 

design:i.l1g the equipment for the operations. 

Gas absorpt::to:n 1'lith s:i.mtJ.ltaneous chemical reaction has 
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been an active area of research for some years, both th eor-

etically and exparimentally. On the other hand, relatively 

little work has been done in the field of liquid-liquid mass 

transfer, especially \'Ti th chemical reaction. Theories for 

gas-liquid reaction systems may sometimes be applicable to 

certain types of tl'lO-phase liquid systems. However, the analogy 

in theories between the two types of system does not ahmys holdo 

As an example, transfer-and-reaction theory for gas-liquid 

systems is clearly not valid in liquid systems vlhere the re­

actants and the products can transfer across the interface in 

both directions. Moreover, the experimental evidence from 

the literature indicates that the mass transfer across the 

liquid-liquid interface tends to be affected to a larger 

extent by the interfacial phenomenon than the mass transfer 

across the gas-liquid interface. Thus liquid-liquid reacting 

systems have r1ore complex features than the gas·-liquid systems 

and they require more careful study. 

Previous investigations of the interphase mass transfer 

in some ester-aqueous caustic systems(S9) indicated t.hat, in 

the case 1·1here tuo phases \iere stagnant, a turbulent reaction 

layer uas observed at the interface. When both phases of 

an ester-caust:ic system ·vrere st1rred, the turbulent layer 

disappeared and the reaction transfer rates obtained vrere 

smaller than the corresponding physical transfer rate in the 

same ester-aqueous caustic systemo 

The object of the present study is to obtain further 



experimental information on the reaction rna ss transfer in 

the ester-aqueous caustic systems with both liquid phases 

unstirred and stirred respectively. Special emphasis is 
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placed on the stagnant-phase systems. The study is directed 

to-v,rards the acquisition of infornE.tion on the cause and 

nature of the turbulent reaction layers and on the effects of 

a large scale turbulence on mass transfer rates. In particular, 

the structure and the propagation of the turbulent reaction 

layers, the abnormal concentration profiles '\'lithin the layers, 

the reaction zone thicknesses and the transfer rates are 

investigated. In the stirred-phase systems, mass transfer 

rates and enhancement factor data are collected for several 

ester-aqueous caustic systems. These data may be useful in 

probing the various factors governing the rates of interphase 

transfer. In addition, a preliminary study on the diffusion 

coefficient measurement in binary and ternary liquid systems 

employing the moire pattern method is carried out. 

In Chapter 2 of this dissertation, pertinent literature 

on the subject is reviewed and discussed. Relevant theories 

on interphase mass transfer and on diffusion are given in 

Chapter 3. In Chapter 4, the experimental -vrork is presented. 

The experiments are grouped into four parts. Each part is 

divided into three main areas: experimental details, results, 

and the discussion of results. 4.1 - PART A and 4.2 -

PART B are concerned lr1rith the studies in stagnant-phase 

systems. 4.3 - PART C deals vdth the investigations in 



two-phase stirred systems. 4.4 - PART D describes the 

measurement of diffusion coefficientsin binary systems using 

the moir~ pattern method. In Chapters 5, 6 and 7, the 

conclusions, reconm1endations a.nd summary of contributions to 

knovvledge are presented respectively. 

Although the results are still preliminary in nature, 
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it is hoped that the present investigations vJill lay the ground­

work for further studies towards the unclerstanding of the 

effects of interfacial phenomena on interphase mass transfer. 



CHAPTER 2 

~ITERA!URE R~VIIDv 

Literature on interface mass transfer has been extensive 

and has been revimved periodically by many '\"lorkers. General 

discussions on mass transfer and interfacial phenomena were 

presented by Sherwood and Pigford (Sl2 }, Davies (D9), Astarita(A4) 

and Bird et al.(Bg). Discussions on drops and bubbles 

phenomena l'rere presented by Kintner( K4 ). Comprehensive 

annual surveys on mass transfer are published in Industrial 

and Engineering Chemistry. 

In this Chapter, only the pertinent literature l'dll be 

revi el'led. The li teratur~e information is grouped under the 

following three categories: interfacial turbulence, inter­

phase rna ss trc::msfer, and diffusion coefficient measurement. 

Special emphasis is placed on the interfacial turbulence 

section. 
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2.1 .Int~~!..f~TurbuJ...en~ 

2.1.1 P~u~§_-~2£P~;mental Ops~~~t~ 
Phy§_:i£cQ-_Iviass ri'rane_f~r __ ~st~!!l§. 

2.1.1.1 Two-Phas9_l4guid-Liguiq Syste~~ 

2.1.1.1.1 Plane Inter~~e, Stati~ Systems 

Literature reports on the occurrence of interfacial 

turbulence are numerous in the three-component systems, and, 

to a much lesser extent, in the binary systemsc \'lard and 

Brooks(\Vl) \'rere among the first to observe the existence of 

the spontaneous, highly localized interfacial agitation 

accompanying mass transfer. Kroepelin and Neumann(Kl2 ) 

photographed the flat, turbulent interface of the system 
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ethyl acetate-acetic acid-\'later using the Schlieren npparatus. 

'l'he active j_nterface of the system amyl alcohol-acetic acid-

\'Tater \vas photographed by BrUckner( B20). Davies ( Dl2) 

contacted a solution of 4% acetone dissolved in toluene with 

water. The rapid, jerky movements of the interface \vere 

revealed by talc particles sprinkled onto the interfa.co. 

Davies(D9) summarized the results of a number of diffusion 

experiments in ternary systems 't'Jith and vrithout surface active 

agents such as sodium lauryl sulfatG(WJ) or sorbitan mono-

oleate(Hl). He concluded that, in general, interfacial 

turbulence 1·;ould increase the rat,e of mass transfer in the 

other~1ise unstjrred systems. l',Tonolayers \vould reduce or 

prevent tho interfacial turbulence in the diffusion systems, 

and theory and experiment lvere then in good agreement. 



Recently, Hoshino and Sato(Hl5) employed the moire pattern 

method to observe the \'leak interfacial turbulence occurring 

in the diffusion of acetic acid and then of propionic acid 

across the stationary interface in the '\'rater-acid-toluene 

system with and without a surface active agent. They found 
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that the rates of interface mass transfer \iere not influenced 

by the existence of a surface active agent. 

All the above-mentioned experimental observations at 

the interface indicated that the phenomenon of interfacial 

turbulence is a chaotic and disorganized process. Some 

semblance of ordered flo1v could however be achieved for short 

durations by directing a thin jet of solute towards a flat 

interface bet\veen two pure immiscible liquids ( KlO) ( Sl8) • 

Linde(L9)(110)(Lll) succeeded in producing a non-chaotic 

interfacial cellular convection during the diffusion of a 

surface active agent across a stationary interface in many 

alcohol-vrater systems. Orell and West\·Jater(05) used the 

Schlieren technique to study in detail the spontaneous inter-

facial cellular convection accompanying mass transfer in the 

ethylene glycol-acetic acid~ethyl acetate system. They 

found that the j_nterface exhibited a dominant pattern of 

stat:tonary and propa.ga ting polygonal cells, accompanied by 

stripes and ripples. The average wave length, frequency 

and speed of propagation of the cells,stripes and ripples 

were measured. Gore(GlO) studied optically the cellular 

pattern in benzene-acetic acid-glycol systems. Bakker et al.(Bl) 



studied the development of convective cells in a nurnber of 

ternary systems. They measured the size of the convection 

cells and found them to be in the order of the magnitude of 

the penetration depth. 

2.1.1 .• 1.2 Qynamic Sy~ 

Maroudas and Sa1vistowski (MJ) conducted experiments on 

the separate and simultaneous transfer of propionic acid and 

phenol betlveen carbon tetrachloride and water, using vertical 

and horizontal laminar co-current liquid·~liquid contactors 

with moving interfaces. In all the runs the existence of 

interfacial turbulence Has confirmed by visual or Schlieren 

observations. They concluded that, under conditions of 

spontaneous :tnterfacial turbulence, the rate of mass transfer 

depended to a large extent on the induced rate of interface 

reneHal and Has directly proportional to the square root of 

the molecular diffusivity. More recently, Bakker et al.(B2 ) 

studied the mass transfer in ternary systems under well-defined 

hydrodynamic floH conditions. By changing the direction of 

mass transfer of the solute, experiments could b_e performed 

'\'lith and llithout interfacial turbulence. The ratio of the 

mass transfer rates \',d th and '\·li thout interfacial movement 

wa.s found to be a function of the concentration driving force 

only. At high solute concentrations, the ratio approached 

an asymptotic value bctvreen 2 to 3 for different systems used. 

Merson and Q1..dnn(1'1I5) studied the diffusion in a number of 

binary liqui.d systems using a newly developed contacting device 



in \vhich a thin layer of one liquid (immersed in another 

liquid) flowed horizontally and radially outvrard from a 

central source. They detected a highly structured inter-

facial turbulence in several of the binary systems studied. 

However, the scale of motion (in isobutanol-vrater systems) , 

though clearly visible, was sufficiently small. Therefore, 

it had very little effect on the rate of mass transfer. 
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With the phases stirred, the interfacial turbulence \'las 

not as pronounced as that observed in the static systems. 

Nevertheless, such effects \1ere observed by Le\"lis{L4) and 

Blokker{BlO) for some of their stirred systems. The effects 

of interfacial turbulence on the mass transfer rates \'lore 

studied later by Topp{T9) and Olander(OJ}. In these studies, 

the mass transfer coefficients in ternary systems were found 

to depend on the direction of the transfer and the solute 

concentration levels. The enhancerr.ent of transfer coefficients 

over the theoretically predicted values without interfacial 

turbulence \<Vas in the order of 2 - 3. 

2.1.1.1.3 ~ 

Pendent drops or free-falling drops with rippling, 

pulsation, kicking and eruptions \·Jere studied extensively. 

Le1'lis and Pratt (L5) noticed that when drops of oil \vere 

either per1d~mt or free in \·rater, and a solute, e.g. acetone, 

was present initially in one phase, the drops undervrent 

violent and erratic pulsations. The frequency of kicking 

for any one drop decreased as the time from the formation of 
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the drop increased. They were also able to demonstrate that 

during kicking of the drop, a violent circulation of the 

liquid took place at the interface. They also shov.red that 

for a wide variety of systems, addition of detergents or 

proteins inhibited the kicking. Haydon(H9) contacted a 

solution of acetone in toluene with \'Tater and observed the 

vigorous kicking of t!le drop. However, if the water phase 

\'las replaced "tvith either sodium chloride solution or tvith 

dodecyl trimethylammonitun bromide, the kicking was inhibited. 

Based on the experiments, he concluded that during diffusion 

across an interface, the non-uniform solute concentration at 

the interface gave rise to local interfacial tension variations 

which in turn caused instability in drops. Other vrork on 

the elucidation of the mechanism of interfacial turbulence 

'\"ras reported by Kroepelin and Neumann(Kll), Goltz(G9), 

Haydon(HS) and Garner et al. (G3). Sig1:rart and Nassenstein(Sl9) 

made an extensive photographic study of eruptions in pendent 

drops using a colour Schlieren microscope. More recently, 

Bakker et al., (Bl) studied the interfacial behaviour during 

the growing of a drop in a number of three-component systems 

with mass transfer being directed out of as well as into the 

droplet and vlith phases being al ternat:i.vely dispersed and 

continuous. They found that interfacial turbulence occurred 

w·hen mass transfer l·ms in one direction but· did not necessarily 

occur when transfer was in the opposite direction. 

Several investigators found that rising or falling drops 
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behaved in the same manner as the pendent drops(L3)(Sl8). 

Interfacial turbulence vJas also observed in binary 

liquid systems as reported by Austin et al.(A5) in their 

pendent drop experiments. 

2.1.1.1.4 £Eontaneoy.s Emu~~ifj_cati_on 

Interfacial turbulence '\vas also observed in many ternary 

systems which exhibited spontaneous emulsification. McBain 

and Woo(M4) and, later, Haydon(HS) studied the phenomenon of 

emulsion v:i th interfacial turbulence in solutions of methyl 

and ethyl alcohol in toluene placed in contact with \>rater. 

They found that when protein or detergent v.ras adsorbed at the 

interface, the interfacial turbulence \'las inhibited, but the 

emulsification vm.s not appl~ecia bly affected. Kaminski and 

McBain ( Kl) examined the emulsion \vi th turbulence formed l'lhen 

benzene, toluene or xylene was placed gently on strong 

solutions of dodecylamine hydrochloride. They found that 

either the dilution of the hydrochloride (to less than 0.1 N) 

or the presence of a detergent vvould inhibit the emulsion 

formation. Indeed, interfacial turbulence has been advanced 

as one of the three probable mechanisms of spontaneous 

emulsification. 

An excellent revi e1:1 on the subject of spontaneous 

emulslfi cation 1:1as given by Davies and Haydon ( DlO) • 

2.1 o 1. 2 T'\1o-Phase Gas-Liauid S:ys terns 

Surface instability also occurred in the gas-liquid 

systems. A classi.c example \ms furnished by Langmuir's 
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experiments(Ll) on the evaporation of ether from a saturated 

solution in water. Talc sprinkled on the surface shovred 

abrupt local movements, caused by the differences in surface 

tension in the different regions of the surface. A monolayer 

of oleic acid on the surface \"las observed to reduce the 

turbulence considerably. A similar effect vras found by 

Groothuis and Kramers(Gl2 ) for the absorption of sulphur dioxide 

in n-heptane. The surface of the liquid became violently 

agitated. Using Schlieren and interferometric techniques, 

Kroepelin and Prott(KlJ) showed that the transfer of methanol 

vapor to \'Tater \'las an example of eruptive transfer. Ramshaw· 

a~d Thornton (R3) shov1ed that \'Then eithe·r acetone or methanol 

vapor '"vas absorbed into \"rater, considerable interfacial 

turbulence occurred with ripple formation and surface 

oscillations. Using a capacitance probe and photographic 

techniques, Ellis and Biddulph{El) measured the amplitude of 

the uaves induced during the absorption of acetone or methanol 

into \'Tater. One of the common examples of surface-tension-

driven flows is the ripples and tears at the surface in a 

glass of strong wine. 

2 .1. 2.1 !_vr_o-:~.h~l!i£uid-L_ig_uid Syst~ 

2 .1. 2 .1 .. 1 ,P_..lanLfut erfa ce..J-_Sta "U:c S:ts !:,ems 

Interfacial turbulence phenomenon is more pronounced in 

systems \"lith chemical reaction. Gad{GZ) and Brtlcke(Bl9) 



noticed that ·when solutions of a fatty acid (e.g. lauric) 

in oil vrere placed very gently upon the sodium hydroxide 

solution, an emulsion with interfacial turbulence was formed 

in the aqueous phase. Sherwood and Wei ( Sl5) studied a 
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number of ternnry and quaternary reaction systems and concluded 

that the interfacial turbulence lvas pronounced in the case 

of exothermic neut~ralizations. Seto et al. ( S9), l'lhile 

studying the reaction r~ss transfer in ester-caustic systems, 

observed the formation of a turbulent reaction layer \'lith 

turbulent liquid motion at and near the interface. They also 

found that the addition of a trace of surface active agent 

'\rTOuld reduce the layer turbulence as well as the layer 

propagation rates. Cho and Ranz(Cl) used the Schlieren 

method to follo1r1 the diffusion~controlled reaction zones 

resulting from the contact of two reactive liquid phases. 

They reported that the abnormally high rates of reaction zone 

propagation and transfer in some systems were due to the 

interfacial turbulence. 

2.1.2.1.2 Qygamic ~.Y§tems 

Searle and Gordon(S6 ), Shervrood and \'lei(Sl5), and Osborne(06} 

performed transfer experiments on systems with instantaneous 

reaction in stirred vessels. They reported mass transfer 

rates several times as great as those predicted from Hatta' s 

theory(H7). Bakker et al. (B2} used a \·retted-wall apparatus 

to study the reaction transfer of the acetic acid in the iso-

butanol-aqueous sodium hydroxide system. The hydrodynamic 
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flov; conditions of the tl·To phases Here Hell-defined. They 

confirmed the abnormally high transfer results of Sherv10od and 

Wei~ 

Gaven(Gld and Sherwood et al. (Sl5) reported the 

"miniature explosion" of a drop of benzene oontaining acetic 

acid as it rose through an aqueous solution of ammonia. 

2.1.2.2 T\'vo-Phase Gas-Lig}l~d _?ys_!;~ms 

Interfacial turbulence also occurred during the gas 

absorption with reaction. Using a highly sensitive inter-

ferometer, the optical study of interfacial turbulence 

occurring during the absorption of carbon dioxide into mono­

ethanolamine solution \·ras carried out by Thomas and Mcl\Nicholl (T4) 

in order to determine the conditions under \vhich interfacial 

turbulence occurred. They also obtained the relation ship of 

the time lapse (after the phase contact and before the onset 

of interfacial turbulence) versus the MEA concentration. 

Danck~rrerts and Da Silva (D5) observed the surface instability 

during the absorption of carbon dioxide by a drop of 1 N mono-

ethanolamine solution. 

Other literature data on the absorption of carbon dioxide 

into monoothanolamine under \·;ell-defined hydrodynamic 

conditions lvere obtained by many investigators using different 

kinds of experimental apparatus including Clarke(C2 ) and 

Astari ta ( A3) using laminar jets; Emmert et al. ( E2 ) and Brian 

et al. (Bl8) using Netted-\'l'all columns. Most of the absorption 

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

2.1.3 Interfacial Turbulence Produced by 
Te~Gradient at the Interface 

Interfacial turbulence can also be induced by the local 

variation of temperature alone at the interface. Early in 

1900f Bdnard(B6) described his observations of a cellular 

deformation produced on the free surface of a liquid film 

(0.5 to 1.0 mm. thick), the bottom of which \vas uniformly 

heated and hotter than the top surface. He also observed a 

cellular flol-v associated with the deformation. Experiments 

have shown(P4) that drying paint films often display a steady 

cellular circulatory flow of the same type as that observed 

in the case of fluid layers heated from belov1. Block{B9) 

demonstrated experimentally that the Benard cells observed 

were caused by surface-tenBion-driven flo\'lS which, in turn, 

\vere induced by the temperature gradients at the surface. 

He also observed that the addition of a monolayer at the free 

surface of the film would inhibit the formation of the flow 

cells. Mitchell and Quinn(M9) investigated the convective 

flow j..n at.1.in liquid layer heated from belm'J" and· confirmed 

the findings of Block. Furthermore, they observed oscillating 

temperature and velocity fields in thin horizontal films. 

Interfacial Turbulence Produced 
.2.L!f.ensi~.r.t.9 tTon --

Interfacial turbulence can also be induced by the action 

of buoyancy forces a.s a result of the density variation. 

Experimental investigations by Zierep(Zl) and Schmidt et al.(S)) 



revealed a cellular motion in a liquid layer bounded by 

horizontal plates {to eliminate the surface-tension-driven 

flows) , when the bottom plate was hotter than the top plate. 
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A small disturbance analysis was carried out by Rayleigh(R5) 

and others for the case of free-surface instability due to density 

gradients. They obtained a critical film thickness ( 2 rnm.) 

belol'J which there 'tvas stability. 

Block(B9) performed experiments \'lith a thin film heated 

from the bottom whereby the Benard cells (due to surface 

tension variation) "Vlere first produced and then removed by 

covering "Vlith a monolayer. Then the thickness of the liquid 

film (covered by a monolayer) was increased until cellular 

surface deformation and circulation cou~d again be seen. 

The thickness of the film at the reappearance of the cellular 

motion \".:as 2 mm., which 1.1as about the predicted critical depth 

for the onset of convective instab.ility due to density variation. 

2.1.5 !l!E?O:re-g.cal Treatment of Interfacial Tvrbulence 

It is w·ell knm~rn that local variations of interfacial 

tension not only cause movementi in a liquid surface but also 

bring forces to bear on the underlying liquid, setting it in 

motion. This has been call0d the Marangoni effect(B?). The 

surface tension variation can be brought about by the local 

variations of component concentration at the int.erface as the 

result of mass transfer. Alternatj_vely, a temperature 

variation at the interface, produced by uneYen distribution 

of heat of solv:t.i.on or heat of reaction, will also cause the 
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local variation of interfacial tension. The development of 

detailed theory relating the 1~rangoni effect to the inter­

facial turbulence proceeded at a slow rate mving to the 

inherent complexity of a reasonable mathematical descriptiono 

Haydon(H9) proposed a kicking mechanism to explain the 

drop oscillation duriP..g mass transfer. Later Davies and 

Ha.ydon(Dll) derived the equations of motion for the pendent 

drop oscillation, thus cnabliP~ the prediction of oscillation 

frequencies and energy dissipated against viscous forces 

during the damping of the oscillations. 

Recent available analyses usually dealt ~dth the stability 

of the transfer systems to~Jards small disturbances. The 

onset of a steady, cellular convection driven by surface 

tension gradients (which, in turn, \'lere caused by surface 

temperature gradients) on a thin layer of liquid was examined 

by Pearson(P4). His results indicated the existence of a 

critical "V~rangoni number" for the onset of instability. 

Sternling and Scriven(S22) formulated a theoretical model 

describing surface-tension-driven interfacial activity ('Hhich 

in turn vras caused by surface concentre.tion gradients) at 

plane liquid-liquid interfaces. They mathematically analyzed 

the simplified, ti.-vo-dirnensional model (roll cells) by means 

of the theory of linearized stability coupled \·r.i.. th the 

traditional hydrodynamic and diffusion principles. They 

developed criteria for the onset of instability and determined 

the nature of the dominant dj_sturbance, predicting its vrave 
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length, amplification factor, speed of propagation, and 

temporal period. The Sternling and Scriven theory has been 

partially confirmed by many vlorkers(05} (112) (113). The 

Pearson's analysis v1as later modified by Scriven and Sternling( S5) 

to include the effects of surface viscosity and by Smith(S2l) 

to include the effects of surface viscosity and gravity v;aves. 

Recently, Vidal and Acrivos (V3) extended Pearson's analysis 

to include the effect of nonlinear conductive temperature 

profiles on the stability of liquid layers subject to surface 

tension gradients. 

Ruckenstein and Berbente(R12) extended the Sternling 

and Scriven's analysis(S22) to the case \'lhere diffusion Has 

accompanied by a first-order chemical reaction in one of the 

t1rvo phases. They established conditions und cr which the 

Marangoni effect produced interfacial turbulence in reacting 

systems and concluded that even a slm·1 first-order reaction 

might cause instabilities in an othe1'"'\·lise stable system. 

Ruckenstein (RlO) also examined the influence of the Marangoni 

effect on the mass transfer in the continuous phase from a 

spherical drop or bubble when Re < 1. He concluded that 

the Marangoni effect should be a factor only in transfer from 

small drops or bubbles. 

Surface instability due to buoyancy effects is probably, 

in most cases, considered of secondary importance and has, 

accordingly, received much less attention. Rayleigh(R5) 

analyzed the stability \vith respect to buoyancy-driven 
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convection of a fluid layer heated from underneath. His 

analysis \'JaS subsequently extended by Jeffreys ( Jl}, Lot;(Ll5 ) 

and Pellm'l et al. ( P5). Conditions for instability were 

established. Recently, Sani(Sl) analyzed the convective 

instability of a system undergoing heat and mass transfer, to 

buoyancy-driven finite amplitude roll cell disturbances. The 

distortion of the mean temperature and concentration fields by 

the disturbance and the transport of heat and mass at a finite 

amplitude roll cell equilibrium state were investigated. 

2.1.6 Recent Tren9-sof Interfacial Turbulence Study 

Apart from the continuing interest in theoretical 

stability analysis, recent developments· are also concerned 

with the enhancement of physical m9.ss transfer under controlled 

mechanical interfacia 1 turbule nee. Boyd and Marchello ( Bl2} 

studied the influence of small surface "t-:aves on the absorption 

of carbon dioxide into water. Small amplitude,progressive, 

ti'To-dimensional waves were mechanically generated in a sealed 

ripple tank. Goren et al.(Gll} investigated the effect of 

standing Haves of controlled amplitude and frequency on the 

steady state rate of mass transfer through thin horizontal 

liquid layers. Both groups of investigators reported a 

transfer increase due to the agitations. 

At the same time, attention is directed to the study of 

physical mass transfer under falling vmvy film conditions. 

Thus Banerjee et al.(B4) developed a physical model describing a 

small eddy structure near tho in'c erfa ce. They shovved that 



the mass transfer process was likely to be controlled by 

small eddies for which viscous di ssipa ti on w·as important. 

An expression for the mass transfer coefficient in terms of 

the viscous dissipation near the surface has been obtained. 

Another model \'las proposed by Banerjee et al. (B3), using a 

partial surface renevral concept, to predict mass transfer 

rates under falling wavy liquid films. The model was based 
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on the action of large single eddies associated with the \"lave 

motion. Comparison of the computed values of mass transfer 

coefficient from the large-eddies-model with data from the 

literature gave good agreement at lar.r Reynolds numbers (100 

to BOO). Holmrd and Lightfoot (Hl7) applied the surface­

stretch model to predict rates of gas absorption into laminar 

rippling films in terms of surface velocities. Oliver and 

Atherinos (04) measured the enhancement of physical mass transfer 

to liquid films on an inclined plane. 

due to rippling. 

The enhancement \'vas 

All the above-mentioned studies may be a step in the 

direction tmvards the understanding of the effects of turbulence 

(at or near the interface) on the mass transfer rates. 



2. 2 Inte.rpha~e Mass Transfer 

2.2.1 Theoretical Considerations 

2.2.1.1 Physis;§l.l Mass Transfer 
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Ever since the advent of Nernst's diffusion layer theory 

(NJ)(N2}, a considerable number of models have been proposed 

to describe the mechanism (and thus to predict the rates) of 

physical mass transfer across an interface. The over­

simplified two-film theory of Le\•ds and Whitman(L6} has been 

superseded by the more elegant concepts such as the penetration 

theory of Higbie { Hll) and the surface renelval theory of 

Danckv.rerts {DJ). Both the 'Whitman and Higbie-Dancb·.rerts models 

have been elaborated on (Hanratty(H2), Perlmutter(P6)) or 

combined and elaborated on (Toor and N'ia.rchello(T8) (M2), 

Harriott(H6), Dobbino(Dl6 ), Ruc:kenstein(R9}), uuc p:L'ogressively 

improved agreement \'lith observation has only been achieved 

at the expense of increasing the complexity. Alternatively, 

a steady state phenomenological approach has been advanced by 

Kishinevskii (K6 ) (K7}, in v1hich the turbulent convective effects 

give rise to an eddy diffusivity Nhich is obtained from 

exreriments. Derivations of mass transfer rates have been 

developed(LB)(Sl3) based on the boundary layer theories first 

proposed by Prandtl et al.(PlO)(V6). More recently developed 

models tend to be more realistic in describing the actual 

experimental interphase transfer conditions. \'lith particular 

attention to the flov.r very near the stu""face (e.g. the quasi­

steady large scale model(Fl} and the small eddy structure 
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model(B4)). A generalized penetration theory for unsteady 

convective mass transfer taking into account the convective 

motions along the interface and along the normal at the 

interface \'Vas proposed by Ruckenstein (Rll). Szekely et al. { 29) 

obtained an analogue computer solution for transient diffusion 

in two-phase systems with the bulk flow and concentration 

dependent diffusion co efficient. 

:Multicomponent diffusion problems are important in many 

chemical and physical processes. Exact treatment of such 

problems is seldom feasible, since the governing differential 

equations are complicated and nonlinear. For small concen-

tration differences, however, a linearized treatment of the 

multicomponent mass transfer equations leads to a set of 

equivalent binary equations. Solutions of the linearized 

equation~ of multicomponent mass transfer \vere obtained by 

Toor{T6) and Ste\vart and Prober(S24-). 

Theoretical studies on multicomponent mass transfer have 

been developed by Toor et al.(T5), and by Roper et al.(RS) on 

gas absorption. The mass transfer equations obtained differed 

in 'form from the usual binary component equations and they pre­

dicted qualitative as v.rell as large quantitative differences 

between binary and ternary transfer. 

2.2.1.2 Mass Transfer \'lith Chemical Reaction 

All of the above models concerning the mechanism of 

interphase mass transfer combined vd th chemical kinetics of a 

reaction can lead tmvard the predictions of the effect of a 
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simultaneous chemical reaction upon the rate of rre.ss transfere 

Several cases have been treated (Bl6)(Vl)(P7)(D2)(D6)(Dl)(H7) 

(Hl9)(D4}(P2){F3)(Sl3) 
• 

The effect of ions diffusing in mixed electrolytes has 

been discussed(Sl4)(V4) and, in several cases, it has been 

combined ,,lith existing theories(Sl4) (Vl~o) (Ml} (V2 ) (Bl4). In 

general (except under certain conditions as specified in 

Reference (Blh), e.g. equal ionic self-diffusion coefficients 

of the ionic species) it '\vas found that mass transfer rates 

calculated taking into account ion diffusion effects departed 

significantly from those which '\'lould be obtained 1dth molecular 

diffusion(Bl4). The effect of heat of reaction on mass 

transfer vlith chemical reaction has been investigated by 

Kobayashi and Saito ( KB) • The effect of bulk flo'.v on mass 

transfer accompanied by homogeneous chemical reaction \'Jas 

discussed by Szekely( 828 ) in terms of the "film model". Some 

problems of analyzing processes of mass transfer '."lith chemical 

reaction \t·rere discussed by Mutriskov and Maminov ( MlO} • 

Brian et al.(Bl5} presented theoretical solutions for gas 

absorption accompanied by a two-step chem:ical reaction 

involving a transient intermediate species. 

The type of chemical system which has received the most 

attention is that in which a gaseous species dissolves and 

then reacts irreversibly \'lith a non-volatile solute already 

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

chemical reaction betv1eon the dissolv:i.ng species and the 
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non-volatile solute, an approximate solution to the film theory 

\'ras presented by Van Krevelen and Hoftijz·ar(Vl}, and the 

accuracy of this approximated solution was demonstrated by 

Peaceman ( P3}. The penetration-theory solution for this case 

was obtained numerically by Perry and Pigford(P?} for a 

limited range of variables and later by Brian et al. (Bl6} for 

a much \'rider range of variables. 

Generalized penetration theory solutions vTith respect 

to the order of the chemical kinetic equation v.rere presented 

by Brian(Bl3} and Hikita et al.(Hl2 ). 

Location and thickness of the reaction zone in liquid­

liquid systems l'rith reaction \vere derived by Scriven(S4) for 

unsteady state transfer. On the other hand, reaction zone 

thickness \vas derived by Friedlander et al. (F2 ) for steady 

state transfer. 

Although most of the theories are proposed specifically 

for gas absorption, their extension to certain types of liquid­

liquid system does not involve assmnptions differing signifi-

cantly from t.hose postulated for gas-liquid sys~ems. 

2. 2. 2 EJq2cr1Jl!.~?ntal Studies 

Various experimental investigations have been conducted, 

aimed mostly at testing the various transfer models. Probably 

the type of apparatus used (i.e. the flow pattern} is clearly 

related to the theory chosen. For example, the film theory 

would be expected to uork b0tter for a gent:.ly stirred vessol, 

'\"lhere steady state mass transfer across an unbroken interface 
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occurs, than for a packed tower, where the liquid flows over a 

piece of packing for a very short period of time before being 

mixed and then flows to the next piece. 

2.2.2.1 Physical Mass_ Transfer 

A comprehensive summary of the reported experimental vmrk 

up to 1963 was given previously in Seta's Masters Thesis(sg}. 

Recent developments include the study of turbulent and convective 

transfer in apparatus such as turbulent jets ( Dl3) and agitated 

vessels(K3). Physical interphase mass transfer rates were 

measured for mechanically-controlled wavy films(B12)(Gll), 

vibrating spheres(N5) and cylinders(S27). Thus the eP~ance-

ment of transfer due to imposed mechanical motion \·ras obtained. 

Other advances include mass transfer from a rotating disk 

into pm•Ter~lavr-liquids(H4) and the detection of interphase mass 

transfer by measuring electrochemiluminescence in a electrolytic 

cell(C3). 

2.2.2.2 Reaction M~ Transfer 

Many experimental investigations are concerned ,,n_ th gas 

absorption involving a chemical reaction. Thus Nijsing et al.(N4) 

carried out studies on the absorption of carbon dioxide into 

lanunar jets and laminar falling films of aqueous solutions of 

sodium, potassium and lithium hydroxides. Dan ch1ert s and 

co-workers have carried out a series of studies on the 

absorption of carbon dioxide into alkaline solutions with a 

variety of interfacial geometries, such as rotating drum(D7), 

-vvetted-\'.:-all co.luwn(R7) and laminar jet(Sll). The carbon 



dioxide-monoethanolamine system has been the subject of many 

investigators ( C2) ( A3) { E2) ( Bl8) • Many studies of gas 

absorption '\vith chemical reaction in stirred vessels have 

been reported(Al) (Pl) (V2 ) (K9). A bubble of carbon dioxide 

absorbed by the monoethanolamine solution v1as studied by 

Houghton (Hl6 ). 
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Reaction mass transfer studies in liquid-liquid systems 

have been performed mostly by using stirred vessels. Thus 

Osborne(06) Searle and Gordon(S6 ) She~wood and Wei(Sl5) 
' ' 

extracted acetic acid from isobutanol using aqueous sodium 

hydroxide solution. The extraction of acetic acid from water 

by a solution of cyclohexylamine in isobutanol and the 

extraction of n-butyd.c acid from benzene by aqueous sodium 

hydroxide -.;ere also pe rfor·n1ed by Sherwood and Wei ( Sl5) • 

Abnormally high transfer rates were obtained due to 

interfacial turbulence. On the other hand, Fujinav1a et al. 

(F4)(F6 ) carried out a large number of experiments in liquid-

liquid extraction \·lith chemical reaction. In each of the 

systems under study, chemical extraction rates were found to 

be, constant in the range above a certain critical value of the 

initial sodi urn hydroxide concentration. Their conclusion 

was in support of the film theory. Raal and Johnson ( R2) 

derived a non-linear differential equation on liquid extraction 

where the solute, on transferring across the interface, reacted 

to form a dimer thrm.1gh a rapid second-order reversible 

reaction uith the solvent. Hmvever, experimental results 
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deviated from the predicted ones(Rl). Seto et al.(SS) studied 

the reaction transfer of esters into caustic solutions. Ab-

normally lmv transfer rates (as compared to theory) \wre 

obtained. 

Reaction transfer a cross a liquid-liquid interface in 

stagnant two-phase systems \'las studied by Cho and Ranz(Cl) 

and by Seto et al.(S9). They reported that the abnonnal 

enhancement of transfer rates and reaction layer propagation 

rates \'Jere due to interfacial turbulence. 

Very little information concerning mass transfer '\'lith 

reaction in drops is available. Nevertheless, extraction 

of acetic acid and butyric acid from various solvent drops 

by aqueous potassium hydroxide v1as carried out by Fujinm,m 

and Hakaik~ ( F5) • They found that in the case of acetic acid 

transfel"' from solvent drops, the transfer rates, in general, 

decreased vlith increasing potassi urn hydroxide concentration; 

'\'Thile in the case of butyric acid transfer from solvent drops, 

the transfer rates, in general, slightly increased with 

increasing caustic concentration. Drop study 't'Tith reaction 

'\•ras also carried out by Watada 0'!2 ) of this Department. 

Comparisons betlveen experimental results and theoretical 

predictions have not only been used to check the applicability 

of the theory but they have also been used to infer the kinetics 

and the mechanisms of very fast gas-liquid reactions( Bl7) (D6) 

(G?) (R7) (J2) (J3) (G5) and of the liquid-liquid reaction(Nl). 
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Recent advances included mass transfer with reaction in 

gas-fused salt systems(Rl4) (02) (Ol} (Gl) (Rl3) (G8) and the 

measurement of concentration distribution of gases in a 

reacting trickling film by a fluorescence method(HlOa). 
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2.3 Dif-fu~iq_:g_ Coefficient Measurement 

The experimental and theoretical investigation on binary 

gaseous diffusion has been fairly adequate for moderately l01'l 

temperatures and pressures. A number of semi-empirical 

equations \vere proposed to predict the diffusion coefficient 

of low density gases, such as the Gilliland's(G6), the 

Hirschfelder, Bird and Spotzs' (Hl4), the Slattery and Bird's( 820). 

Equations predicting diffusion coefficients for a gas diffusing 

into a multi component· gas solution based on the binary diffusion 

coefficients have also been developed. For a three-component 

system, Curtiss and Hirschfelder derived(C?} an expression 

relating the multicomponent diffusion coefficient to the binary 

diffusion coefficients. Methods of evaluating multicomponent 

diffusion coefficients for special cases have been developed 

by Wilke ( \\1"5} , St ev1art ( 823) , Hsu and Bird ( HlS) • These methods 

simplify the calculations somel'lhat. The most well-knov-m of 

all is the Stefan-I··1ax\•rell equations ( B8) which are usually the 

starting point for the calculation of ordinary diffusion in 

multicomponent gas mixtures. 

On the contrary, the a.dvent of liquid diffusion j_s not 

as extensive, notHithstanding the fact that experimental 

liquid diffusion data are actually more essential. One of 

the possible explanations is that the diffusivities for most 

liquids vary quite markedly \'lith concentration as \'lell as 

viscosity even if the temperature and pressure are constant. 

Furthermore, there is considerable difference in the diffusion 
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process between ionic liquids and non-electrolytes. Never-

theless, a few correlations determining the diffusivities 

at dilute solutions have been proposed. For the non-electrolytes, 

these are the Arnold equation(A2), the Wilke correlation(W4), 

the \'lilke and Chang equation(W6). Recently, a note by 

Shrier( Sl6) reinforced the continued use of the Wilke- Chang 

.correlation. An expression \'.ras also developed to account 

for the effect of concentration on diffusion of non-electrolytes 
(P9) 

• Among the recent developments are the analysis of Pynn 

and Fixrnan(L7) which allov1s the extension of the hydrodynamic 

model to concentrated systems, the analyses of Olander and of 

Gainer and Metzner(L7) which extend the Eyring theory to 

dilute solutions of very high viscosity. Cullinan(C6) proposed 

a modification of the absolute rate theory of Eyring \vhich 

resulted in an expression to predict the concentration 

dependence of binary diffusion coefficients for non-ideal 

solutions, in terms of tw·o coefficients at infinite dilution 

and a thermodynamic factor. The proposed relation '\'mrks 

well except for associated mixtures (those exhibit maxima). 

Hansen(H3) presented simple correlation factors for the rapid 

calculation of the true diffusion coefficients obtained by 

absorption and desorption methods based on an exponential 

dependence on concentration. He pointed out that very 

serious errors \vere made \>Then concentration-dependence v1as 

neglected. 

Very little v:ork has been done on the prediction of 



multicomponcnt diffusion in liquids. More recently, the 

technique developed by Pynn and Fixman has been applied by 

Lightfoot and Cussler(L?) to obtain a first approximation of 

multicomponent diffusion. This development is in semi-

quantitative agreement with data of the polystyrene -toluene 

system. Both Toor(T?) and Kass and 0'Keefee(K2 ) discussed 
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methods fer predicting the concentration distribution and hence 

evaluating diffusivities that depended on concentration. 

Hijnlieff and Vreedenberg {M7) solved the rna ss balance for 

isothermal, isopiestic diffusion in a three-component electrolytic 

system with concentration dependent diffusivities. Included 

was a method of evaluating the diffusion coefficients as a 

function of concentration. Hays and Curd(HlO) described a 

variational technique for concentration dependent diffusion. 

The diffusion coefficient in very dilute solution of 

completely ionized simple univalent electrolytes \•Tas given 

by the Nernst equation. The case of diffusion in mixed 

electrolytes vras treated by Vinograd and McBain (V4) and 

Sherwood and Wei (Sll+). 

Since no adequate theory for the prediction of diffusion 

coefficients of liquids exists, experimental measurements are 

generally required. Much effort has been spent to improve 

the design of apparatus for di. ffusion measurements. A number 

of diffusion cells have been developed. The most common one 

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

cell(S25) (M8) (T3). Although the apparatus is simple to 
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construct, the diffusion process through the diaphragm is 

slo-t'IT and often requires a considerable amount of experimental 

time. Generally, the component allowed to diffuse is limited 

to a small amount; thus, rendering the analysis of concentration 

inaccurate. In the extreme case, e.g. polymer diffusion, 

such cells may not be suitable because of the difficulties 

encountered by the molecules passing through the pores. The 

diffusion coefficient measured with the diaphragm cell is the 

integral value over the concentration increment and at the 

particular experimental concentration level. Several theories 

l'thich include the effect of concentration dependence of 

diffusion coefficient have been developed for the diaphragm 

cell(S26), but they are difficult to use. 

For higher accuracy measurements, either free or restricted 

diffusion m0thod is used. In order to get accurate diffusi vi ties 

using such methods, tvJo difficulties must be overcome t'll'hile 

perfonning the experiment. They are (a) to form a sharp 

init.ial boundary of contact, (b) to probe the concentration 

profiles v'li thout disturbing the system. There are a nurnber 

of diffusion cells designed to give good contact betw·een ttlO 

solutions. The FUrth cell (F?) is an example of the earlier 

development. A thin drmv slide is used to separate the tt-;o 

solutions initially ins ide the FUrth cell. It is more 

popular to provide the initj_al contact bet~:reen the tt~o 

solutions by a shearing mechanism such as the Claesson cell ( Clb). 

An excellent design for very viscous solution is the flo~t;-junctton 
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diffusion cell (P7a). On the other hand, a simple cell for 

free diffusion measurements has been recommended by Lamm(Llal 

Damper type cells as vvell as invertible type cells were 

recommended by Inoue et al.(Il). Some other methods have 

been developed to sharpen the boundary between solutions such 

as that of Polson and Kahn (P?b). A fei'l methods have 

.been proposed to trace the concentration profiles -vlithout 

actual sampling. Radioactive tracers tvere used(E3) although 

the diffusion coefficients so obtained may not be the binary 

ones(M7a). Less accurate but \vell executed measurements have 

been made with electrical conductivity(M7a). However, the 

most accurate methods so far yet devised are the optical 

methods. These are the light absorption method(K3a), Guoy's 

diffusiometer(Glla) and Rayleigh interferometer(C4b), and 

Schlieren knife-edge method by Takamatsu et al. (Tl). More 

recently, Sato( 82 ) proposed a method to calculate the concen-

tration profiles making use of the moire pattern. This method 

has also been extended to cover two-phase, three-component 

systems(Hl5). Similar method has been applied by Secor(S?) 

for polymer diffusion measurements. Of a 11 the methods 

discussed so far, Sato's method is the easiest to use 

experimentally. 

Even 1·li th so many experimental techniques available, 

diffusion coeff:L cient data are quite scarce·. Only a few 

systems have been studied at various concentrations(T2) (S2) (Jl:-). 

Further detailed literature revieV<r can be obtained in 

Reference (12). 



THEORETICAL PRINCIPLES 

3.1 rJiass Transfer 1-vith Chemical Reaction 

The following discussion deals vli th a tvvo-phase liquid 

system v1hereby reactant A is the solvent of phase I and is 

partially soluble in phase II; v.rhile reactant B is the 

solute in phase II but practically insoluble in phase I. 

In addition, the mass transfer situation will be further 

simplified if the solvent of phase I is pre-saturated with 

the solvent of phase II, so that upon the contact of the t-vw 

phases, only reactant A from phase I will transfer across 

the interface and react vrith B in phase II as described by 

the follovdng equation: 

A+B-C+D (1) 

The transfer phenomenon in phase II can be described 

by the following general equation: 

ac . 
..:::...::.1.. + v·"VC. = \7·D.;\7C. + G.; at 1 ..... 1 ..... 

ltihere, 

Ci - concentrations of species i, moles/cm3 

t = time seconds 
' 

v :: velocity of convectj.ve current, em/ sec. 

(2) 

Di - diffusion coefficient of species i in phase II, 
cm2jsec. 

Gi - rate of forma'cion of species i, moles/cm3/sec. 
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If the experiments are carried out l.'d.th two stagnant 

phases, one resting on top of the other in a cell of constant 

cross-sectional area with respect to the cell length, the 

transfer situation as described by equation (2) can be 

reduced to: 

{3) 

Further restrictions of constant diffusj_on coefficients 

and an irreversible second-order reaction reduce equation 

(3) to the following set of equations: 

'C>C A - a2cA· 
at - DA-·~· - kCA CB (4a) -c>x2 

'C>CB - ?>2CB - DB~ - kCACB (4b) ot ox~ 

?>Cc o2cc 
{4c) ot- = Dc----"2· ":* kCACB 

-ox~ 

oCD 
:: 

o2cn 
kCACB (4d) at" Dn~ + 

where the subscripts A and B represent the reacting 

species, the subscripts C and D represent the reaction 

products, k is the second order reaction rate coefficient, 

cm3/mole-sec. and x is the distance, em. 

If the reaction rate is infinitely fast, the zone of 

reaction is of negligible thickness as illustrated in Figure la. 

The transfer process becomes diffusion controlled and 

independent of the chemical reaction (AI+) (Sl2 ). On the other 

hand, if the reaction :t":ate is slow, the reaction zone tends 

to spn::ad throughout the solution as shovm in Figure lc. 
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The reaction becomes pseudo-first order ,.n_ th respect to 

A ( Sl2). Finally, if the reaction rate is finite, then the 

reaction zone thickness (the region in which non-negligible 

concentrations of both reacting species exist simultaneously) 

will also be finite as shovm in Figure lb. Such is the case 

for the reaction systems in the present study. 
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J.l.l Estimation of the Reaction Zone Thickness 
--~-----~-

(Refer to 4.2 - PART B) 

If the transfer process is a steady state one, equations 

(4a) and (4b} vdll be reduced to 

d2cA 
DA dx2 - kCACB = 0 (5a) 

(5b) 

With the assumptions of constant k and negligible thermal 

effects, equation (5a) is subtracted from (5b) and the 

resulting equation is integrated twice with the follo'.Aring 

boundary conditions:(F2) 

at X =+co. CA = o, dCA 
= o, dCB ~ 

dx·~ = ' dx DB 

X =- 00 e CB - o, dc11 .. o, dCA :: 
JA - - (IX'"" 

.. DA ' dx 

JA = JB = J; (steady state molal fluxes;moles/cm2-sec.) 

The relationship between the con cent rations of the 

reacting species is: 

gives: 

CB = 1 ( D A CB + JX) 
DB 

where, 

( 6) 

X = x - x0 and x 0 is an arbitrary constant of integration. 

Substitution of (6) into (5a) yields; 

d2c k J 
---,:A ::. -( C 2 + "~''ACAX) dXt:. DB A u ( 7) 

With the aid of equation (7), the dimensional analysis 
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( 8) 

where, 

yt = X/1 

l = (DADB/Jk)
11J 

Substitution of equation (8) back to (?) gives 

( 9) 

By the transforrra ti on 'fA = ¢A - !>'\., equation ( 9) becomes 

d2nrA Y\2 
YJ - nr2 -1. 

d~- - y; A - T; ( 10) 

With the following boundary conditions: 

at ll. =-co, d¢A ::: -~ 
dyt 

\'\ =+co d¢A 
-I. ' = + ~ 

dyt 

Equation (10) was solved by Friedla.nder et al. (F2 ) With the 

reaction zone defined as the region in which the flux of 

species A was reduced from 95% of its initial value to 5% of 

its initial value, they found that the thickness of the 

reaction zone was 4.4 1. 

The above theory should also apply to transient 

diffusion where the stationary-state assumption is valid. 



3.1.2 Estimation of the Enhancement Factor 

3.1.2.1 Penetration Theory (unsteaqy~~at~} 

(Refer to 4.2 - PART B) 

Normalizing equations (4a)and (4b)by changing the 

variables into dimensionless ones(Bl6}. 

a 

b 

l 

(kCBo/DA)~x- z 

results in: 

-c?a 'C>a 
'C>z2" - ie = ab 

o2b ob -rq-- - q- - ab az2 ae 
with the following boundary conditions: 

at e = o , any 'Z > 0 

z = 0, any e > 0 

z- CX>' any e 

By defining ¢ ~ k1/k~ 
where 

a 
b 

a 
ob 
az 

a 
b 

- 0 -
:: l 

= l 
= 0 

:: 0 
= 1 
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(lla} 

(llb} 



k1 = mass transfer coefficient vlith chemical reaction 
based on the average transfer rate over the 
contact time interval,cm./sec. 

average physical nB ss transfer coefficient for 
transfer lvi thout reaction, cm./sec. 

enhancement factor of na ss transfer involving 
an infinitely rapid chemical reaction 

¢a :. 1/erf {o-) 

qff = {1 - erf {o-/Jr) )/ [erf(O'") exp(o-2(1-1k))J 
Also, by defining 

M = {11'/4)9 = kDACB0/(k~)2 
Brian et al. speculated that: 

UM) {1 - ( {¢·-l)L{_~) )) ~ 
¢ : tar~)(l _ ( {¢-l)/(¢a-l)) }) ~ 

(12a) 

{ l2b)t 

(13) 
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They then proceeded to solve equations (lla) and {llb) numerically 

using the linearized time-centredJ implicit finite difference 

methods of Crank and Nicholson( C4a). The ¢ values so obtained 

from the numerical solutions were compared vdth those 

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

curves were made to adjust the ¢ values obtained by equation 

(13) to vnthin 3% of the ¢values by the true penetration 

solution. (For details of the calibration curves, 

Reference (B16) should be consulted.) 

t () is defined implicitly by equation { l2b). 



3.1.2.2 Film Theory (steady_~~ate) 

(Refer to 4.3 - PART C) 
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By assuming the concentration of the reactant B from 

the lower phase (phase II) is constant throughout the pro per 

reaction zone in the liquid film, Van Krevelen and Hoftijzer(Vl) 

presented an approxim::t te solution to the film theory. 
1 

- L(M) (1 - ( -l)L:rgj_l_2 
¢ - tanh ((M) (1 - (¢-1)/rq)) fJ (lh) 

A more detailed discussion of the film theory solution js 

available (S8). 



Molecular Diffusion in Hom.2n;eneous Binary 
Liquid. Systems 

(Refer to 4.4 - PART D) 

3.2.1 Diffusion Coefficient 
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Consider the diffusion process between tv;o solutions, 

A and B. For this pro cess, Fick' s law can be written as 

follmqs: (for one dimensional transfer) 

NA 
oc 

+XA(NA+ :: - DAB ~ NB} ( 15) ox 

where 

NA is the molar flux of the substance A 

NB is the molar flux of the substance B 

XA is the molar fraction of the substance A 

x distance in the diffusion direction from the boundary 

DAB diffusion coefficient betv1een A and Bat the 
concentration CA. 

For a constant volume diffusion cell, the net flow of 

volume through any plane perpendicular to the x direction 

must be equa 1 to zero. 

NAVA + NBVB = 0 

where 

and 

VB = av 
anB 

Hence, we have: 

VA, VB; partial molar volumes of A and B. 

From (16) we have: 

(16) 



1) If there is no volume change on mixing, we have: 

VA= VAo 

v 0. B , NA - - NB and (15) can be written 

or 

2) If V 0 
A -f 

NA - -

NA -- -

oCA 
DAB ox 

VB 0 and there 

'OCA 
DABox + xA(NA 

DAB oCA 

\iA ox 
1-xA ( 1-=--) 

VB 

is volume change on mixing, 

VA 
=-N ) 
VB A 

Duda et al.(Dl~ have treated this case in detaile 

However, if xA « 1, vve can V!rite: 

'OCA 
NA - DAB-ox-

or 

Summarily, if there is no volume change on mixing or 

if the concentrations involved are low, the diffusion 

process in a solution of A and B can be represented by the 

following differential equation. 

oCA 0 'OC A 
u- = ox 'n AB'"""ix) 
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Boltzmann(BrQ has treated this equation by using a 

similarity transformation: 

y = .ft for the following conditions: 

CA = CA
0 

for x < 0 and t = 0 

CA = 0 for x > 0 and t = 0 

cA= CAo for X= -co and t ~ 0 

CA = 0 for x = + co and t ~ 0 
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Free diffusion situation is assumed with this tr·ansformation. 

Upon substitution one obtains: 

1 dCA - d dCp, 
_.,..y -- - ~- ( D A&d,:r .: ) 
~ dy dy J 

Integrating 

c 
-~- CS A y dCA = ,_ Ao 

(D dCA 
AB-dy) c 

A 

dC 
- (DAn-A) 

D dy c 
Ao 

Noting that dCA - 0 at CA 
d.y . 

• 
• • 

If y is replaced back by _JL.. n 

-- -

or 

( 17) 

(18) 

where x is the distance, in the diffusion direction, from the 



boundary of the two solutions. 

defined by the condition (J5): 

c 
S Ao x dCA = 0 
0 

This boundary must be 

according to the law of conservation of mass. All the 

material of A found in the region x > 0 must come from the 

region x < 0. 

It can be seen by the expression of D, that if the 

concentration profile (i.e. the curve of CA vs. x) is 

available, D can easily be found. 



CHAPTER !± 

EXPERIMENTATION 

In this Chapter, the experimental work is presented. 

Due to the nature of this project, the experiments can 

best be grouped into four parts; each part is self­

contained. 

In 4.1 - PART A, descriptions are made of experiments 

concerning the qualitative and quantitative investigation of 

the cause and nature of the turbulent layer in various ester­

aqueous caustic systems. 

Experiments in /+. 2 - PART B deal with the measurement 

of the concentration distribution inside the turlmlent layer 

in t1.-.ro ester-aqueous caustic systems with slow chemical 

reaction. 

Associa.ted. l.vith the stagnant phase systems, mass 

transfer experiments were carried out with both phases 

stirred, as described in 4.3 - PART c. 
In each experiment in PARTS A, B and C, vli th the 

except ions othervvise stated, the upper phase vvas presaturated 

with l.V"ater at 2h ± l°C. 

In 4.4 - PART D, an improved design of a diffusion 

cell is described. The cell enables the quick measurement of 

the diffusion coefficient as a function of concentration in 

binary liquid systems. 
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It should be realized that the following experimental 

apparatus and the procedure sections contain only the 

information necessary to give the reader a basic understanding 

of the design and function of the experimental equipment and 

how the experiments were done. Further details may be 

found in the appropriate appendices. 



bL:- P A_H'f.~A 

QUALITATIVE .1\ND QUANTITATIVE INVESTIGATIONS 
~-_,.,..,...,~_ .. ,., _____ ~ .. ~ •• -------~, ~- "A>'>=-<J_ .... ..........,.,_.., _ _,....,,.,~.-"' ___ _ 

ON THE CAU::iE AND NATURE OF THE 'l'UHBULEN'l' 
--r:AYllirffJ--ES'rf.:R:AQUEoU:s---cAUS'I'ICSYs'I'Ei~-

.9.1~?-li tati VL~nvesti_&ations of t_hc Turbulent Layer 
by F1eans of Colom." Indicators 

Indicators change colour in a particular pH range. 

By initially adding a small amount of a suitable indicator 

to the ester-caustic system, the turbulent layer and the 

diffusion of components, particularly that of the sodium 

hydroxide, can be traced. 
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4- .1.1.1 ~;!}2e~~.tJtal ~.etail§. 

4.1.1.1.1 !J2Earatu~ 

The experimental apparatus used is sho1rm in Figure 2. 

The dimensions of the cubical optical cell (1) are 

Caustic solution was run under the 

ester phase through a sintered glass disc (pyrex coarse 

grade) forming the end of the caustic delivery tube (2). 
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The capacity of the delivery tube v1as 100 ml. The phenomena 

observed in the test cell vrere recorded with a Pentax camera 

(8). A detailed description of the caustic delivery tube 

is given in Appendix III: Section III.1.1 

4.1.1.1.2 Procedure 

(Numbers in the following description refer to Figure 2) 

'I'o start an experiment, 25 ml. of re-distilled este1..:. 

pre-saturated with water were first introduced into the 

optical cell (1), then the caustic delivery tube (2) con­

taining approximately 95 ml. of sodium hydroxide solution 

at the desired concentration level was lowered into the 

optical cell until the fritted glass disc just touched the 

bottom of the cell. The top of the cell was covered vd th a 

pair of glass plates (5) in order to reduce any liquid motion 

j_nduced by evaporation. The sodi urn hydroxide solution, pre-

mixed with a small amount of colour indicator, was a llo"~Hed 

to run out slm.Jly through the sintered glass disc into the 

cell under the ester phase. Zero time was taken as soon 

as the first drop of the~ caustic solution was in contact vlith 
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FIGURE 2 ------
EXPERIMENTAL SET-UP FOR THE COLOUR 

INDICATOR RUI•lS 

1 CUBICAL CELL 5 GLASS PLATES 
LENGTH - 4. 8 Cl1 
WIDTH -· 4. 9 0·1 6 GROUND GLASS PLATE 
HEIGHT- 5.5 01 

2 CAUSTIC DELIVERY TUBE 7 LM1P 

3 CAPILLARY TUBE 8 CAt,1ERA 

4 CONNECTED TO a 
PIPETTE FILLER \mEN 
LOADING THE CAUSTIC 
SOLUTION 

3 t 4 

~ 
2 

5 c::-"J i:.:. __ "] 

- - - - -~ LJ77 ~-- ;I [J~ .___ ..__ .___ ..__ ---~--
- - - --- - 1 -- ---- - ---- - - -- ---7 - - . _- :::::::: - - -- -- . . 

6 8 
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the ester phase. The filling rate of the caustic phase \":as 

controlled at 25 ml./minute by the intake of air through the 

capillary device {3). At such a rate, a smooth and apparently 

undisturbed interface ~res obtained between the ester and the 

aqueous phase during filling. The same rate of introduction 

of the caustic phase \·las used for every experiment, so that 

the degree of disturbance on the initial contacting of the 

phases would be reproduced for each experiment. As more 

of the sodium hydroxide solution vms introduced into the cell, 

the ester-air interface moved up gradually to a pre-determined 

level which \-vas 1 em. below the top of the cell. 

The duration of the experiment was 100 minutes. 

During each run, colour photographs of the turbulent layer 

were made at regular intervals. The caustic delivery tube 

'\'Jas left inside the cell throughout the run. 

Before the start of each experiment, the cell, the 

delivery tube, and the cover plates were carefully washed 

with concentrated sodium hydroxide-ethanol solution, rinsed 

with \'later, washed vli th concentrated chromic acid, and 

finally rinsed with a large amount of distilled water. 

4.1.1.1.3 Number of Ester:,.Q§;.usti£,_§y_~1S_lill:§l>~~ 

Experiments Here conducted at 24 t .1 °C vlith the 

following ester-caustic systems: 

I Ethyl formate-sodium hydroxide Nith B.D.H. Universal 
indicator. 

II Ethyl acetate-sodium hydroxide with alizarin yellow 
as indicator. 



III Ethyl acetate - sodium hydroxide with thymolphthalein 
as indicator. 

IV Methyl acetate - sodi urn hydroxide w'li th alizarin yellov1 
as indicator. 
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4.1.1.2 Results of the Colour Indicator Experiments 

4.1.1.2.1 Ethyl formate - soditl_!!l_hydroxide system 

When the B.D.H. Universal indicator was added to the 

ethyl formate-sodium hydroxide system, the turbulent layer 

revealed it self as a green colour band against the yellow 

upper phase and the dark blue bulk sodium hydroxide. Also, 

sodium hydroxide movement in the layer could be observed as 

circulating blue streaks. 

At the later stage of each run, an additional thin 

zone was observed vii thin the turbulent layer immediately 

below the interface. The colour of this zone was also 

yellow inside which no blue caustic streaks were noted. A 

typical photograph of the turbulent layer of this system is 

shmvn in Figure 3. 

4.1.1.2.2. Ethyl acetate_- sodium hydroxide syste~ 

The pH of the turbulent layer in the:~ ethyl acetate-

sodium hydroxide system Has previously measured to be 

approximately 10.2(S8! Under this pH value, the B.D.H. 

Universal indicator was already dark blue in colour. 
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Consequently, the B.D.H. Universal indicator was not suitable 

for this particular reaction system. 

When alizarin yellm'l Nas added to the ethyl acetate­

caustic system, the turbulent layer \vas yellow against the 

almost colourless ester phase and the red bulk sodium 

hydroxide phase. The sodium hydroxide insid8 the layer 

revealed itself as red patches. 



FIGURE 3 . 

T 
_L 

ETHYL FORMATE- 1.0 N NaOH SYSTEM WITH 
B.D.H. UNIVERSAL INDICATOR : 106 MINUTES 
AFTER THE INITIAL PHASE CONTACT 
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ZONE A 

ZONE B 



On the other hand, when thymolphthalein was added to 

the system, the turbulent layer was colourless against the 
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light blue bulk sodium hydroxide phase. The sodium hydroxide 

inside the layer revealed itself as light blue patches. 

In both cases, the caustic patches were quite uniformly 

distributed cross-sectionally and concentrated at the front 

of the turbulent layer. 

4.1.1.2.3. Methyl acetate- sodium hv:.q;roxide system 

When alizarin yellow was added to methyl acetate­

sodium hydroxide system, the turbulent layer was mainly 

yellow, and red streaks were seen vlherever sodium hydroxide 

was present within the reaction layer. The layer was wider 

than the one in the ethyl acetate-sodium hydroxide system 

but narrower as compared to that. in the ethyl foruat.e-soclium 

hydroxide system. 

At the later stage of the run, an additional zone was 

again observed within the turbulent layer and located just 

below the liquid-liquid interface. This zone was yellow in 

colour and was similar in nature to that observed in the 

ethyl formate-sodi urn hydroxide system. 



Discussion of the Colour Indicator Studios 
O:ft~1'urbulent Layer 

The mainly green colour of the turbulent zone in the 

ethyl formate-sodium hydroxide system indicates that the pH 

of the liquid inside the layer is approximately 7. The 

saponification rate of the ester-caustic system is fairly 

rapid (Table 1). The concentration of sodium hydroxide 

inside the layer is low and the transfer of ethyl formate 

across the interface is fast. Consequently, the speed of 

turbulent layer grmvth is high. 

Results of the thymolphthalein and alizarin yellow 
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indicator in the ethyl acetate-sodium hydroxide experiments 

and alizarin yellow in the methyl acetate-sodium hydroxide 

systems (together vv-ith experiments using B.D.H. Universal 

indicator in both liquid systems) shovr that the average pH 

value of the liquid in these turbulent layers is higher than 

that in the ethyl formate-sodium hydroxide system. The 

turbulent layer growth rate is sloiver and the turbulence 

inside the layer is less. These qualitative results are as 

expected since the reaction velocities of the two systems are 

much 10\r.Jer as compared to that of the ethyl formate-sodium 

hydroxide system (Table 1). 

Examination of the colour pictures of the turbulent 

layer in ethyl formate-sodium hydroxide and methyl acetate-

sodium hydroxide systems taken at higher caustic concentration 

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



TABLE 1 

COMPARISON OF THE PROPERTIES OF VARIOUS ESTERS 

Methyl Methyl Methyl 
Formate Acetate Propionate 

Chemical Formula HCOOCH3 CH3COOCH3 CH3cH2COOCH3 

Molecular Weight 60.05 74.08 88.10 

Boiling point, <::t: 31.50 57.1 79.9 

Melting point, CC -99.0 -98.1 -87.5 
20 

0.9274(¥} 
20 

Density, gm/ cc 0.975('"7+} 0.9148(-rr} 

Solubility, 
gm/100 ml water 30.4( 20} 31.9(20} 6.5(20} 

Diffusivity in 
water at infin-
it~ dilution, 
em /see - - -
Reaction constant 
at 25°C (with 
NaOH), ... 
litrel(MOle-min} 2400 -10 5.9 

Refractive index 
at 20°C 1.344 1.35935 1.3779 

- -----

Note: Data are obtained from the "Handbook 
of Chemistry and Physics" and from the 
"International Critical Tables" unless 
otherwise stated. 

Ethyl 
Formate 

HCOOC2H5 

74.08 

54-3 

-80.5 

0.9236(~} 

11.8<25} 

+t 
l.lil0-5 

1240 

1.35975 

•Experimentally measured diffusion coefficient (4.4- PlRT D) 
+Experimentally determined; conductivity method (Reference R6) 
• •Refer to Figure VIII.l. 
++Estimated by Othmer and Thaker method. 

Ethyl 
Acetate 

CH3COOC2H5 

88.10 

77.15 

-83.6 

0.901 <i2} 

8.6(20} 

o.98no-5 • 

6.3 .... 

1.3701 

Ethyl 
Propionate 

CH3CH2COOC2H5 

102.13 

99.10 

-73-9 

0.89574(l5} 

2.4(20} 

-

5.3 

1.38385 

Propyl 
Formate 

HCOOC3H7 

88.10 

81.3 

-92.9 

o.9oo6<i
0

> 

2.79< 20 } 

-

-

1.3771 

I 
I 

I 

\1'1 
()). 
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turbulent layer actually co ns.i sts of two separate zones "A 11 

and "B" (Figure 3). Zone "A 11 is a zone of turbulent j.nter-

diffusion of the ester from the upper phase. and the alcohol 

from the la..ver phase. The colour indicator study reveals 

that the caustic concentration in this zone is extremely small 

and is essentially equal to zero. Although no circulating 

colour strea.ks 1ve:ce observed in this zone, interfacial 

turbulence as a result of the uneven alcohol distribution 

at the interface does exist. Zone ttB" is a zone of reaction 

where the concentration of caustic is substantial. A similar 

structure of the turbulent layer is expected in the ethyl 

acetate-sodium hydroxide system. The ·two-zone phenomenon 

may be observed at lcr:.Jer caustic concentration runs and at 

shorter contact times as compared to the ethyl formate-sodium 

hydroxide system. Ho•"rever, the turbulent layer developed 

in ethyl acetate-sodium hydroxide system is quite small, and 

the presence of the two zones inside the layer is not 

conspicuous. 

The observation of the two zones in the tt~rbulent layer 

is in agreement with most of the proposed models(F2) (S4) 

for transient systems vli th fairly rapid to moderately slovv 

reactions. The models state that the reaction zone proper 

moves a1:1ay from the interface ivith increasin.e; contact time. 

According to available literature discussion (Refer to 

Chapter 3), for systems with similar physical properties, 

the thickness of the reaction zone ( "B11
) decreases vdth 
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increasing reaction velocity of the system. Such a statement 

is not valid for the systems studied here. The reaction 

zone, where the saponification occurs, appears to be the 

widest in the ethyl forma te-sodi urn hydroxide system which 

has the largest reaction rate constant of the three systems. 

Actually, the reaction zone of the ethyl formate-sodium 

hydroxide system is even wider than the whole turbulent layer 

of the ethyl acetate-sodium hydroxide system. This abnormal 

behaviour of the reaction zone can be attributed to the 

turbulent nature of the system. The convective liquid 

current, rising from the lower zone front with high velocity, 

helps to carry more sodi urn hydroxide further up the turbulent 

layer before the caustic is completely consumed. The result 

is a rather dilute caustic concentration existing throughout 

the entire reaction zone as is evident in Figure 3. 

The change of interfacial tension caused by the addition 

of the indicators was not studied. It was observed that 

with the ethyl acetate-sodium hydroxide system, the rate of 

layer propagation vras very much reduced by the indicators. 

VJith ethyl formate-sodium hydroxide and methyl acetate-

sodium hydroxide systems, the rate was affected to a lesser 

degree. As a result, these experiments served only as a 

qualitative study of the reaction zone. 
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4.1.2 Measurement of_the Turbulent Layer Pr<u2..~atiol'! 

It vras found previou~ly(S9) that the use of a moire 

pattern '\vas very effective in observing the mixing patterns 

inside the turbulent layer. Furthermore, the distortion of 

the p3. ttern could serve as a method to indicate the posi tj.on 

of the propagating layer front. The object of this investigation 

was to measure the turbulent layer propagation rate in various 

ester-caustic systems by means of a changing moir~ pattern. 



4.lc2 .1 EX.£.C?l~imental Details 

4.1.2.1.1 !EEa~atu~ 

Figure 4 shows the experimental set-up. The cubical 

test cell ( 1) and the caustic deli very tube ( 2) \'lere the 

same as those used previously (4.1.1). Light beams from 

the point source (9) (Sylvania concentrated arc lamp, K25) 

became parallel after passing through the convex lens (8). 

The moire pattern image on the ground glass (7) v..ras photo­

graphed, using a Pentax camera ( 10) equipped vli th close-up 

extension tubes Nos. 1 and 2. 

4.1.2.1.2 Procedure 
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The method employed to bring the two liquid phases i.nto 

contact was the same as that used previously in the colour 

indicator experinxm'c;s {4.1.1.1.2). 

The duration of the experiment \•Tas, again, arbitrarily 

set at 100 minutes. During the run, 10 to 30 photographs 

of the turbulent layer 1vere taken. 

Before the start of the experiment, the cell and the 

delivery tube v-rere carefully uashed in the \vay described in 

Section 4.1.1.1.2. 

4.1.2.1.3 Tem£~rature Control 

All the experiments were performed· at room temperature 

of 24 ± 1 °C. Temperature variation \vi thin each experimental 

run vras less than 1 °C. 

Phot,ograph negatives '\'lere made into slides Hhi ch were 



1 Cubical cell 
Length - 4.8 CM 
Width - 4.9 CM 
Height- 5.5 CM 

2 Caustic Delivery Tube 

3 Capillary Tube 
4 Connected to a Pipette 

Filler when Loading the 
Caustic Solution 

~<===--~ 
9 ~~-----+ 

8 

5 

6 

7 

8 

9 

10 
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Glass Cover Plates 

t1oire Plates 

Ground Glass Plate 
Convex Lens 

Light Source 
Camera 



subsequently projected and enlarged onto a -vvall. Dimensions 

of the turbulent layer for each slide were recorded. These 

projected measurements v,rere converted back to the actual 

layer thicknesses, which v1ere then related to the corresponding 

times when the pictures v1ere taken to give the rate of layer 

propagation. Detailed descriptions of the turbulent layer 

measurement are presented in Appendix II. 

4.1.2.1.5 Number of Experiment~erformed 

4.1.2.1.5.1 Methyl ester-aqueous caustic solution systems: 

Experiments on the measurement of propagation of the 

turbulent layer \'l'ere performed using methyl formate, methyl 

acetate and methyl propionate respectively as the upper phase. 

For each kind of ester, runs were performed at various 

concentration levels of sodium hydroxide and potassium 

hydroxide solutions respectively. The esters used were 

purified by fractional distillation (Appendix I). 

4.1.2~1.5.2 Ethyl ester-aqueous caustj.c solution systems: 

Layer propagation measurements were performed using 

ethyl formate, ethyl acetate and ethyl propionate, respectively 

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

system, a large number of runs vmre performed vli th so eli um 

hydroxide concentrations centred around 0.1 N. The results 

of these runs, toe; ether vdth the results of the same system 

previously obtained ( S8) \vere plotted out to define \vhether 

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

propagation versus initi.al sodium hydroxide solution concentrations 

(Figure ?) • 
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Only two runs were performed vvith the ethyl acetate­

sodium hydroxide system at t'\10 different sodium hydroxide 

concentration levels and the results \'/ere compared with the 

data previously obtained in order to check the reproducibility 

of the experiments. More runs were performed with the 

ethyl acetate-potassium hydroxide, ethyl propionate-sodium 

hydroxide and ethyl propionate-potassium hydroxide systems 

respectively at various caustic concentration levels. 

In addition, a few trial runs vmre performed on the 

ethyl formate-sodium hydroxide and the ethyl acetate-

sodium hydroxide systems using the "sliding diffusion cell" 

described in Part D of the dissertation. 

4.1.2.1.5.3 Propyl ester-aqueous caustic solution system: 

Layer propagation experiments were performed on the 

propyl forma te-·sodium hydroxide sys tern at various caustic 

concentration levels. The other propyl ester systems Here 

not investigated because of their lovl solubilities in aqueous 

solutions. 



4.1.2.2 

4.1.2.2.1 

Results of the Measurement of Turbulent Laver 
_Ero~atlon ~ ---,--~ -------

Methyl Ester-A_g_ueous Cay.stic Solution S:y:stems 

4.1.2.2.1.1 Methyl formate-sodium hydroxide system: 

A fe'\v runs were performed on the methyl formate-sodiurn 

hydroxide system; no meaningful turbulent layer thickness 

measurements could be made. Reaction was observed to be 

vigorous. In runs with more dilute caustic concentrations, 
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most of the sodium hydroxide in the aqueous phase was consumed 

during the filliP.g period. Turbulence was observed through-

out the entire lo1,rer phase. In runs with higher caustic 

concentrations, the turbulent layer propagated almost to 

the bottom of the cell at the end of the filling period 

(approximately three minutes of contact time). The layer 

thickness \'.ras very uneven~ 

It was evident that the method of contacting the t\vo 

reacting phases was not suitable for this particular system. 

4.1.2.2.1.2 Methyl acetate-caustic systems: 

Nine runs '>~ere performed -v..-ith the methyl acetate-sodium 

hydroxide system vri th sodium hydroxide concentration levels 

ranging from 0 .1 N to 1. 5 N; 8 runs \·f ere performed vli th the 

methyl acetate-potassium hydroxide system at similar caustic 

concentration levels. In addition, 5 runs v1e:ce performed 

on the methyl acetate~·O .1 N sodi urn hydroxide system -vrlth 

the density and viscosity of the lmver phase changed by 

adding glycerol, sodium chloride, sodi urn acetate and a 



67 

combined mixture of glycerol and sodium acetate respectively. 

The purpose in adding these materials to the 0.1 N caustic 

solution "t-;as to simulate either the viscosity or the density 

or both of the 1.0 N sodium hydroxide solution. 
/ 

At the beginning of the run, straight moire lines were 

observed extending from the bottom of the cell up to very 

near the lovrer front of the turbulent layer. Inside the 

layer, turbulent liquid motion \vas noted. Just belo-v; the 

lmver layer front in the bulk caustic, curved moire lines 

were observed. vlith low initial caustic concentration runs, 

the strip where the lines curved themselves was quite narrmv. 

On the other hand, with more concentrated caust~c solution 

runs, the curved line portion ~,.ras perhaps wider. 

In the runs vrith lmv i.nitial caustic concentration, 

the turbulent layer vias found to extend down to the bottom 

of the cell within a short period of time. Motion of the 

liquid within the layer was observed to be vigorous and a 

cycling convective current \"vas set up. With higher sodium 

hydroxide or potassi urn hydroxide concentration runs, the 

turbulent layer also propagated quite fast at the beginning. 

In time, liquid motion inside the layer became less turbulent 

and the speed of the layer front propagation reduced. The 

thin zone, \vhose liquid refractive index \vas different from 

the rest of the system, gradually took shape Hithin the 

turbulent layer immediately belovl the liquid-liquid inter-

face as illustrated in Figure 5. Such observations were in 
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agreement \"lith the earlier colour indicator experiments 

(4.1.1.3). 

Measurements of layer thickness from photographs for 

each run -vrere made. An example of the measurement data 

from Run /16 (methyl acetate-0.407 N sodium hydroxide), after 

being converted back to the actual layer thicknesses, is 
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shovm in Appendix II~ For each experiment, (layer thickness) 2 

was plotted against contact time. Thus for the methyl 

acetate-sodium hydroxide system$ a set of straight lines '\vas 

obtained, each representing a particular sodium hydroxide 

concentration level, as shown in Figure 6. Then, the slope 

of each line in Figure 6 was plotted against the initial 

sodium hydroxide concentration of the experiment from vJhich 

the line '\'vas obtained. The resulting graph is shown in 

Figure 7. Similar sets of straight lines were obtained 

for the methyl acetate-potassium hydroxide system (Figure 

XVIII.l: Appendix XVIII) and methyl acetate-0.1 N sodium 

hydroxide system "'vith the density and viscosity of the 

lov1er phase solution adjusted (Figure XVIII. 2: Appendix XVIII) • 

The slope of each straight line for the methyl acetate-caustic 

system vras plotted against the initial caustic concentration 

accordingly. 

4.1. 2. 2 .1. 3 Methyl propionate-caustic systems: 

Ten runs v1ere performed \11th the methyl propionate­

sodium hydroxide system and 7 runs vvere performed \'lith the 

methyl propionate-potassium hydrox:Lde system at various 
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caustic concentration levels. 

The speed of the layer propagation for these systems 

was much slower than the previous methyl ester-caustic systems. 

At the beginning of a run, the observations of the turbulent 

layer were generally similar to those of the methyl acetate-

sodium hydroxide system. In the course of time, the liquid 

motion inside the turbulent layer became less turbulent and 

the speed of layer propagation again slowed down. The layer 

stayed at a certain thickness for some time, and shrank sub-

sequently at a very, very slovv rate. At the same time, the 

lower layer front became diffused. In experiments vdth 

higher initial caustic concentrations, streaks of the salt 

product were seen diffusing out of the layer and blurring 

the moire" pattern belovl the layer front, thus rendering both 

the observation and measurement of the layer difficult. 

Data obtained for these runs were treated in the same 

\'Jay as \vi th the other methyl acetate-caustj_c systems. Layer 

propagation data were plotted on graphs as sho'tlm in Figure 6 

and Figure XVIII.3: Appendix XVIII, respectively. 

4.:L2.2.2 Eth:y:l, Ester·-A_~us Cal!§tic Solution S_ystems 

4.1.2.2.2.1 Ethyl formate-caustic systems: 

Five runs vmre performed on the ethyl formate-sodium 

hydroxide system with the caustic concentration levels 

centred around 0.1 N. 

The observations of the tm"bulent layer vmre generally 

in agreement with those described previously ( S8) Previous 



data for the same system(S8) vvere also incorporated. The 

curve of Ulayer thickness) 2/time) versus initial caustic 

solution concentration is shovm in Figure 7. 

4.1.2.2.2.2 Ethyl acetate-caustic systems: 

Two runs were performed on the ethyl acetate-sodium 

hydroxide system in order to check the reproducibility of 

previous data (S9). Eight runs \-.rere performed on the ethyl 

acetate-potassi urn hydroxide system with lm"ler phase concen-

trations ranging from 0.08 N to 1.4. N. 

The observations of the turbulent layer structure were 

similar to those described previously (Section 4.1.2.2.1). 

Data obtained \vere treated in the same vvay as that described 

in the methyl acetate-caustic systems. Results are shown 
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in Figure XVIII.h and Figure XVIIIo5 respectively in Appendix 

XVIII. 

4.1.2.2.2.3 Ethyl propionate-caustic systems: 

Six runs \vere performed vvi th the ethyl propionate-

sodium hydroxide system. An addi.ti onal six runs were performed 

with the ethyl propionate-potassi urn hydroxide system. 

The observations of the turbulent layer \vere, in general, 

similar to those of the ethyl acetate-caustic systems. The 

speed of the layer propagation vvas very slovi' and the turbulent 

liquid motion inside the zone was less vigorous. Further-

more, the final layer thickness for each run \vas quite small, 

thus rendering the propagation measurements rather inaccurate. 

Neverthe1 ess, data obtained were treated in the same \'i'ay as 



with the other systems and the results are shown in Figures 

XVIII.6 and XVIII.? in Appendix XVIII. 

4.1.2.2.3 Propyl Ester-Caustlc _?ystems 

4.1.2.2.3.1 Propyl formate-caustic systems: 
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Nine runs \'lere performed Hith the propyl formate-sodium 

hydroxide system. The sodium hydroxide concentrations used 

ranged from 0.1 N to 1.98 N. In addition, 7 runs were 

performed on the propyl formate-potassi urn hydroxide system 

with the lovrer phase concentrations ranging from 0.087 N to 

1.5 N. 

The observations of the turbulent layer \"lere generally 

similar to those of the ethyl acetate-caustic runs with a few 

exceptions as described in the following. The speed of layer 

propagation was faster than that of the ethyl acetate-caustic 

system. The turbulence inside the layer was apparently 

greater. 

In the runs with lo-"" initial caustic concentrations, e.g. 

below 0.2 N, the turbulent layer Has not clearly defined. 

The lower layer front became diffused at the ear:ly stage of' 

the run, thus rendering the layer propagation measurements 

for these runs rather approxirrate. With initial caustic 
. ;' 

concentrations higher than 0.2 N, the usual mo1.re pattern of 

the turbulent layer was observed. Also, some material, 

probably propanol, transferred from the lower into the upper 

phase. The final steady state layer· thickness ''ras found to 

extend almost dm·m to the bottom of the cell. A typical 
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moire pattern for this system is shown in Figure XVIII .10 

(Appendix XVIII). With still higher initial caustic concen­

trations, for example, 1.5 N and 1.98 N, the propagation of 

the lmver layer front \vas much slmver and only to a compara­

tively small thickness. 

Data obtained were treated in a similar \vay as \'lith the 

other systems. The graphical results are presented in 

Figures XVIII.$ and XVIII.9 i.n Appendix XVIII. 



Discussion of the Measurement of the Turbulent 
J_,ayer Pro12agation - -

Reaction Runs 

Using the moire p3ttern, the turbulent liquid motion 

inside the layer is quite well revealed. The pattern is 

particularly useful in observing the interfacial turbulence 

which is not clearly observed in the colour indicator 

experiments. Yet on the other hand, the two separate 

zones within the turbulent layer, which are so nicely shown 

in the colour indicator experiments, are not lvell defined 

by the moire pattern. 

Since no contaminants are added to the liquid systems 

in this set of runs, quantitative measurements of the layer 

growth in pure liquid systems are possible. Photographs 
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taken in each run are analysed for turbulent layer thickness. 

4.1.2.3.lel Errors involved in the analysis of turbulent 
layer thickness: 

Probably due to the angle of the incident light source 

(Figure 4), the moire pattern of the lo-v;er zone front in an 

ester-caustic system usually appears as a thick dark band 

as illustrated in Figure 5. The exact location of the plane of the 

lo,,.rer zone front \vi thin the dark band is not certain. In 

this study, it is assumed to ahvays coincide '\'lith the lower 

edge of the dark band_ in the moire picture. In this Hay, 

even if an error is made in judging the exact location of the 

lovler zone front, the error vvould behave as an added constant 

throughout the analysis. Such an error is not expected to 
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be serious in systems \vith a high speed of layer grm.Yth (such 

as ethyl formate-caustic and propyl formate-caustj_c systems). 

In those systems, the layer thickness is much larger than the 

band, except for the fir~t tv;o pictures taken at very short 

contact times. Ho\vever, in systems with a very slow speed 

of layer propagation, errors arising from misjudging the 

location of the zone front may be significant (e.g. ethyl 

propionate-caustic systems). 

The lower edge of the dark band representing the zone 

front is not always sharply defined in the moire pattern 

picture. This is particularly so with pictures taken at 

high caustic concentration runs and at longer contact time 

when the boundary of the zone front is blurred by the down-

ward- diffusion of the salt • 'ljhus, when the moire picture 

is projected and magnified on the screen, errors are inevitably 

induced from such measurements of thickness betvreen the 

interface and the lower edge of the zone front. 

Scattering of data is probably caused by the slightly 

uneven turbulent layer thickness in each run. For each 

photograph, three layer thickness measurements were taken at 

three equally sr:e ced locations. Tho layer thickness was 

recorded as the avera.ge of the three measurements •. · As an 

example, a complete calculation of the layer thickness data 

is shown in Appendix II. 

4.1~2.3 .1.2 Straight line relationship: 

For all the systems under study, the plot of (layer thickness) 2 



versus contact time for each experiment y:::r:lded a straight 

line for a reasonable period of time. In general, with the 

exceptlon of the propyl formate-·caustic system, the higher 

the initial caustic concentration, the longer the straight 

line relation ship holds. With the propyl forrra te-caustic 

system, the reverse appears to be true. 
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In some systems, particularly in those with slm,, layer 

growth (e.g. ethyl propionate-caustic systems), extrapolations 

of the straight lines to zero contact time do not pass 

through the origin. This can be explained by the inaccuracy 

in locating the plane of the lmver zone front as described 

in the preceding section (4.1.2.3.1.1)~ In addition, the 

phase contact turbulence may help to S"i'leep down some of the 

ester into the aqueous phase during the filling period, thus 

creating an initial turbulent layer thicker than it should 

be if without the mechanical mixing of the liquids. It 

should be realized, hov.rever, that the error in shifting the 

origin does.not affect the slope Qlayer thickness) 2/time) 

of the line, 1vhich gives some indication of the.speed of layer 

grmvth. Furthermore, the phase contact turbulence is 

approximately the samG for each run by virtue of using the 

same filling rate of the lo"i'Jer phase. 

With the uncertainties in judging the location of the 

zero point of the straight line and the portion of (layer 

thicknc~ss) 2 data vvhi ch fit the straight line relation ship, it 

. is felt that all the straight lines dra-vm by eye would be 
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sufficiently accurate. 

4.1.2.3.1.3 Speed of the turbulent layer propagation: 

On examining the plot of (layer thickness) 2/time versus 

the initial caustic concentration for each system in Figure 7, 

it becomes clear that in each of the systems, ethyl acetate­

caustic solution and ethyl propionate-caustic sol uti on, the 

speed of zone front propagation passes through a maximum as 

initial caustic concentration increases. All the regions 

of naximum layer grov;th lie bel ow 0.4 N of the caustic 

concentration. With the systems of methyl acetate-caustic 

and methyl propionate-caustic solutions, no maxima are 

observed. As for the ethyl forl'l'E.te-sodium hydroxide system, 

it appears to have a wBximum layer propagation speed located 

at approximately 0.1 N area. Hcr.v-ever, the reproducibility 

of the experiment in this dilute caustic concentration region 

is particularly poor as is evident in Figure 7. Consequently 

the maximum region may not be considered significant. In 

each run w:i th the propyl forrra te-caustic system, the straight 

line relationship of the (layer thickness) 2 versus contact 

time plot only holds for a short period of time. Particularly 

in runs vJj_th caustic concentration less than 0.2 N, the layer 

formed becomes very diffused after 20 minutes. The turbulence 

inside the layer is very \teak. Precise measurements of the 

layer thickness become difficult. Straight lines drawn, 

based on data obtained in 15 to 20 minutes of contact time, 

become inaccurate. For these reasons, the speed of layer 
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propagation for runs belatl 0. 2 N caustic concentration should 

be discarded. 

Closer studies of the speed of layer propagation versus 

caustic concentration plots in Figure 7 suggest that in a 

dilute caustic concentration (e.g. 0 to 0.3 N), the speed 

of layer propagation in different systems depends on a 

combination of several factors. Some of the more important 

ones are solubility and density of the aqueous ester solution. 

As an example, the high speed of layer propagation of the 

methyl acetate-caustic systems in dilute caustic concentration 

range is probably due to its high solubility as well as its 

ability to form an aqueous sol uti on having a density slightly 
. . 

higher than that of \vater (Table 2). Similarly, a higher 

speed of layer groi'lth in the methyl propionate-caustic systems 

as compared to e'thyl acetate-caustic systems in dilute caustic 

concentration range (0 to 0.1 N) is probably due to its 

ability to form an aqueous ester solution which is comparable 

to that of V'rater (Table 2). On the other hand, at a high 

caustic concentration level, the more important controlling 

factors of the speed of layer growth in different systems 

are probably the salt effects and the rate constant of the 

system which, in turn, governs the amount of alcohol produced. 

The speed of layer grm·1th follous the order of the rate 

constant of the system. Furthermore, for ·systems having 

similar reaction velocities, the layer gro\~h speed decreases 

\rl th the production of the high8r member of the homologous series 



TABLE 2 

DENSITIES OF VARIOUS ESTER SOLUTIONS EXPERIMENTALLY DETERMI~~D AT 22oc 

~greeof 
aturation Aqueous solution Aqueous solution 

aqueous of ester saturated with half saturated 
ester solution ester with ester 
solution_ 

~ 
\.'later Density .996948 

(gm/c.c.) .996902 
~996786 
.996750 
.996748 

average= .996827 

Ethyl acetate Density (gm/c.c.) .996486 .996414 
Specific gravity .999658 .999586 

Methyl propionate Density (gm/c~c8) .996948 .996814 
Specific gravity 1.000121 .999987 

Methyl acetate Density (gm/c.c.) .999748 1.000036 
Specific gravity 1.002930 1.003219 

Ethyl formate Density (gm/c.c.} .999332 .998086 
Specific gravity 1.002513 1.001263 

():). 
1-' 
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of the salt (e.g. formate, acetate and propionate). 

Comparing the systems of methyl ester-caustic and ethyl ester­

caustic at high caustic concentration levels, the effects of 

methanol and ethanol on the layer growth appear to be the same. 

This is, again, probably due to the fact that the turbulent 

layer is predominately influenced by the salt effects. In 

each ester-caustic system, a similar shape of the curves of 

(layer thickness) 2/time versus caustic concentration are 

obtained for sodium hydroxide and potassium hydroxide as shown 

in Figure 7, although the potassium hydroxide curve is not 

alw·ays bel mv the sodium hydroxide curve. 

The speed of layer propagation in ethyl ester-sodium 

hydroxide system is much slov1er in the sliding diffusion cell 

as compared to that obtained in the optical cell experiments. 

In the ethyl acetate-sodiu.m hydroxide system, the turbulent 

layer is so dj.ffused that layer propagation can hardly be 

measured. These observations suggest that in a sm.a 11 cell, 

the wall effect is important to layer turbulence. 



4.1.3 Qualitative Study of the Interfacial Phenomena in 
Yiri_()~l!S 'I'W~.-CoiJlcim§nf .. ~watersyst~':l_~ and ig 
the 'fhree Gom12onent Ester-So}.ute-Water Systems 

Parallel to the reaction runs (Section 4.1.2), experiments 

in physical mass transfer were also performed \'lith various 

ester-v.rater systems. A moire' pattern vras again used to 

observe the turbulent phenomena at and near the liquid inter­

face. 



4.1.3.1 EXE§riment~l Q~t~l~ 

4.1.3.1.1 ~~u2_~~ Proced~~ 

The apparatus and the operational procedure 1vere 

identical with those described in Sections h.l.2.1 and 

4.1.2.2. 

4.1.3.1.2 ~@QGI of ~~ents Perfprmed 

4.1.3.1.2.1 Tvvo component ester-\vater systems: 

Moire patterns of various ester-'lrlater systems \'Tere 

obtained. 

4.1.3.1.2.2 'l'hree component ester-solute-vrater systems: 

Physical mass transfer in three component systems was 

studied qualitatively. The transfer of ethanol from the 

ester phase into the v1ater phase and vice versa vrere invest­

igated in the ethyl acetate-ethanol-water and ethyl propionate-

ethanol-i'later systems. In addition, the transfer of the 

acetic acid from the ester phase into water in the ethyl 

acetate"·acetic a cid~1.vater system vras also studiede 



4.1.3.2 Results _ _s:>_f the P_b.ysica~. Transfer Runs 

4.1.3.2.1 Ester-Vfat~_er Systems 

Physical diffusion of ester into water was studied for 

all the esters employed in the previous reaction runs. The 

basic transfer behaviour of different systems can be classified 

roughly into the follm\ring two groups: 

4 .1. 3.2 .1.1 Systems with insignificant interfacial 
turbulence accompanying wass transfer: 

The ethyl acetate-water and ethyl propionate-water 

systems fall into this category. The moire pattern of the 

ethyl acetate-water system has been described in detail 

previously(S$) and will not be repeated here. 

During the run, extremely slm·.r liquid motion ·v,ras 

observed at and near the interface. Howe-v·er, the amount 

of visible interfacial turbulence l"las so snB.ll that the 

basic moire pattern of molecular diffusion uas practically 

undisturbed, except for a thin region vrhich v;as observed in 

the w-ater phase just belm·.r the liquid--liquid interface. 

This region of liquid had a refractive index different from 

that of the lovver bulk phase, probably because of the presence 

of more concentrated ester solution. The demarcation line 

betv:een this region and the rest of the lo-vrer bulk phase was 

not distinct. The region became diffused at long contact 

time. 

4.1.3.2.1.2 Systems vvith turbulence accompanying mass 
transfer: 

All three methyl ester-water systems showed turbulent 
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phenomena when the ester vvas transferring into the water 

phase. A turbulent liquid motion was observed at or near 

the liquid-liquid interface apart from the "liquid streaks" 

protruding slowly into the lm'ler bulk phase. 'I'he degree of 

turbulence vJas dependent on the systems under study. 

Generally, the degree of apparent turbulence (and the number 

of liquid streaks) decreased in runs using higher members 

of the homologous series of the ester. 

A similar type of turbulent liquid moti ori was observed 

in ethyl formate-water. With the propyl forn:ate-water system, 

turbulent liquid motion was so slcrvr, both at the interface 

and inside the aqueous phase, that it vms almost not observ­

able. Occasionally, a liquid streak or two slovlly extended 

into the lm·.rer phase. 

From visual observations, the degree of turbulence 

decreased qualitatively i'r'ith systems using increasing order 

of methyl, ethyl and propyl formate consecutively as the 

upper phase. 

4.1.3.2.2 !hree-CQIDQOn~nt ~ 

The physical transfer situations of the three-component 

systems can best be summarized by the foll01.ving Table 3~ 



1. 

2. 

5. 

6. 

7. 
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TABLE 3 

SUMMARY OF PHYSICAL MASS TRANSFER IN THREE COMPONENT SYSTEMS 

System 

Ethyl propionate-water; 
ethanol (0.86 N) 
transferring from the 
ester phase into the 
water phase. 

Ethyl propionate-water; 
ethanol (0.172 N)trans­
ferring from the ester 
phase into the water 
phase. 

Ethyl propionate-water; 
ethanol (0.172 N)trans­
ferring from the water 
phase into the ester 
phase. 

Ethyl acetate-water; 
ethanol (0.172 N) 
transferring from water 
phase into the ester 
phase. 

Ethyl acetate-water; 
ethanol (0.172 N) 
transferring from the 
ester phase into the 
water phase. 

Ethyl acetate-water; 
equal concentrations 
of ethanol in both 
phases (0.172 N) 

Ethyl acetate-wateri 
acetic acid (0.26 NJ 
transferring from the 
ester phase into the 
water phase. 

Remarks (in aqueous phase) 

Considerable interfacial turbulence both during 
the filling period and at the beginning of the 
run. 
Turbulence spread out into a thin region next 
to the interface. 
Decreasing turbulence with increasing contact 
time; occasionally stronger turbulence at the 
corners of the cell. 
At the later stage of the experiment, turbulent 
liquid motion diminished, and a thin zone, having 
different refractive index, existed between the 
two liquid phases. 

Similar observation as in (1.), except in smaller. 
scale of turbulence. 

Similar kind of turbulence. More turbulent than 
(2.) Also, the "zone of different refractive 
irxiex" was wider than that observed in (2.), but 
less well defined. 

Stronger interfacial turbulence than with the 
ethyl propionate-water systems. In addition, a 
number of liquid streaks extended all the way 
down to the bottom of the cell. Turbulence 
phenomenon lasted longer. The "zone of 
different refractive index" was quite well 
defined. 

Degree of turbulence in this system was very much 
similar to that in (2.) 

Despite the equal normality of the ethanol in 
both phases, there was mass transfer across the 
interface accompanied by vigorous interfacial 
turbulence at the early stage of the run. Such 
phenomenon was as expected since the alcohol 
distribution coefficient between the two phases. 
I,~robably differed from the ratio of 1. 
Visual turbulent phenomenon was similar to that 
in (5.) No liquid streaks were observed. 

The turbulence, both interfacial arxi inside the 
aqueous phase, was very vigorous. Turbulent 
phenomenon existed at long contact times. 
No "additional zone" was observed below the 
liquid-liquid interface. 
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4.1.3.3 Dis_g};!ssi£rL2.f..!Jl~- J:lJ:Xs:lcal Transfer Runs 

With esters such as ethyl acetate and ethyl pi'opionate 

transferring into the water phase, the moire patterns 

observed are normal. The minute amount of interfacial 

turbulence, 't'lhich creates a thin region of more concentrated 

ester solution next to the interface, is probably the result 

of uneven distribution of ethanol and acid produced at a very 

slow rate by the hydrolysis reaction of the ester. 

On the other hand, the eruptive transfer of ester into 

the \'rater phase as observed v;i th the methyl acetate-'t'later as 

\'lell as the ethyl formate-water systems is rather unusual. 

Similar observations of the turbulent nature of the two 

systems were also reported by other investigators(A5}. It 

is speculated that; the e:cuptive tr·ansfm."' is due to the effect 

of so-called "denslty flown phenomenon. The ester, trans-

ferring fx·om the upper phase into the lower phase, dissolves 

in water to form a solution uhose density is either slightly 

heavier or very nearly equal to that of v1ater at the same 

temperature (Table 2}. Under such a condition, if there 

is any turbulent motion of the liquid at the interface, 

generated perbaps by the uneven concentration distribution 

of the alcohol and the acid from the hydrolysis reaction, 

this disturbance motion, in the form of liquid streaks, can 

travel a long \'lay dotvn the aqueous phase boca use of the 

similar densities between the streaks and the surrounding 

aqueous medium. The streaks phenomenon may be more 



intensified in: 

I Systems having higher rates of hydrolysis reaction 

with l1at.er; 

II Systems having the producti'J of hydrolysis reaction 

(i.e. alcohol and acid) strongly affecting the 

liquid-liquid interfacial tension; 

III Systems whose aqueous ester solutions are heavier 

than lta t er. 

Streaking phenomena do not occur in reaction j_""uns at 

high caustic concEmtration levels simply because the densities 

of sodium hydroxide solutions are higher than aqueous ester 

solutions. 

'With the propyl formate-vmter system, a small number 

of very lveak streaks vrith negligible interfacial turbulence 

are observed. Perhaps the effects of propanol on the 

interfacial turbulence are small in this system. 

As a matter of coincidence, all the systems. exhibiting 

significant tm"bulent liquid streaks during physi ca~ mass 

transfer do not shot·! a maxi mum in the speed of layer grovlth 

versus caustic concentration plots (Figure 7). 



4.loh Iny§~fl!1£~ion _ _9f the f§cto£_~ P.f..t~ct~ng_ 
~.~~~lent L~er ProEagati~ 

The follovdng section describes the experiments per­

formed to determine the various factors contributing to the 
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formation of the turbulent layer and to the control of the 

rate of layer propagation. The apparatus used to produce 

the moire pattern of the liquid systems for these experiments 

is basically the same as described in the previous section 

(4.1.2). In some cases, minor modifications of the 

apparatus were necessary and are described accordingly. 
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In the ethyl acetate-vmter system, a small amount of 

aqueous ethanol solution 11as injected very slowly, from a 

syringe through a long hypodermic needle, under the interface 

of the tl1o-phase system. Several similar runs were performed 

w·i th various concentrations of the aqueous ethanol solution. 

Other components comprising the reaction system were also 

injected in separate experiments but in a similar vmy. 

The same procedure of injections was repeated for the 

methyl aeetate-vvater system. 

Surface Tension -
In one run, a surface active agent v;as added to the 

lovrer phase of the ethyl formate-sodium hydroxide system. 

The turbulent layer propagation phenomenon V':Tas studied. 

The Interface 

In one e:xperirnent, tvater, pre-sat.ura ted '\'Ti th ethyl 

acetate, \·.ras stored in the caustic delivery tube. The 

solution \vas allov1ed to run out of the sintered glass disc 

very slm-rly and carefully and uas put in contact \·lith and 

floated on top of 0.,5 N aqueous sodium hydroxide solution 

originally in the optical cell. Under such conditions, mass 

transfer occurr·ed in only one homogeneous phase. This 

experiment was also repeated in the "sliding diffusion celln 

(described in PAR'I' D of the dissertation). 



4.1 .. 4.2 Facto~.s_Affe~ the Ty.rbulent Layer Pro]2agatiql:] 

4.1.4.2.1 Density~J2Q .. Y..i39sity 
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In order to investigate the possible effects of viscosity 

and density of the lower phase on the rate of layer propagation, 

experiments l-vere performed vli th the following systems: The 

upper phase v;as ethyl formate pre-saturated \vith 11at er at room 

temperature; while the lo•,ver phase was, in consecutive order, 

(a) 1 N aqueous sodium hydroxide solution; (b) 0.1 N sodium 

hydroxide; (c) 0.1 N sodium hydroxide solution with added 

glycerol so that the viscosity of the solution was equivalent 

to that of the 1 N sodium hydroxide solution. The density 

of the solution, on the other hand, vws beloiri that of the 1 N 

sodium hydroxide; (d) and {e) sodium chloride and sodium 

acetate were added to separate 0.1 N sodium hydroxide solutions 

to simulate the density of the 1 N sodium hydroxide, vdth the 

viscosity of the solution below and above that of the 1 N 

sodium hydr--oxide respectively; (f) glycerol and sodium 

chloride v;rere added together in appropriate amounts to the 

0.1 N sodium hydroxide to simulate both the density and the 

viscosity of the 1 N ~odium hydroxide solution. 

Photographs v:ere taken for each run and analysed 

subsequently. 

Similar runs \vi th the glycerol, sodium chloride and 

sodium acetate as additives to the lo1:.rer phase Viere performed 

with the ethyl acetate-sodium hydroxide and the methyl acetate­

sodium hydroxide systems. 



4.1.4.2.2 ~i!Y 

A few quantitative runs were performed on the ethyl 

formate-carboxy methyl cellulose ( CMC) -sodium hydroxide 

system. The aqueous sodium hydroxide used for these runs 
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\·ras pre-mixed with a controlled amount of sodium carboxy 

methyl cellulose \·lhich could greatly change the viscosity of 

the solution \'Tithout significantly altering its density. 



Factors for the Formation of the Turbulent 
~~~ -

4.1.4.3.1.1 Alcohol: 

When the aqueous ethanol solution was injected slowly 

under the interface of the ethyl acetate-water system, the 

ethanol was observed to ascend to the interface due to its 

lov.Jer density, and to induce turbulent motion as shm-m in 

Figure 8. The turbulence gradually disappeared as the 

911-

ethanol diffused into both phases. Thus a turbulent mixing 

layer rather similar to the type observed \'lith the sapon-

ifi cation runs could be created. Concentrations of aqueous 

ethanol solution ranging from 8 N to 0.25 N \"Jere used for 

the injection. In all cases, turbulence of various degrees 

according to the normality of the ethanol solution \'las produced 

with the injection of a sm:3.ll amount of the solution (0.05 

ml • to 0 • 2 ml • ) • Other components comprising the reactants 

and the products of the system, such as sodium acetate and 

\'later saturated with the ester, v.rere also injected in separate 

e:xyeriments. No layer of turbulence vms observed. 

Similar observations vvere obtained vlith the injection 

of dilute methanol solution into the methyl acetate-water 

system. 

4.1.4.3.1.2 Surface Tension: 

\Vhen a drop of liquid surface active agent v1as added 

to the ethyl formate-0.1 N sodium hydroxide system, the speed 



FIGURE 8 

ETHYL ACETATE - \~ATER SYSTEM : 
IMMEDIATELY AFTER THE INJECTION 
OF 0.05 ML. OF 8.16 N AQUEOUS 
ETHANOL SOLUTION 
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of the layer propagation was reduced. Also, the circulatory 

movement of the liquid in the turbulent layer \vas checked, 

and random turbulent liquid streaks instead vrere observed. 

The surface active agent used was a mixture of "9 moles of 

ethylene oxide concentrate/mole of nonyl phenol, 100% active. 11 

4.1.4.3.1.3 The Interface: 

Vfuen water, saturated with ethyl acetate, was carefully 

floated on top of the aqueous sodium hydroxide solution 

(0.5 N), no layer of turbulence v.ras observed; instead, a 

shaded band appeared as shown in Figure 9. Such a phenomenon 

was observed in experiments performed in both the cubic 

optical cell and the sliding diffusion cell. 

4.1.4 .• 3 .2 .Elli.2r.s _.if£ec!-ing the 'l,urbulent Laver 
.t:f9.P~~t:L2n 

4.1.4.3.2.1 Viscosity and Density: 

Photographic results of the experiments perfol~med on the 

ethyl formate~·sodium hydroxide system vlith the 0.1 N sodium 

hydroxide solution added \vith glycerol, sodium acetate and 

sodium chloride respectively to simulate the density and 

viscosity of the 1 N sodium hydroxide solution \'lere analysed 

for layer thickness. Data were treated in a similar way as 

'\vith the other reaction systems:;. Lines of (layer thickness) 2 

versus contact time l·lere plotted and these are sho\vn in 

FigurE:s XVIII.ll and XVIII.l2 in Appendix XVIII. 

Two runs \vere performed on the ethyl acetate-glycerol­

sodium hydroxide system; one vrith 0.1 N sodium hydroxide 



FIGURE 9 

WATER SATURATED WITH ETHYL ACETATE 
IN CONTACT WITH 0.5 N AQUEOUS NaOH 
SOLUTION ( ONE PHASE ) : 
6.5 MINUTES AFTER INITIAL PHASE CONTACT 
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solution, and the other vlith 0.5 N sodium hydroxide solution. 

The viscosities of both the lovler phase solutions \'wre 

adjusted to that of the 1 N sodium hydroxide solution with 

glycerol. Results on the layer propagation vlere shovm in 

Figure XVIII .13 ~ Five runs were also performed on the 

methyl acetate-sodium hydroxide system '\<Ii th glycerol, 

sodium chloride and sodium acetate added in various amounts 

to the lovwr phase. The results of the layer propagation 

are shmvn in Figure XVIII. 2. 

4.1.4.3.2.2 Viscosity: 

Two experiments were carried out on the ethyl formate-

CMC-sodium hydroxide system. The sodiu~n hydroxide solutions, 

being at 0.115 N and 0.341 N respectively, were added with 

the appropriate amounts of sodium carboxy methyl cellulose 

so that their viscosities were adjusted to that of the l N 

sodium hydroxide solution. Data of the layer propagation 

for these two runs are presented in Figure XVIII.ll:-, Appendix 

XVIII. 
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The generally accepted cause of interfacial turbulence 

of the type observed in this study is the existence of local 

interfacial tension changes across a liquid-liquid interface. 

As indicated qualitatively in Figure 10, if there is a local 

decrease in interfacial tension caused by the presence of 

alcohol produced by the saponification reaction and indicated 

by the dots in the figure, then the liquid interface will 

pull ai·lay from the region of decreased tension. This 

interface mo\•ement 'lrlill cause a fluid r11oticn of the type 

indicated, bringing more concentrated or less concentrated 

F'IGUR.E 10 

ESTER LAYim 

NaOH LAYER 

INTEHFACIAL TUR.BUI.JENCE IN ESTER SAPONIFICATION 
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alcohol solution to the interface. This process of non-

uniform concentration of the aqueous alcohol solution flouing 

to the interface can sustain or even amplify the effect. 

Such explanations of the interfacial turbulence are consoli­

dated by the results obtained from both the alcohol injection 

experiments and the physical transfer experiments involving 

. a third component moving across the liquid-liquid interface. 

If all these are interfacial phenomena, then the tm"'bulent 

layer will not form without an interface. Such an induction 

seems to be confirmed by experiments (Figure 9: Section 

On examining the layer grovrth results of the ester-

sodium hydroxide systems \vith the viscosities and densities 

of their sodium hydroxide phases adjusted to that of the 1 N 

sodium hydroxide solution by additives such as glycerol, sodium 

acetate and sodium chloride, it became evident that both the 

increase of viscosity and density in a solution have retarding 

effects on the speed of layer propagation. The density 

effect seems to be the more predominant factor of the tHo. 

Unfortunately, in these tests, the effects of viscosity 

and density cannot be isolated, since the additives increase 

both the viscosity and density of the solutions at the same 

time. Furthermore, in some additives, the salt effect is 

ever present - thus complicating the systems to a greater 



extent. Nevertheless, experiments performed on the ethyl 

formate-sodium hydroxide system with sodium carboxyl methyl 

cellulose appear to support the statement that viscosity 

effect on layer propagation for an ester-caustic system is 

minor as compared to the salt and density effects. 
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Again in these experiments, the effects of the additives 

on the rest of the properties of a syste~, such as interfacial 

tension and diffusivities, are not yet fully known. Hence 

the conclusions derived so far from these experiments can 

only be treated as tentative and qualitative. 
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In this part, descriptions are given of the experimental 

\'mrk performed in order to obtain information on the concen-

tration distribution of both the reactants and the products 

within the turbulent layer in the ester-caustic systems 

with slm1 saponifi cati.on rates. The tvm systems studied 

\.rere ethyl acetate-sodium hydroxide and methyl propionate-

sodium hydroxide. Concentration profiles of the components 

in the systems were measured by '\'rithdrm1ing small samples of 

the liquid vli th pro bcs precisely located in the aqueous phase. 

The apparatus as \Tell as the experimental techniques 

developed for the sampling are described in Section 4.2.1 

and in Appendices III and IV. The concentration profiles 

obtained are presented (Section 4.2.2. and Appendix XVII) 

and discussed (Section 4.2.3). 

Based on these concentration data, the structur·e of the 

turbulent layer \·ras explained. Diffusivity values of various 

components in the aqueous phase l'lere calculated from an eddy 

diffusion model. Enhancement factors as v1ell as the 

react1.on zone thicknesses '\'vere estimated and com}Y.J.red \'lith 

those calculated from the existing theoretical models ''~hi ch 

Here formulated on tho basis of the reaction transfer \"lithout 

the effects of turbulence~ All these results are presented 

and discussed in Section 4.2.3. 



4 o 2 .1 Exp€2J.:.!!nenta 1 Q§_ta il s 

4.2.1.1 Th~A£paratu~ 
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Figure 11 shm'ls the experimental apparatus for probing 

the concentration in the reaction layer by vJi thdra·hring small 

samples. The pyrex circular test cell (6) was 21.2 em. in 

diameter and 7 em. high. The mid bottom of the cell contained 

a fritted glass disc (pyrex coarse grade) through v1hich the 

lower aqueous phase could be introduced into the cell. The 

sintered glass disc was 9 em. in diameter. During the 

experiment the cell \-vas covered tightly lvith a 0.51 em .. 

thick circular brass plate { 3) equipped v1ith an adjustable point 

gauge, for the location of the liqui d-liqu.id interface, and 

15 long (type 316) stainless steel needles (.071 em. O.D.) 

of various lengths for the sampling of the lower phase at 

various depths (4)o 

Figure 12 shows a typical needle sampling arrangement. 

The top end of each stainless steel needle (14) v'las connected 

\'lith, and silver soldered to, a No. 18 B-D (Becton-Dickinson 

and Co.) hypodermic needle, on top of which a pre·- cleaned 

B-.D I/IJIS09 spring loaded stopcock '\·,ras fitted ( 5). The height 

of each needle above the plate 1rms made thEJ same. 'Jlhe 

bottom end of each needle l'las bent 90°, so that liquid sample 

could be drm·m in horizontally. The heights and directions 

of individual needles were adjustable through the gland (13). 

The needle inlots 't'lere so orientated that the maximum distance 

could be obtained between any t'I:JO samplhg inlets~ The 
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relative vertical heights of a 11 needle inlets vJi th respect 

to the tip of the point gauge \<Tere precisely measured before 

the start of each experiment. 

A special sampling device (Figure 12) was used to create 

mixing betl-veen a liquid sample and a knO\vn amount of hydro­

chloric acid in the sampling syringe so that any residual 

sodium hydroxide in the sample vJas immediately neutralized 

and the saponification reaction ·Has thus halted. Mixing 

was produced by a small stirring magnet bar coated \·lith Teflon 

( 3). Notion of tbe stirrer was induced by another two large 

rotating magnets (2) housed in a donut-shaped Lucite block 

(8) and in the direction opposite to each other. The 

revolving Lucite block vlith m::tgnets vms tightly fitted to a 

stationary cylindrical brass sleeve ( 7) by means of an SKF 

ball bearing (6). 

During sampling, the B-D Corm.rall syringe, pre-loaded 

\vith a known volume of hydrochloric acid, 1-·ms inserted through 

the stationary brass sleeve and connected to the spring loaded 

stopcock attached on top of the samplj_ng needle. The 

Lucite block '\vith its magnets v.ras revolved around the sleeve 

by means of an 0 ring (1) connecting the block to a variable 

speed motor. In this \·ray, the Teflon coated stirrer insid0 

the syringe \vas made to revolve and provide vigorous mixing 

of liquids. The whole sampling device vvas mounted on a frame 

which could be moved horizontally on the \'vorking table vlith 

ease as to facilitate the sampling from needle to needle. 
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The legs of the frame were cushioned vlith soft rubber to absorb 

most. of the mechanical vibration from the electric motor. 

Detailed descript :ton of the individual pieces of the 

equipment may be found in Appendix III. 
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4.2.1.2 !~r.i~~~~~~l_Ef9C£S~ 

4.2c1.2.1 Re§.Q~Jo.rl . .B.llll.§. (11ith reference to Figure 11) 

A clean test cell was placed in a preset positj.on and 

supported by the VIooden plate ( 9). The flovJ system \•,ras 

connected. Small amounts of sod:i.um hydroxide solutions 

from the reservoir ( 8) viere repeatedly allovied to run into 

the cell and v1i thdravm in order to flush out the trapped air 

and water inside the pores of the sintered glass disc~ 

Five hundred ml. of water-saturated redistilled este:~." 

was gently poured into the cell. The brass plate holding 

the needles vms then put into the set, horizontal position 

by means of adjusting clamps (11). The caustic solution, 

at the desired concentration level, vras fed through the 

sintered glass disc and contacted the ester phase at a care­

fully controlled flow·rate in order to minimize the phase 

contact mixing. A floh'Tate of 0.01+2 litres/minute \·ms used 

for the first four minutes, 0.166 litres/minute for the next 

five minutes and finally 0.187 litres/minute until the 

liquid-liqu:i.d interface just touched the tip of the point 

gauge. 

Small liquid samples \'Jere \·lithdrmm (one at a time) 

from different needles precisely located inside the turbulent 

layer at a slo1t1, controlled rate using Conn·mll sy:cinges 

pre-loaded vdth a knm·m amount of hydrocbloric acid. Reaction 

inside the syringe \"laS stopped by neutralizationo 

Reactant and product concentrations in a sample \vere 
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analysed. Sodium hydroxide was analysed by acid-base 

titration. Ester and alcohol 'ttlere analysed by gas chroma to-

graphy and finally, the salt vms analysed by concluct.ometric 

titration. 

A detailed account of the entire expcrime.ntal procedure 

may be found in Appendix IV. 

4 ~ 2 .1. 2. 2 Physical R};!.:!:!_~ 

A similar procedure to the reaction runs ·Has follmved 

to contact the two phases. 

The sampling procedure, hoHever, '\·ras much simpler as 

compared to that adopted for the reaction runs. Since the 

hydrolysis reaction of ester in the neutral medium liquid 

phase v-ms known to be rather slow, (I2) the samples (not 

more than 0. 5 ml e for each sample) 11ere simply drawn into 

the Corm·mll syringes and subsequently transferred into the 

small sample tubes (2 ml. in capacity). The procedure for 

the pre-filling of the syringes \·rith standard hydrochloric 

acid solutions and the pre -filling of the \·mter for dilution 

in the sample tubes (Appendix IV: IV.l~3) liaS not used here. 

Concentrations of the upper phase in the samples were 

analysed by the refractive index method as described in detail 

in Appendix IV: IV.4. 
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4.2 .1.3 NUJ:!!Q~r of Conc_§nt~!--~~~eriments Performed 

4.2.1.3.1 PQY-sical Runs 

4.2.1.3.1.1 n~Butanol-water system: 

Five runs \'Vere performed at room temperature. In the 

first four runs, the flow rates of the w·ater phase into the 

cell \·;ere varied in order to study the effects of phase 

contact turbulence on the concentration profiles. The 

filling rate data for various runs are given in Table 4. 

After the best set of the lov.rer phase filling rates v1as 

determined from these runs, one additional run vras carried 

out using the determined best set of filling rates to check 

the reproducibility of the sampling experiments. 

~ 

q.!fWB-~u~~~ T~~,-,F~ E T~~D~-~~~§¥.~w~¥~~E s{~~ EI/E - ..... ...-....~------· 

Filling Rate 
Run ( litresjrnj_nute) 

1 0.500 

2 0.322 

3 0.166 
0.187 

4 0.0~.2 
0.166 
0.187 
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The sets of experiments in this liquid system also 

served to establish the validity of the methods used to obtain 

the· concentration profiles of a 11 subsequent experiments. 

The diffusion coefficient of n-bu tanol in water is \'vell 

knovm ( J4). The theoretical concentration profiles for the 

system could easily be evaluated and compared with the experi­

mental profiles. 

4.2.1.3.1.2 Ester-\vater systems: 

Physical diffusion of ethyl acetate in water and methyl 

propionate in water at room temperature were studied separately. 

Concentration distributions of ester in the aqueous phase at 

various contact times "\Wre measured. 

4.2.1.3.2 Reactt~D~~ 

4.2.1.3.2.1 Ethyl acetate-aqueous sodium hydroxide system: 

A total of eleven runs vfere performed at 24 ± 1 °C and at 

five sodium hydroxide concentration levels (0.2, O~lr, 0.6, 

1.0 and 1.4 N). Tvm runs w·ere performed at each concentration 

level 11ith the exception of 0.2 N sodium hyd1~oxide; at 

which level, three runs were performed. In the first run 

of a particular caustic concentration level, samples \-rere 

drm~Jn from a set of four needle inlets at various depths 

below the interface. In the second run, samples Here ,,,ith·-

dravm from a succeeding set of four needles which Nere so 

chosen th1. t each needle inlet was situated slightly lmver 

from the interface than the corresponding needle of t,he first 

set. As an example, in Run No. l~-1, samples vvere ui thdra,vn 
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from needles Nos. 2, 4, 6 and 8; which were .094, .361, 

.620 and 1.016 em. away from the interface. In Run No. 4-2, 

the set of needles used were Nos. 3, 12, 7 and 9, which 

were .262, .524, 0.793 and 1.270 em. below the interface 

respectively. Results from the two related runs at the same 

sodium hydroxide concentration level were combined to form 

one experiment for subsequent data analysis. In this way, 

the consistency of the experimental results in the p3.ired 

runs could be che~ked. 

4.2.1.3.2.2 Methyl propionate-aqueous sodium hydroxide system: 

Six runs lvere carried out at the controlled room 

temperaturo of 24 ± 1 °C and at three sodium hydroxide con­

centration levels (0.4, 0.6, and 1.0 N). The general 

proceedings vmre similar to that of the ethyl acetate­

sodium hydroxide system. 



Method of Calculation _ _,~--··..:=_,.,""""~ 

Reaction Runs -
4.2ol.h.l.l Concentrations of reactants and products 

j_n a sample: 

Concentrations of the reactants and products in each 

sample obtained from analyses (Appendix IV: IV.J) were 

individually multiplied. by the ratio of the final volume of 

the sample after successive steps of dilution to the volume 

of the initial sample. These would convert the analysed 

concentrations into the original component concentrations 

in the location inside the cell Hhere the SB.rnple \'laS taken. 

4.2.1.4.1.2 Original concentration versus contact 
time curves for each component: 

113 

For each needle, original concentrations for a particular 

component vvere plotted against the contact times at \'lhich 

the samples were taken. Thus, for an experiment, a family 

of such curves vm.s obtained, each curve representing the 

concentration variation of a component as a function of time 

at the position 1,·1here the needle inlet \vas located (for 

example, see Figure 17 in Section 4.2.2). 

Altogether, a total of four families of such curves 

w·ere plotted for each experiment. Each set represented one 

componento 

~ .• 2.1.4.le3 Concentration profiles for individual 
components: 

:F'rom a family of plots of original concentration versus 

contact time for a p3 rticular component in the ester-caustic 
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system (see Figure 17 for example), the concentrations at 

various needle inlet positions (corresponding to various 

depths from the liquid-liquid interface) at any fixed contact 

time may be read out simultaneously. Data so obtained for 

the component were used to plot original con cent rat ion versus 

distance from the interface curves at 25, 50 and 75 minutes 

after the start of the run. Concentration profiles of the 

other components of the system were also dra\'m for the same 

time intervals in a similar v.ray (see Figure 18 for example). 

4.2.1.1+.1.4 Mass transfer rates determination: 

An area under a concentration profile could be integrated 

by means of a planimeter. If the area so obtained was 

multiplied by the cross- sectional area of the cell, the total 

amount of that component, which the profile represented in 

the lo"~:ler phase at that particular time, \·ws calculated. 

Thus in this \vay, the total n?,ount of individual components 

(except for the caustic amount) in the loNer phase at 25, 

50 and 75 minutes .for each ester-sodium hydroxide experiment 

lJaS evaluated. 

In contrast to the rest of the components in the reacting 

system, it was the amount of lOiver phase sodium hydroxide 

which disappeared, rather than the amount of accumulation 

that uas of immediate interest. In a particular experiment, 

the tot.al amount of sodium hydroxide reacted at a particular 

time VJB.s obtained by subtracting the residual amount of 

sodium hydroxide fl"om the original total amount of sodium 
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hydroxide. In the concentration profiles graph, the amount 

of sodium hydroxide which reacted \'lOuld be represented by the 

area bounded by the liquid-liquid interface, the initial 

sodium hydroxide concentration line and the sodium hydroxide 

concentration profile (vlith reference to Figure 18). 

If the total amount of the ester and the disappearance 

of sodium hydroxide in the lower phase vvere added, the 

resulting amount would be equivalent to the total transfer 

of the ester across the liquid-liquid interface up to that 

particular contact time. Similarly, total mass transfer 

of the ester v1as also calculated for the same ester-sodium 

hydroxide experiment but at other time intervals. In this 

"Vmy, the total amount of ester transferred could be plotted 

against the time after the start of the experiment. From 

this plot, the average mass transfer rate up to any contact 

time of the run could be calculated. In addition, the mass 

transfer data could be fitted by a polynomial equation using 

the orthogor.al polynomial method ( Kl3). By differentiating 

the resulting fitted equation, i.nstantaneous mass transfer 

rates could be estirnatcd roughly at any time interval of 

that particular experiment. Mass transfer rates for other 

experiments Here determined in a similar \"Jay. 

Physical Runs 
~--'"""""=-~---·-

The general methods of calculation for the data of 

physical runs \"Jere much the same as for those of the reaction 

runs. The amount of calculation involved \vas less because 



only one component (either the ester or the n-butanol) -w·ms 

present in the water phase. Since the samples drawn from 

the cell \vere directly analysed \'rithout dilution, the back 

c.onversion of the analysed sample concentrations to the 

original concentrations as described in the reaction runs 

(Section 4.2.1.4.1.1) vms not required. 
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4.2.2 Results 

4.2.2.1 fhy_§_£~~ss T~~ 

4.2.2.1.1 ~~v:p.ter System 

The various filling rate data of the water phase 

into the cell for the five runs are tabulated in Table 4. 
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In the runs with higher rates of introduction of Hater into 

the cell, phase contact turbulence 1·1as perceived; the 

higher the filling rate, the more pronounced the turbulence~ 

In the fiPst run, the flowrate of the lower phase v1as so 

high that a slow, circular liquid movement in the cell was 

evident during filling. 

Samples "t·lithdra"i·m from the lo· .. ter phase of each run 

were analysed for n-butanol concentrations. Results l·Jere 

tabulated. These data were plotted uith concentration of 

n-butanol versus contact time for each needle inlet position 

for each run. 

for example.) 

(See Figure 14: ethyl acetate-Hater system 

From all these plots, concentration profiles 

of the five n-butanol-\1ater runs at 60 minutes, 273 minutes 

and 54.6 minutes after the start of the runs v1ere derived as 

sho\fll in Figure 13. 

Ester·~uater Systems 
--""-""~"-~------~ 

The best sot of experimental lov1er phase filling rates 

as determined from the n-butanol-t.rater runs ''ras used in both 

the ethyl acetate--11ater and methyl propionate-1 .. mter systems. 

In the ethyl acetate-1·mter system, vtsual observations 

during experiments indicated tba t a thin region of liquid 
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FIGURE 13 CONCENTRATION PROFILES 
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having diffeJ."cnt refractive index from the rest of the bulk 

lower phase again existed just below the interface. Such 

observations \·mre in agreement \"lith previous optical cell 

experimental results (Section h.l.J.2.lel). Samples obtained 

w·ere analysed and sets of concentration profiles at various 

contact times \·Jere derived in the v1ay similar to those 

derived in the n-butanol·-vlater syntem. As an example, 

concentration data of the ethyl acetate-\r;ater system are 

presented j_n '!'able XV .1 in Appendix l'll. These data were 

plotted as shm·m in Figure ll~& The ethyl acetate concen-

tration profiles are shm·Tn in Figure 15. 

On the other hand, t-vhen methyl propionate l·ras in 

contact \\rith \•rater, liquid streaks \'lere observed protruding 

slmvly but randomly into the lov;er bulk phase. This 

observation Has, again, in agreement \'lith the phenomenon 

observed in earlier optical cell experiments (Section 4.1.3.2.l 2). 

Samples "t·rere obtained during the run, and the concentration 

data acquired l'lere analysed in the same way as \tith the other 

physical transfer systems. Concentration profiles at 

various contact times Here plotted as shm"m in Figure 16. 
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Reaction Mass Transfer Rtms 
• • '"---~"'~_.__..,.._............,.w,..,_.,~~=-=~""'-"""'-"'"""",....., 

In general, the turbulent layer thus formed among these 

runs behaved, by visual observations, very much the same '\·;ay 

as those in the layer propagation measurement runs performed 

in the 5 em. cubic optical cell(SS}. Despite the large 

cross-sectional area of the present round test cell, the 

turbulent layer extended quite uniformly dovmvmrd; although 

the plane of the lov1er front '\·ms slightly undulating. 

Occasionally during a run and usually in the later stage of 

the run, a very slmv surge of liquid upHard ,,ras observed in 

small, rather isolated and restricted regions near the loHer 

layer front. These upsurges extended a bout one-third of 

the \'lay into the layer and then diffused out. Existence 

of the upsurges of the liquj_d '\·las transient. The upsurges 

could possibly start to form any'\.rhere across the plane of 

the lm'!er front. The number of upsurge occurrences increased 

with increasing initial sodium hydroxide concentration. 

The upsurge of the l:i.quid uas probably due to lor;alizod hot 

spots being developed as a result o.f the uneven distribution 

of the heat of the reaction. Small pockets of the liquid 

were heated up and they ascended due to· buoyancy .force. 

'rhe upsurge motion of the liquid could also be induced or 

intensified by the rising alcohol being released as a product 

of the reaction. Viewing from the top of the cell, the 

liquidE·liquid interface HO.s by no means smooth$ Ripples and 
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flow cells of different sizes were observed as a result of 

the mixed solution of alcohol and possibly other components 

hitting the interface and causj_ng the interfacial turbulence. 

Samples taken from the runs \·;ere analysed for both 

the reactants and the products. The corresponding final 

concentrations '\vere calculated accordingly and were tabulated. 

As an example, concentration data for ethyl acetate-1.0 N 

sodium hydroxide runs are presented (Tables XV.2 and XV.3 in 

Appendix XV). These data lvere plotted 11ith the original 

concentrations of individual components versus contact time 

for each needle position. The resulting graphs are sho1tlll 

in Figure 17. From these graphs, concentratj_ons of both 

reactants and products as a function of distance from the 

interface could be obtained at 25, 50 and 75 minutes respect-

i vely as shovm in Figure 18. Similar concentration profiles 

of the individual components for the other nine runs are also 

presented in Appendix XVII. 

4. 2. 2. 2. 2 ~ ..... Y1 ... f~£l?lOl~~oc1i um JiY.9r22Sh9-_L§x.§..tem 

Turbulent layers in these runs Here comparatively 

thinner than those 1vith the ethyl acetate-sodium hydroxide 

system. Such observations t·mre again in agreement with the 

earller findings in the optical cell experiments (Section 

4.1.2.2.1.3). The layer, in a typical run, also propagated 

quite uniformly as \vi th the ethyl acetate-sodium hydroxide 

system. Probably due to its smaller thickness, the upsurge 

of pockets of the liquid inside the layer uas not as obvious. 
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Nevertheless, the interfa.cia 1 turbulence, in the form of 

ripples and '\vaves, and turbulent liquid motion inside the 

layer vms quite evident. 

Liquid samples vrere analysed in the same \vay as l'li th 

the ethyl acetate-sodium hydroxide system. Concentration 

profj.les of the individual components for the six runs at 

three initial sodium hydroxide concentration levels \'!ere 
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prepared. li'or each caustic concentration level, three sets 

of concentration profiles, coinciding \'lith 25, 50 and 75 

minutes after startir1g the runs, vJ"ere constructed. Typical 

concentration profiles for methyl propionate-·0.4 N sodium 

hydroxide system are shovm in Figure 19. Similar concentG· 

ration profiles for the other runs of the system are shm·rn 

in Appendix XVII. 
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Except for the n-butanol-v;ater system, all the areas 

under· the concentration profiles for the rest of the 

experimental runs \"Tere integrated. From these data, total 
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mass transfer of the ester across the liquid-liquid interface 

at different contact times was evaluated for each rune The 

method of evaluation vas described earlier in Section 

These transfer data \·rere also plot ted. Thus a family 

of curves of total ester transfer versus contact time \vas 

obtained for each system, and each curve represented a 

particular initial sodium hydroxide concentration level. 

The sets of curves for the ethyl acetate-caustic system and for 

the methyl propionate~sodium hydroxide system are shovm in 

Figure 20. 

All these mass transfer curves were f'itted 'Hith poly~· 

nomial equations usir1g the o:r"thogonal polynomial method ( Hl3) • 

A C. G. E. -265 ( Canad:i.a11 General Electric Co.) digital computer 

was used for the curve fitting calculations. Standard 

computer programs for such calculations \"Vere readily available 

from the C.G.E. 'l'ime Sharing Program Library. The polynomial 

equations obtained Nore tabulated as shm·m in Table 5. 
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TABLE 2 

REGRESSION DATA OF TOTAL ESTER 
TRANSlTEffRED-1 ciillsS'fHE LIQUID-I N'l'ERF ACE 
- AS-[_F~~HASE "coNi'AC,'l''f:IHE 

~-----------------------.. --,___, 
Lovmr phase 

concentration A X 103 

EtAc - Na~~ 

Water 2.ooo83 

0.2 N 8.53625 

0.4 N 9.37035 

Oe6 N 10. 221-!-3 

1.0 N 10.0589 

1.4. N 10.2117 

1'-1ePr - NaOH system 
~"'-----------"'---

Water 4.$6741 

0.4 :} 0.6 4· 2 "~033 

1.0 N 4.73207 

Regressions equation: 

N : AT + BT2 + CT3 

B X 105 

-2.46916 12.3070 

-11.9548 62.6741 

-8.25884 25.5396 

-7 .8l:-199 15.0106 

~,7 .11946 13.6246 

-5.79432 4.79571 

-2.30492 5.92941 

-2.84129 13.1618 

-2.96525 9.94199 

where N = total ester transferred across the 
liquid interface, moles 

T :: Phase contact time, minutes 
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4.2.3 Discussion 

4. 2. 3 .1 General A~.~Um}2ti ons 

The ester is pre-saturated \·lith \'later so that only the 

ester can transfer across the interface and react with the 

sodium hydroxide in the lower phase. This assumption is 

probably a valid one. In separate experiments, the ester 

phase \';as placed in contact ldth the aqueous sodium hydroxide 

phase for several hours and subsequently part of the ester 

was evaporated to dryness. No traces of the sodium hydroxide 

or the salt vrere found. Furthermore, once the turbulent 

layer \'las developed, the interfacial concentration of the 

sodium hydroxide dropped either to zero or almost to zero 

depending on the initial concentration levels of the caustic 

and on the systems under study (Figures 18-19 and also 

Appendix XVII). The alcohol, on the other hand, would 

diffuse in both directions. The upi·.rard diffusion of the 

alcohol probably \·Jould not significantly interfere 1.·lith the 

dmm1.-rard transfer of the ester. 

The second assumption involved is that the layer 

propagation must be uniform. In other words, the concentra-

tions at different locations in a eros s-secti onal plane, 

parallel to the interface, are the same.. In this vray, three­

dimensional profiles \'lill be reduced to one·-dimensional. 

Such an assumption seems to be substantiated by: 

I Uniform turbulent layex· thickness \'las observed in 

the optica.l cell experiments. 



II Agreement of the experimental and theoretical 

concentration profiles was obtained in the 

n-butanol-'\vater syst0m. 
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III Concentration variation of samples obtained from 

different needle inlets in tvro consecutive runs 

ahvays behaved accordingly and as normally expected. 

The tvm consecutive runs formed one experiment 

(with reference to Section 4.2.1.3.2). 



4. 2. 3. 2.1 Terg.E~ra ttu:5l 

In general, the room temperature \·m.s kept fairly 

constant by means of an air cooler. Although the temperature 

range from day to day could be as high as 24 ± 1°C, the 

variation of t.emperature in a run usually lay \·lithin ~°C and 

in no case exceeded 1°Co The room temperature for all the 

runs vms therefore considered to be constant. Hoviever, 

inside the system, the situation is entirely different. 

Heat of reaction, though quite small (-13.08 kcals./mole 

for the ethyl acetate-sodium hydroxide system(B5)), becomes 

increasingly significant \'lith the runs of higher sodium 

hydroxide concentration or at the later stage of a run. 

Under such conditions, a substantial amount of the ester and 

the caustic is consumed by the reaction with the corresponding 

quantity of heat being released. ffust of the heat is used 

to heat the liquid near and inside the reaction zone. 

Convective currents are set up inside the turbulent layer 

'\'lith the vrarrner liquid as \'Jell as itith the alco_hol-rich 

liquid pockets rising towards the interface. Turbulent 

heat transfer takes place both inside the layer and at the 

interface. As a result, a temperature gradient as much as 

1~°C across the liquid system is possible. (Refer to 

Appendix VI: 'femperature Profile Measurement in the Turbulent 

Layer.} For the same reasons of incomplete mixing inside 

the t\'fo-st:tll~·l:Lqui.d-·phase system, it \'Tould appoa:t· to have 



135 

little added advantage to thermostat the test cell in addition 

to the present existing room temperature control. 

4.2.).2.2 s~~pling 

Each liquid sample dra\-rn out from the aqueous phase 

for analysii is from a certain volume at the needle inlet 

rather than from the point. Consequently, the analysis 

represents the average concentration of a certain volume of 

liquid in the lov1er phase. Moreover, due to the presence 

of the convective flohr and the interfacial turbulence, 

sampling has to be done carefully so that representative 

samples may be obtained. Nevertheless, the sampling rate 

is quite slow (~0.75 ml./minute). Visual observations 

during sampling indicate that a rather small, restricted 

volume of the liquid immediately in the vicinity of the 

needle inlet is affected. Also, the variation of concentra-

tion at a particular needle inlet due to the irregular 

convective flov,r of the liquid pockets mEJ.y be averaged out 

over a period of tvio minutes' sampling time. 

After a sample has been taken, the sprin~-loaded 

stopcock is closed. The liquid inside the sampling needle 

is trapped until the next round of sampling. In this v;ay, 

part of the sample taken is actual.ly the liquid left behind 

from the previous sample in vvhich the concentration is different 

from the present sample. Since the volume of the liquid 

trapped :l.n the needle is quite small (less than 1% of the 

sample volume) s the effect of "liquj.d trapping" is assumed to 
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be negligible. 

Errors due to the measurement of the sampling needle 

inlet positions are also e sti111.a. ted. The error involved in 

reading the cathetometer is relatively insignificant (± 0.001 em.). 

The error range in the measurement of the sampling needle inlet 

positions is assumed to be equal to the internal diameter of 

the needle inlet (i.e.± 0.02 em.). Such an assumption is 

based on the comparison of experimental and theoretical 

concentration profiles of the n-butanol-water system 

(Section 4.2~3.3.1.3: Figure 21). 

Mechanical Vibrations -. 
Care has been exercised during sampling in order to 

keep mechanical vibrations to a minimum. The vibrations 

are mainly caused by the electric motor used to drive the 

rotating magnets in the sampline device. (Refer to 

Appendix III: III.2.4.) Since the test cell and the 

sampling needles are mounted on a tripod frame bolted to the 

floor and detached from the working table, mechanical 

disturbances to the system during sampling can probably be 

assumed negligible. 

4. 2. 3. 2. 4 A~a1z_si§_.2f__:._§_~le s 

Errors are accumu.lated in the determination of concen-

trations due to the uncertainties involved in the measurement 

of sample volumes, titration volumes and chromatograms. A 

sample error analysis on the concentrations of reactants and 

products is presented. (Refer to Appendix VII: Error 
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Analysis.) As a result of the analysis, it was found that 

the so-called probable errors for both the ester and the salt 

concentrations vlere bolot-J ±5%. Probable errors for the sodium 

hydroxide uere slightly higher (.-..4-10%, depending on the 

concentration level). Probable errors for ethanol in the ethyl 

acetate-sodium hydroxide system ranged mostly belovi 10%. 

However, it could be as high as 17% in the extreme cases of 

dilute caustic concentration runs. On the other hand, 

probable errors for methanol in the methyl propionate-sodium 

hydroxide system \vere belmv 5%. The higher level of error 

in the ethanol determination is due to an additional 

calibration step in the calculation (\-rith reference to 

Appendix VII) • 

Another source of error is involved \'lhen a sample is 

bein~ taken. The liquid travels along the tube and reacts 

before it reaches the syringe and is neutralized. As a 

result, ar.talysed reactant concentrations are lO\'ier than they 

should be inside the test cell. Back calculations showed 

that the differences were so small that they v10uld not 

influence the concentration profiles (vd th referenc~ to 

Appendix VIII). The concentration profiles, if corrected 

for reaction in the sampling tubes, vrould be higher in re-

actants and lmver in products. The averaged m-:1 ss transfer 

rates derived from the profiles vmuld probably remain roughly 

the same; while the derived eddy diffusivities for the 

reactants \·;rould be slightly higher because of the less curved 



concentration profiles. Hm·1ever, the increase in diffusi vi ty 

\'TOuld probably be i.nsignifi cant. 

4.2·.3.2.5 Concentration Profiles 

The final concentration profiles for individual components 

are derived from the original concentrations versus time 

curves for each needle inlet position and for each ·component. 

(Refer to Section 4.2.1.4: Method of Calculation.) Whenever 

possible, the concentration versus time curves are drawn 

closely through the data points. In some instances, a 

portion of the ethyl acetate concentration data are somm.,rhat 

scattered due to the turbulent nature of the layer. Under 

such d.rcumstances, average curves are drawn by eye instead. 

{Refer to F'igure 17 and Figure XV .1 in Appendix XV.) 

Sometimes, particularly Hith the sampling needles whose 

inlet positions are situated below the reaction zone front, 

a limited number of samples are taken at the earlier stage 

of the experiment. Consequently, when dralving each of 

the sodium hydroxide concentration versus tj.me curves for 

needle inlets beyond the reaction zone front, interpolation 

has to be employed betueen the origin and the first data 

point; thus bias may be introduced {refer to Figure 17). 

The bias from the concentration versus time curves is 

directly transferred when dratdng the concentration profiles. 

Finally, for runs Nith a higher speed of layer propagation 

and at longer contact times (refer to Figure XVII.2: Ethyl 

Aceta te-O ol1- N Sodium Hydroxide System, 75 minutes after 
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contact), a substantial amount of the products diffuses out 

of the reaction zone and far into the lov1er phase. Due to 

the limited amount of experimental data available, concentra­

tion profiles extending approximately 1.3 em. beyond the 

interface have to be extrapolated. Hovvever, the bias 

incurred as a result of the extrapolation -vlill not affect 

the overall picture of the profiles l'lithin the turbulent 

layer. 

It must be realized that in each run, a certain volume 

of the liquid in the turbulent layer is drmm out for the 

purpose of sample ar~lyses. The total amount of the liquid 

taken plus the volume of alcohol trans·ferring back into the 

upper phase are roughly equal to the volume of ester trans·-

ferred into the lo~1er phase. Therefore the level of the 

interface stays virtually stationary. Hm.rever the , 
concentration profiles thus determined are shrunk somewhat 

due to the slight decrease in the volume of the turbulent 

layer. Approximate estimations indicate that about 5 

percent of the liquid in the turbulent layer .is taken out 

as samples for each run in the ethyl acetate-sodium hydroxide 

system. A slightly smaller volume of the sample liquid 

(averaged a bout 3 percent) is taken ou.t for each run in the 

methyl propionate--sodium hydroxide system. If the profiles 

\'Tere corroctod for the sampling volume loss, the averaged 

mass transfer rates derived from the modified profiles would 

probably be slightly higher due to the slight displacement 
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of the reactant profiles to-v,rards the lOiv-er phase. (Refer 

to Section 4.2.1.4: :Methods of Calculations.) For the same 

reason, the eddy diffusivi ties of the components are slightly 

varied& On the other hand, since the amount of the liquid 

sampled for each run is kept roughly the same, the corresponding 

experimental concentration profiles will be affected to a 

similar extent. Although the absolute values of the transfer 

rates and the eddy diffusivities may be slightly affected 

by the sample volume loss, yet the relative ratios of the 

values 1·dll likely remain roughly constant. 

4.2.3.2.6 Initial lfri.Y:i.]]_g During t~ Phas!? Conta~~ 

A small amount of the ester (although reproducible for 

each run) 1rlll be transferred into the aqueous phase during 

the contact of the tvro phases (refer· to Section 4. 2 .3 .3) • 

The ester transferred in such a vTay "Vrill distribute quite 

uniforinly in the lov.;er phase and react vdth the caustic to 

form salt and alcohol. As a result, part of the salt and 

the alcohol measured by sampling in a run is contributed by 

the initial phase mixing. Hovmver, the correction to the 

product concentration profiles vrould be small (of the order 

of .001 N to .002 N). On the other hand, the concentration 

profiles of the reactants remain unaffected by the initial 

mixingo 



4.2 .3 .3 ~ults .. of Phy_sical Transf~r -~':J!2Q 

4.2.3.3.1 n-·Butanol-Water System 

The interdiffusion of the n-butanol-v1ater system has 

been studied carefully by many researchers (J4) {B8). The 

system \vas found to exhibit a normal diffusion pattern vlith 

no interfacial turbulence. This is the main reason for 

· the choice of such a liquid system as a standard in order 
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to evaluate the experimental techniques adopted for sub sequent 

transfer runs. 

4.2.3.3.1.1 Effect of the la,,;er phase filling rates: 

On examining Figure 13 as well as Table 4, it becomes 

evident that the initial filling rate of the \'rater phase has 

a substantial effect on the concentration profiles developed 

later. As the filling rate decreases, the effect of the 

phase contact turbulence diminishes gradually and becomes 

constant \vhen the flmvrate is belmv 0.166 litres/minute. 

The best set of experimental filling rates v.ras determined to 

be 0.042 litres/minute for the first four minutes, 0.166 

lit:t""es/minute for the next five minutes and finally 0.187 

litres/minute until the liquid-liquid interface just touched 

the tip of the point gauge. 

Individual sets of concentration profiles of the five 

runs drav,rn at different time intervals {e.g. 60 minutes, 273 

minutes~ etc.) merge gradually at a di stan·ce further a way 

from tho interface. Profiles within the same set become 

quite close to each other at the region approximately 0.6-0o7 em. 



belm·; the interface '\'lith the exception of the Run #1, 273 

minutes-profile '\'Thich eventually merges \>'lith the others of 

the same set at the region of 0.85 em. below the interface. 

These findings lead to the beliefs that if the initial 
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filling rates are below 0.32 litres/minute and 0.50 litres/ 

minute respectively, regions which are 0.6 em. and 0.85 em. 

belmv the interface \'Jill not likely be affected by the initial 

phase contact turbulence. 

4.2.3.3.1.2 Reproducibility between runs: 

A comparison of the profiles from Runs #3, 4 and 5 in 

Figure 13 indicates that the experiments are quite reproducible. 

The areas under individual concentration profiles for Runs 

#3, 4 and 5 at 60 and 273 minutes respectively \•lere integrated 

numerically using the 5-point Simpson's Rule. 

are shown in Table 6. 

TABLE 6 

Run# 
3 4-

Contact Time 

The results 

5 

1----·-------------------------1 
area under the cone. 
profile drm·m at 60 mins o 

of contact time (mole-em./ 
litre) .1757 .1752 .1907 

area under the cone., 
profile dra~n at 273 mins~ 
of contact time (mole-em./ 
litre) .3450 .3596 .3659 



4.2.3.3.1.3 Comparison with theoretical 
concentration profiles: 

The 273 minute and 546 minute profiles of Runs #3, 4 

143 

and 5 in Figure 13 were replotted in the form of dimensionless 

concentration profiles as shm·m in Figure 21. These plots 

are compared v.ri th the theoretical profiles calculated based 

on an averaged constant binary diffusion coefficient obtained 

from the literature ( C4). Deviations of the experimental 

concentration profiles from the theoretical ones are small. 

In general, the experimental profiles compare favourably 

with the theoretical profiles as is evidenced from the profiles 

of Run /14 and #5; i'ihile the profiles obtained from Run 113 

are slightly lOi'V'er than the theoretical profiles. The 

maximum deviation betlveen the experimental and the theoretical 

profiles, ( vli thin the range of comparison} measured in terms 

of tho actual distance in the cell, x, is .046 em. (Refer 

to the profiles of Run #3: Figure 21) Furthermore, since 

the theoretical profiles \·Tere calculated vlith the concentra­

tion averaged, constant diffusion coefficient, the experimental 

concentration profiles should cross the theoretical ones as 

observed in the profiles of Run #5 as vrell as in the 546 

minute profile in Run /13. Based on the above comparisons, 

it is felt that the sampling techniques employed for these 

experiments are reliable& 

Alternatively, theoretical dimensionless concentration 

profiles ivere calculated numerically using a digital computer 
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\rl th an experimentally determined variable diffusion coefficient 

and also separately, vlith the averaged constant diffusion 

coefficient. These profiles \vere, again, compared \vi th the 

experimental concentration profiles. Detailed descriptions 

of the calculations and the comparison of the profiles are 

shm,m in Appendix XIV. 

In addition to some of the experimental errors mentioned 

previously (i.e. Section 4.2.3.2), there arc tHo more types 

of error involved in calculating the dimensionless concentra-

tion profiles. Firstly, the bottom of the cell is not 

perfectly flat. Furthermore, the middle portion of the cell, 

where the sintered glass disc is situated, is about one to 

t1e10 mm. deeper than the r·est of the cell • The cell length 
., 

,.,as determined from the average of six measurements from 

the locations traversed a cross the bottom of the cell. 

Secondly, the solubility of the n-butanol in '1ater \'laS taken 

directly from available literature data(J4). These data 

\'lere recorded '·lith the system at equilibrium conditions. 

'J.lhe experimental measurement of the solubility .of the n-butanol 

in \'later obtained in this laboratory ah·1ays yielded lm·1er 

values. 

Comparison of the experimental and ~che 
theoretical concentration profiles: 

Since the best determined set of the lov1er phase filling 

raterJ from the n··butanol-l·later runs vms used for this system, 



a very small amount of ester was expected to transfer 

initially into the aqueous phase as a result of the phase 

contact turbulence. The concentration profile at 278 
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minutes of the ethyl acetate-water system (Figure 15) \'laS 

replotted in the form of a dimensionless concentration profile 

as shown in Figure 22. This plot v;as compared with the 

. corresponding theoretical one which was calculated from an 

averaged constant diffusion coefficient, experimentally 

determined (Figure 39: 4.4- Part D). The experimental plot 

\'las found to cross the theoretical curve rather than to match 

it. Hoi-lever, the areas under the curves were roughly the 

same. 

The flattening of the concentration profile is not 

unexpected. Part of the discrepancy is due to the assumption 

of constant averaged diffusion coefficient in calculating the 

theoretical profile. The rest of the discrepancy probably 

may be attributed to the minute amount of interfacial 

turbulence, though visibly insignificant, as a result of the 

presence (at or near the interface) of the alcohol and the acld 

vvhich are released as products of the very slovl hydrolysis 

reaction. The theoretical dimensionless concentration 

profile at 27f5 minutes Has ngain calculated numerically Hith an 

experimentally determined variable diffusion coefficient 

(Figure 39) • The calculated and the experim.ental profiles 

\'Jere compared as shO\'lll in Figure XIV. 6, Appendix XIV. 
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4.2.3.3.2.2 Comparison of the experimental and theoretical 
physical mass transfer coefficients: 

Higbie's penetration model (Hll) predicts the rate of 

the molecular diffusion of a component into an infinite medium 

with the boundary conditions of the uniform concentration 

at t = 0 and a constant surface concentration for t > 0; 

¥ :: instantaneous flux = ~ ( C Ai - C Aco} 

* : kL(inst.) CAi 

The time averaged mass transfer coefficient is, 

* kL(avg.) = 
t 

( bJrDt dt)/t = 2/1) 
,J:;t 

(19) 

(20) 

The total amount of mass transfer up to time 11 t" will be, 

or 2fE (t){CA,) 
~1ft 1'·~ (21) 

Assuming the constant diffusion coefficient of the 

ethyl acetate in \vater (the value of nnn is averaged over 

the solubility range of the ester; Figure 39) to be 

0.8 X lo-5 crn2/sec., the theoretical instantaneous mass 

transfer rates, the averaged mass transfer rates and the 

total ester transferred at different contact times \'Tere 

calculated. The theoretical calculated vab1es compared 

favourably vrith the experimental data as shmvn in Table 7. 
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TABLE 7 

COMPARISON OF EXPERIME}JTAL AND THEORETICAL MASS TRANSFER RATES 
·~1'""1HYt ACF'll b'J'Ti' - '~:.lA' 'i.'i.'P SYS'T'E'lJT) .J..:J _ ...... .J...J .i:.J--l.·~·J ~~ J.:.J.,.'v - - ... 

Instantaneous mass Average mass Total amount of ester 
t- &' .... transfer rates transferred across the vranSLer ra0eS S 

(moles/ cm2-sec) X lO' (moles/cm2-sec) X 108 interface 353 cm2 (moles) 

Experimental Theoretical Experimental Theoretical Experimental Theoretical 
l I I 

4.71 3e50 I 6.90 7.00 .036 .037 

2.48 .052 2.15 I 5.07 4.95 .054 I ! 
I 

1 .. 77 2.02 ~3 .97 4.04 ~ _I .064 .064 1 

,._, 
~ 
'-.0 
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4.2.3.3o3 ME;_thyl J:ropj.Ol}~te-}§_ter Systerg 

The experimental concentration profiles obtained for 

this system viere rather unusual. At the beginning stage of 

the run, e.g. 25 minutes after the initial phase contact, the 

ester concentration vras uniform throughout the lmver phase 

with the exception of a narrmv region at the interface where 

a slightly higher ester concentration was observed. On the 

contrary, at the later stage of the run, e.g. at 274 minutes, 

the ester concentration was found to be slightly higher at 

the bottom of the cell :Lnstend. Such a phenomenon may be 

explained by the fact that the propionate ester, transferred 

from the upper phase, dissolved in the ·w·ater forming a solution 

\·lhose density is comparable to that of uater (Table 2). The 

turbulent liquid motion at the interface, generated perhaps 

by the methyl alcohol and the propionic acid from the hydrolysis 

reaction, is strong enough to cause streaks of the solution 

to sink far dm'ln tm·rards the bottom of the cell because of 

the similar densities betv1een the streaks and the surrounding 

aqueous medium. 



4.2.3.h· 

4.2.3.4.1 

Results of Reaction Transfer Runs 
~----------,------

E~ h.,yJ:...l.£,~~a t e-~lLll!E~tS..§_;.?.Y:~!:_~!Q 
Twi tfi ref'erenc e to l''igure 18, Appendix XVII 
and Appendix XII) 
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Tl'lO separate sets of experiments vJ"ere performed on the 

ethyl acetate-sodium hydroxide system - the present set and 

the preliminary set (Appendix XII). 

The tvw sets of experiments cannot be compared directly 

since their respective sodium hydroxide filling rates are 

different. The filling rate used for thG pr'eliminary set 

of runs is higher than that used for the cm.~rent runs. 

Consequently, the ester transfer for the preliminary ru.ns 

is, in general, relatively higher. Nevertheless, the shape 

of the corresponding concentration profiles obtained from 

the tvw sets of experiments are similar. 

discussed together. 

They are, therefore, 

4.2.3.h..l.l Concentration profiles of ethyl acetate: 

In general, a rather normal diffusion concentration 

profile of the ethyl acetate vras ob sel."'Ved at the beginning 

of a run. At the later stage, the profile changed gradunlly. 

The overall ester concentration inside the turbulent layer 

increased viith time, but particularly more so someHhere in 

the middle of the layer. As a result, a rather unusual 

kind of "hu:11p shapedn profile v;as obtained a.s '1as evident 

fl."'om some of the profiles draNn at 50 minutes and 75 minutes 

respectively. 

With experiments having a lovrer initial sodium hydroxide 



152 

concentration in the aqueous phase, the "hump shaped" profile 

appeared at the earlier stage of the run. On the contrary, 

with runs of a higher caustic concentration, the "hump shaped" 

profile appeared progressively later. For the 1.4 N sodium 

hydroxide run, the "hump shaped" profile did not occur even 

at 50 minutes after the phase contact. 

'When comparj.ng the sets of three ester profiles dravm 

at different contact times for each run, it becomes obvious 

that for lol'J'er sodi urn hydroxide concentration runs, there is 

a drastic change in shape bet\veen the 25 minute and the 50 

minute profiles. After 50 minutes, the profile has almost 

developed to its final form (i.e. hump shaped), and there is 

little change in shape observed in the next 25 minutes. 

'While for the higher sodi urn hydroxide concentration runs, the 

change in shape is rather gradual, although there is still a 

bigger change bet,·reen the 25 minute and 50 minute profiles than 

betvieen the 50 minute to 75 minute profiles. 

The phase contact time at which the "hump shaped" profile 

appears is generally related to the initial caustic concentra­

tion of the run in the opposite Hay to the speed of the 

turbulent layer propagation (i.e. the "hump shaped' profile 

appears at shorter contact time '\·;ith the run having a higher 

speed of turbulent layer propagation). 

4.2.3.4.1e2 Concentration profiles of sodium hydroxide: 

A close examir..a ti on of the sodium hydroxide concentration 

profiles reveals that the region immGdiately belm,r the j_nterface 
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is depleted of the sodium hydroxide at a rather early stage 

of the run, with the exception of the 1.4 N sodi urn hydroxide 

runs, in "Vlhich the caustic concentration is appreciable near 

the interface even at 25 minutes after the initial phase 

contact. 

The regi.on of the caustic depletion expands tovvards 

the bottom of the test cell during the co~~se of the run. 

The speed of the extension of the zero caustic concentration 

region is again related to the input caustic concentration 

levels in the same \vay as the speed of turbulent layer 

propagat:i.on is related to the caustic concentrations. In 

the meantime, the shape of the caustit profile also changes. 

A point of inflection on the profile is developed in the 

vicinity of the lower zone front. 

4.2.3.4.1.3 Concentration profiles of ethanol: 

The amount of the ethanol retained in the lower phase 

is relatively low as compared to the total amount of the 

alcohol produced by the reaction. The alcohol is soluble 

in the ethyl acetate phase. The combined eff~cts of the 

diffusi vity and the buoyancy flm1 of the ethanol coupled \'lith 

the ever present interfacial turbulence result in a sizable 

transfer of the alcohol to the upper phase. Such a transfer 

situation results in the negative slope of the ethanol profile 

at the interfaceG 

A visual comparison of the profiles indi CB.tes that vli thin 

each experiment., both the overall concentration as \·Tell as the 



total amount of the ethanol in the lower phase increases 

l'lith time. Among the experiments, the·Htime averaged" 

ethanol concentration (which is the average of the ethanol 

concentration derived from the three profiles at 25, 50 and 
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75 minutes drawn for each experiment) increases with increasing 

initial sodium hydroxide concentration. 

Moreover, the areas under the individual ethanol profiles 

were integrated and the total amount of the ethanol in the 

lmver phase t-vas separately calculated for each profile. It 

l'Tas found that about 38% to 77% of the ethanol for·med, 

remained in the lower phase. Within each experiment, the 

percentage of the alcohol retention also increased with time, 

which means that a higher percentage of the alcohol formed 

\'las transferred to the upper phase at the early stage of the 

run. This is rather expected, sj.nce, at the beginning of 

the run, the turbulent layer is thin and the influence of 

interfacial turbulence is strong. In the course of time, 

the layer becomes thicker and the alcohol released as a reaction 

product has to travel a longer path before it reaches the 

interface. The longer travelling path enhances the possibi­

lity of the alcohol mixing with the liquid inside the 

turbulent layer and is thus diluted before reaching the 

interface. 

It should be noted that the set of ethanol concentration 

profiles in Experiment No. 1 (viz. Ethyl acetate-0.2 N sodium 

hydroxide) is not included in the above discussion. Being 
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the first in the set of experiments as well as the lack of 

experience, the measurement of the alcohol concentration in 

this particular run is not as reliable as with the other 

runs. The general shape of the set of the alcohol profiles, 

however, is probably representative. 

4.2.3.4.1.1.r Concentration profiles of sodium acetate: 

The sodium acetate cannot diffuse upward because of its 

extremely low solubility in the ester phase. Therefore, 

all the salt produced remains in the aqueous phase. This 

is illustrated by the relatively.higher overall concentration 

of the salt than the ethanol as well as the horizontal salt 

profile at the interface. 

A visual comparison of the profiles indicates that, 

among the experiments, the "time averaged" sodium acetate 

concentration increases '\tdth increasing initial sodium 

hydroxide concentration. Within each experiment and for 

runs '\·lith lovr initial sodium hydroxide concentrations, the 

salt concentration remains at a more or less constant level 

despite the propagat,:Lon of the turbulent layer '\·lith time. 

This is probably because of the fact that \vith lmv sodium 

hydroxide concentration runs, the turbulent layer itself 

propagates at a speed faster than the salt can diffuse out 

of the layer and dovm into the lOI'ler bulk phase. Consequently, 

most of the salt thus produced by the reaction remains ,,li thin 

the layer. On the other hand, vrith the high initial sodium 

hydroxide concentration runs, the speed of layer propagation 
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is lorrer. Coupled vlith the fact that a higher salt concentra-

tion is produced, the tendency of salt diffusing out of the 

layer and further dmvn into the lo1-ver bulk phase is 

accentuated. The outward diffusion of salt causes a slight 

decrease in the salt concentration inside the layer with 

time. This is quite clearly demonstrated in the salt profiles 

of 1.0 N sodium hydroxide and 1.4 N sodium hydroxide runs. 

(Figure 18 and Figure XVII.4.) 

The ntime averaged" constant salt concentration inside 

the layer ranged from 80% to 86% of the initial sodium 

hydroxide concentration used. In general, it is logical 

to think that the curve of the ratio of salt to caustic 

concentration within the layer vs~ the initial sodium hydr­

oxide concentration should follow the same trend as the 

curve of the speed of the turbulent layer propagation vs. 

the initial sodium hydroxide concentrntion (viz. a higher 

speed of layer propagation should have a higher salt to 

caustic ratio). Such a case is actually observed vdth the 

salt profiles of Runs Nos. 1 to 5 at 75 minutes (85% at 

0~4 N sodium hydroxide to 82% at 1.4 N sodium hydroxide as 

vrell as 80?b at the 0.2 N sodium hydroxide run). 

4.2 .3 .4. 2 £1ethy!_.frC2.2Jonate·-SocliumJiydro~i~Ystem 

One of the main reasons for choosing the methyl propionate­

sodium hydroxide as the second system to the ethyl acetate­

sodium hydroxide is because of their close similarity in 

physical properties; s01ne of vrhich are tabulated in Table 1. 



Since the molecular weight as w·ell as the chemical forrnula* 

of the two esters are exactly the same, their molecular 

157 

sizes and the chemical properties may, generally, be expected 

to be similar. 

Visual observations showed that the turbulent layer 

developed in this system was thinner and less turbulent. 

The streaks observed \'lith the methyl propionate--vmter system 

were absent, at least visually, from the present reaction 

system. In general, the shape of all the concentratj.on 

profiles of this system are similar to the corresponding 

profiles \'lith the ethyl acetate-sodium hydroxide system and 

will not be repeatedly discussed. Nevertheless, there are 

some excpetions and extra points which are discussed in the 

following section. 

4.2.3.402.1 Concentration profiles of methyl propionate: 

The concentration of the methyl propionate in the aqueous 

phase is comparatively much lmver than the corresponding ethyl 

acetate concentration in the ethyl acetate-sodi urn hydroxide system. 

The "hump shaped" profile does not develop until much later 

(longer than 50 minutes after phase contact). In Run No. 7 

(1.0 N sodium hydroxide), the "hump shaped" profile does not 

appear even at 75 minutes after the initial phase contact. 

4.2.3.4 .• 2.2 Concentration profiles of sodium hydroxide: 

The region of complete caustic depletion expands more 

slowly toHards the bottom of the cell in this sys'cem as 

compared to the ethyl acetate-sodium hydroxide system. 

*Same chemical formula means same number of C, H and 0 atoms 
per molecule betueen the tvm estt;rs. 



vfith the 1.0 N sodium hydroxide run, a substantial amount of 

sodium hydroxide is still detected in the region near the 

interface even at 75 minutes after phase contact. 

4.2.3.4.2.3 Concentration profiles of methanol: 

Like the ethyl acetate-sodium hydroxide system, the 

methanol is also miscible in the ester phase. Ranging from 

58.2% to 79.6% of the methanol produced remained in the 

turbulent layer of these runs. A higher methanol retention 

percentage \'las found for runs \vi th lower initial sodi urn hydroxide 

concentrations. This is probably mainly because of the fact 

that the turbulent layer propagates faster in the lower sodium 

hydroxide concentration runs. 

Also, a higher percentage of methanol retention in the 

aqueous phase and higher methanol concentration in the turbulent 

layer than the corresponding ethanol in the ethyl acetate­

sodium hydroxide system \'laS observed. The same conclusion 

could also be deduced qualitatively by observing the less 

distinguishable negative slopes of the methanol profiles at 

the interface. 

There are many possible explanations for the relatively 

higher methanol retention in the turbulent layer. The 

degree of the layer turbulence as '\f.rell as the layer thick­

ness in the methyl prop:i.onat.e--causti c system were observed 

to be comparatively smaller than that in the ethyl acetate-

caustic system. Moreover, the effect of methanol on the 

interfacial tension charges may be less. The distribution 



coefficient of methanol in the methyl propionate-aqueous 

sodium hydroxide system under reaction conditions may be 
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less than that of ethanol in the ethyl acetate-aqueous sodium 

hydroxide systems. The salt effects of sodium propionate 

(apart from the decrease in ester solubility in the aqueous 

phase) may be more pronounced than the corresponding sodium 

acetate. All these speculative factors are inter-dependent 

and should be investigated by further experimental '\'.rork. 

4 .• 2.3.4.2.4 Concentration profiles of sodium propionate: 

A slightly lmver salt concentration to initial sodium 

hydroxide concentration was obtained vlith the 0.4 Nand 0.6 N 

sodium hydroxide runs (75% and 79% respectively) as compared 

to the corresponding runs in the ethyl acetate-sodium 

hydroxide system (86% and 84% respectively). The reason 

is because of the slower speed of the turbulent layer 

propagation. More salt can diffuse out of the layer and 

further dovm into the lo':Jer bulk phase. With the 1.0 N 

sodium hydroxide run, the caustic concentration within the 

region adjacent to the interface did not drop dO"lln to zero 

even at 75 minutes after the phase contact. Consequently, 

no portion of the constant salt profile \tas obtained v1ithin 

the layer for this run~ 

4. 2. 3. 4 .. 3 J219E ct..:~.on ~'\.~ .. 9.S.L..2.l!,..JJ2~ Ex_22rt_rnen!.al 
Concentration Profiles 
--~"'"''---='"'------~· -

Summing up the aforementioned discussions on the 

experimental profiles of both the ethyl acetate and the 

methyl propionate-e.s.ustic systen;s, the actual interface mass 



transfer situation for a run, in general, is speculated as 

the follovdng: 

At the beginnj.ng of the run, molecular diffusion of 

ester into the aqueous phase occurs. Both the salt and 

alcohol are produced as the ester is saponified by the 

caustic. The alcohol concentration at the interface is 

160 

probably not uniformly distributed. As a result, .rvrarangoni 

type roll cells are created due to the local interfacial 

tension gradients, and interfacial turbulence is thus 

induced. The mass transfer rate, at this point, is 

relatively rapid for both the ester dovmward and the alcohol 

upward. The reaction zone front propagates dmvmvard at a 

moderate speed. 

As time goes on, the reaction zone front moves further 

dm'lnv;ard and the turbulent layer gradually takes shape. 

The region of complete caustic depletion also starts to be 

established. The reaction zone proper starts to move away 

from the interface. At this time, the shape of the profiles 

is still normal and as expected. 

In course of time, the reaction zone propagates more 

slowly \vhile the mass transfer from the upper phase becomes 

less. The reaction inside the zone may be uniform macro-

scopically but not microscopically across a horizontal cross­

section of the zone. In other words, as an example, pockets 

of reaction product (rather than 1.-1ell mixed) may be uniformly 

distributed across the horizontal cross-section of the reaction 
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zone front. Pockets of alcohol ascend to the interface due 

to buoyancy force and cause turbulence. At the same time, 

a certain quantity of heat is released by the reaction. 

\•lhile most of the heat released remains l'lithin the reaction 

zone and causes a rise in temperature, some of the heat is 

transferred to the interface by turbulence and especially 

by pockets of rising alcohol. The uneven temperature gradient 

at the interface caused by the heat transfer may also help 

to intensify the interfacial turbulence. 

The interfacial turbulence helps to Sl'leep dot·ln the 

ester from the interface. This sv..reeping motion, though 

continuous, is probably slm'l. The ahnormal nhump shaped" 

ester profile gradually takes shape. At this stage, two 

distinct regions are established between the liquid interface 

and the lmver reaction zone front as sketched in Figure 23. 

In zone "A" the ester is essentially transferred across the 

interface dovrm1ards in substantial amounts as a result of 

the combined effects of molecular diffusion and interfacial 

turbulence. Concentration of sodium hydroxidQ in this zone 

is very lm-; (in the order of lo-3 N or less) as observed 

previously in the colour indicator experiments. (Refer to 

Section 4.1.1.) The salt concentration profile in zone "A" 

is flat and rather constant because of the turbulent mixing 

and there is negligible salt transfer into the ester phase. 

On tb.e other hand, the shape of the alcohol concentration 

profile in zone n A" is somelihat dependent on the zone 
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turbulence as Hell as the concentration level. In any case, 

a negative slope is observed on the profile indicating part 

of the alcohol ms transferred into the upper phase. 

Zone "B1r is the reaction zone in which the effect of 

interfacial turbulence is presumably less significant. A 

normal pattern of mass transfer with chemical reaction 

prevails. Diffusion of ester into this zone from zone "A" 

is comparatively slower than the ester transferred from the 

interface to zone "An. Consequently, there is a build-up 

of ester in zone "A", causing the ester concentration pr<?file 

to be abnormal. Sodium hydroxide starts from negligible 

concentration near the b ou.ndary to zone "Att and rises a cross 

the zone to a substantial percentage of the original bulk 

concentration. It is believed that at the lm11er reaction 

zone front, the sodium hydroxide concentration profile may 

exhibit a point of inflection. At this point, the transfer 

of caustic into zone "B" is higher than the transfer of 

sodium hydroxide to the zone front from the bulk lower phase. 

Therefore, the reaction zone moves dowmvards. . The point 

of inflection on caustic profile at the zone front can 

actually be observed in some of the 1~ns. While vlith the 

others, the existence of the inflection·point is uncertain 

because of insufficient amount of experimental data. (Refer 

to Figures 18 and 19 and also Appendix XVII.) Both the 

alcohol and the salt profiles decrease a cross zone "B". 

The salt profile starts to d6crease in the region at the 



boundary to zone "A", while the alcohol profile usually 

passes through a maximum in the region in zone "A" slightly 

preceding the boundary between zones "A" and "B". No 

distinct discontinuity of alcohol profile is detected when 

crossing the boundary bet\'reen the two zones. On the lower 

side of zone "B", both the salt and the alcohol profiles 

extend beyond the reaction zone front as a result of the 

diffusion of products into the bulk aqueous phase. 

As time goes on, higher concentrations of the alcohol 

and the salt accumulate near the interface. Additional 

alcohol reaching the interface has a decreasing effect on 

the promotion of interfacial turbulence. At this time, 

the reaction zone front is moving quite slm·rly. Ester 

transfer into zone "B 11 , although also quite slov:, is still 

comparatively higher than the diffusion of sodi urn hydroxide 

into the reaction zone. Therefore, the thickness of the 

turbulent layer seems to be apparently stationary -vvi th 

respect to time, the concentration profiles inside are 

changing particularly inside the reaction zone -proper, 

zone "B", where the ester concentration profile increases 
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and the caustic profile decreases. The result is a reduction 

in the thickness of the reaction zone "B". 

All the concentration profiles sho1v abrupt gradient 

changes \vithin the narrov-J region in the vicinity of the 

reaction zone front. It is therefore understandable that 

the edge of the turbulent layer can be so conspicuously 
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visible. 

Eventually, the turbulent layer becomes thick enough 

so that localized, highly concentrated pockets of alcohol or 

hot fluid formed inside the reaction zone can usually disperse 

and mix vJith the rest of the liquid in the layer and seldom 

directly ascend to the interface. Thus the interfacial 

tension gradients begin to ease off. The ester transfer 

across the interface decreases accordingly, partly because 

of the diminishing interfacial turbulence and partly because 

of increasing ester concentration in zone "An. Normal 

diffusion gradually takes place. The spectacula.r turbulent 

layer phenomenon slm1ly ceases to exist and the lovJer zone 

front becomes diffused. 

Moire pattern photographs of the turbulent layer also 

indicated clearly the existence of the two zones for some 

ester-caustic systems. A typ~i.cal example is shmvn in 

It should bu realized that since the experimental 

concentration profiles are subjected to the types of error 

discussed prevj_ously (Sections h.2.3.l and L1 ..• 2.3.2), the 

derived information 1·r:Lll also inherj_t the ~;ame errors plus 

whatever is produced in the process of derivation. It is 

suggested that the de:.cl.ved data in the follmving be considered 

as semi-quantitative. 



4.2.3.4.4.1 Comparison of experimental equilibrium 
interfacial concentrations of the ester 
vlith those derived from the concentration 
profile: 

As discussed in the previous sections (Sections 

4.2.3.4.1, 4.2.3.4.2.1 and 4.2.3.4.3), the ester profiles 

(except for the methyl propionate-1.0 N sodium hydroxide 

run) have almost developed to their final forms after 50 

minutes of contact time. Therefore, extrapolation of the 

ester profiles at longer contact times {e.g. 75 minutes) 

back to the interface may possibly give their respective 

experimental ester interfacial concentrations under the 

influence of the salt and the alcohol effects. 

It should be realized, of course, that such extra-

polations are not accurate. For some runs, the profiles 

at 75 minutes are, although approaching, still not yet at 

steady state. Furthermore, the portions of ester profiles 

adjacent to the interface may be steep and extrapolations 
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of the profiles in this region vi th insufficient data may be 

highly inaccur""e:te ~ Examination of the ester profiles in 

the ethyl acetate~-vmter system (Figure 15) suggests that 

profiles dravm after 60 miimtes of contact time may be "flattt 

enough for reasonable extrapolations. 

Ester interfacial concentrations derived from 75 

minute profiles are shovm in Table 8. These values {ethyl 

acetate~~sodium hydroxide system) are compared vdt.h the ester 

solubilities in the sodium chloride solutions as vrell as in 

the sodium acetate solt~ions at concentration levels 
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---~---·=-------- -----·--·· 
Ethyl Acetate­
NaOH system 

-=-"""""'·,____ 

0.2 N 

0.4 N 

0.6 N 

1.0 N 

1.~- N 

-·------"'- .. 

1''fethy1 Prop.-
NaOH system 

0.4 N 

0.6 N 

1.0 N 

Extrapolated 
from 75 min., 

profiles 

Lj_ teratur e 
data 

NaCl sol uti on __ , ___ '-·---,.,._, 

0.700 moles/1. 0.76 

0.690 mo1es/1. 0.69 

0.580 mo1es/1. 0.63 

0 .ll-85 mo1es/1. 0.53 

0.425 mo1cs/1. 0.45 
---.·~...-

0.565 moles/1. 

0.290 molcs/1. 

0.2lr0 moles/1. 

moles/1. 

moles/1. 

moles/1. 

moles/1. 

mo1es/1. 

Estimated 
data 

NaAc solution 

0.757 moles/1. 

0.687 rnoles/1. 

0.626 mo1es/l. 

0.530 mo1es/1. 

O.h51 mo1es/l. 

Estimated 
data 

NaPr solution 

0.620 mo1es/1. 

0.568 mo1es/J.. 

0.1}85 moles/1. 

-------~-----------------------------~---------



corresponding to that of the sodium hydroxide solutions. 

The ester' solubility data in sodium chloride solutions are 

obtained from literature(Sl7) \'lhile the solubility data in 

sodj_um acetate solutions are obtained from the present 

(Figure XIII.l: Appendix XIII) and from the previous 

experiments (Ss). Study of the concentration profiles at 

75 minutes indicates that the experimental values should 

tend to agree more \1i th the ethyl acetate solubilities in 

sodium acetate solutions. 

Available li tero.ture information (Sl.?) indicates that 

the presence of alcohol at the interface should enhance the 

solubility of ester in the aqueous phase (approximately 10% 

increase in 1 N ethanol solution). Such an effect is 

pePhaps omall in the present systems so that it is not 

readily observed. Since the inter·facial concentration of 

the ester is of secondary importance in this study, the 

effect of the alcohol on the enhancement of the ester solub-

ility is not pursued furthero 

The interfacial turbulence, on the other hand, \Till 

also play a role in the distortion of the concentration 

profiles, causing the extrapolation of the profiles to be 

less accurate o 
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In the methyl propionate-sodium hydroxide system, with 

tho exception of 0.4- N sodium hydroxide run, ester solubj_lities 

estimated by oxtrapolfltion of the profiles yield lower values 

than the equilibrium solubility data. This is probably 
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because of insufficient data for extrapolation in the runs of 

the higher caustic concentration. 

4 • 2 • 3 • !.} • 4 • 2 Ma s s b alan c e : 

Similar to the treatment of the alcohol concentration 

data, the areas under individual salt profiles were integrated 

and thus the total amount of salt in the lovv-er phase up to 

the distance covered by the profile was separately calculated. 

Thus, for each run, a mass balance can be set up on the 

sodium hydroxide consumed and the salt produced (provided 

all the salt stays in the 1 mver phase) • 

The mass balances so calculated from the concentration 

profiles for the tvw ester-caustic systems are shown in 

Table 9. 

In addition to the experiments testing the solubilities 

of the salt and the caustic in the ester phase as described 

in Section 4.2.3.1~ one experiment was also performed at 

room temperature by mixing vigorously (shaking for 3 minutes) 

400 ml. of ethyl acetate saturated vrith vvater and l.rOO ml. 

of 1 N sodium hydroxide solution in a separatory funnel. 

After settling, 225 ml. of the ester phase "V.rere evaporated 

to dryness. The amount of the residue was negligible. 

Similar results \vere obtained with the methyl propionate­

sod_j_ um hydroxide system. 

The disc:t'epancy in mass balance (Table 9) therefore, 

cannot be attributed to the transfer of the salt or the caustic 

to the ester phase. It is mainly due to the inaccuracy j_n 
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-· ·----.-·-
'l,ime (minutes} 

25 50 75 

Systems 
--~...--~-= ,.....,·-~--~-

Ethyl acetate - 0.2 N NaOH 86.4 82.1 82.7 

Ethyl acetate - 0.4 N NaOH 88.3 85.5 84.0 

Ethyl acetate - 0.6 N N.s.OH 86.3 86.3 84.3 

Ethyl acetclte - 1.0 N NaOH 80.6 B7e5 85.1 

Ethyl acetate - 1.4 N NaOH 79.5 79.6 82.3 

Methyl propionate - 0.4 N NaOII 75 .o 78.2 83.5 

Methyl propionate - 0.6 N NaOH 73.1 82.0 B~.t-.6 

Methyl propionate ~ 1.0 N NaOH 79-5 82.7 81.3 
-~- ---· ~--
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the drawing of the caustic and the salt concentration 

profiles. In some higher sodium hydroxide concentration 

runs and particularly at longer contact times (e.g. Fi~1re 

XVII$2), the salt concentration spreads out beyond the region 

of sampling (about 1.3 to 1./+ em. from the interface). The 

portion of salt belovv the region of sampling, although 

usually quite small, can only be estimated roughly for the 

purpose of mass balance. 

4.2.3.1y.4.3 Derivation of eddy diffusion coefficients: 

A careful study of the families of curves of turbulent 

layer thickness versus sodi urn hydroxide concentration in both 

the ethyl acetate-sodium hydroxide and the methyl propionate­

sodium hydroxide systems (refer to Figure 6 and Reference(S$)} 

reveals that the reaction zone front propagation starts to 

slmv do-v·m sharply after 25 minutes of initial contact of 

phases for some runs at lovJer caustic concentrations. For 

some higher caustic concentration runs, zone front propagation 

does not slow down until 50 minutes after phase contact. 

Furthermore, an examination of the families of .curves of the 

ester presence in the turbulent layer versus contact time 

(Figure 28) as well as the pertinent concentration profile 

curves indicates that for some runs vd th lm'l caustic concen­

tration, the amount of ester present in the turbulent layer 

stays approxinmtely constant at and after 50 minutes of phase 

contact. Also~ for the same runs, the ester concentration 

profile fo:c each run c:hanges very little \·d.th t.ime. VJhile 
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for the other runs, the changes in both the ester c oncent ration 

profile and the amount of ester present inside the layer are 

so slow that they may be considered to be practically constant. 

Under such conditions, a quasi-steady state mass transfer 

situation may be assumed to prevail vlithin the turbulent 

layer. Equations (4a), (4b), (4c) and (4d) (Chapter 3: 

Theoretical Principles) may be then reduced to the follovdng 

equations: 

where, 

ct2CA -
DAdx2~ - kCACB 

d2CB 
DBdx2 :: kCACB 

as before 
' CA 

CB 

Cc 

Cn 

:: ester 

:: so eli um hydroxide 

:: alcohol 

::: salt 

Instead of solving the set of non-linear 

( 5 a) , ( 5b) ., ( 5c) a.nd (5d) by providing enough 

(5a) 

(5b) 

( 5c) 

( 5d) 

equations 

initial and 

boundary concH tions to obtain the concentration profiles of 

the reactants and the products a cross the entire layer, the 

available experimental concentration profiles of all the 

comp6nents can conversely be simulated by means of an analog 
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computer employing the same mathematical model which involves 

the following assumptions: 

I Turbulent layer is considered as a single zone whereby 

diffusion with chemical reaction prevails in the entire 

layer. 

II Quasi-steady state mass transfer occurs inside the layer • 

. III The effect of interfacial turbulence on a concentration 

profile is expressed by combining the corresponding 

molecular diffusivity and the so-called eddy diffusivity. 

Alternatively speaking, it means that the enhancement in 

mass transfer (vlhich, originally, is due to the interfacial 

turbulence) may be expressed in terms of an increase in 

diffusivity of the component in the aqueous phase. 

IV The back diffusion of alcohol into the upper phase has 

no effects on the mass transfer of ester. The increase 

of the ester solubility in the aqueous phase due to the 

presence of alcohol is assumed negligible. 

V Salt effects, other than that of decreasing the ester 

solubility in the aqueous phase, are neglected. 

If the turbulent layer observed is mainly due to the 

mechanical mixing of the liquids, then the effective diffusion 

coefficients (v.rhich characterize the degree of the layer 

turbulence) for all the components involved should be quite 

high and roughly the same. Furthermore, the molecular 

diffusivities for tl1e components are comparatively small in 

magnitude and range from 1.0 to 2.lh X lo-5 cm2/second. 



Therefore the eddy d iffusi vi ties, vJhi ch are the sums of the 

corresponding effective and molecular diffusivities for the 

components in the layer should be, in general, insensitive 

to the small variation in molecular diffusivities and remain 

roughly the same. 

With this pre-conceived idea in mind, the analog simulation 

is carried out. In the simulation, the initial conditions 

as '\'mll as the constants of equations ( 5a) , ( 5b) , ( 5 c) , and 

(5d) (i.e. ratios of reaction velocity to eddy diffusivity 

in this case) are individually adjusted to the values which 

will enable the simulated concentration profiles for each 

component to fit the experimental points as closely as 

possible. Simulation of the profiles is carried out from 

the liquid-liquid interface to as far as the reaction zone 

front. Any port ion of the profiles below the front of the 

ester profile is beyond the scope of the present study. 

A detailed description of the procedure for the analog simul­

ation study ~tdth a worked example is given in Appendix IX. 

Other sets o:f profiles were simulated in the same v:ay. 

Both a PACE TR-10 analog computer and an IBM 7040 

digital computer \ITi.th "MIMIC PHOGRAM'Mll'JGTT ·were tested for 

their suitability in the simulation of profiles. It was 

found that both computers \vould serve the purpose vlell 

(Appendix XII). The digital computer simulation has the 

advantage of giving out more accurate results. This· is 

particularly useful in evaluating the small initial values 
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such as the interfacial concentration of the sodium hydroxide 

which is usually o:f the order of lo-3 N or less. Moreover, 

with the master programs stored in the computer library, the 

":fi1Il\1I C PROGRMJIJI!J"ING 11 is straight-fon,rard and easy to apply. 

With the large storage area, the digital computer can handle 

a more complicated mathematical problem. However, it 

suffers from the disadvantage of giving out results in a 

discrete form rather than in continuous curves; although 

'l.vith extra programming, results can be plotted out by the 

computer as well. One of the serious disadvantages in 

using the digital computer is its inaccessibility. About 

two to three batches are processed per normal vlorking day 

in the McMaster Computing Centre. The exploratory nature 

of the simulation study calls for numerous tr'ials of 

initial conditions and the adjustment of constants before a 

set of concentration profiles can be satisfactorily simulated. 

On the other hand, the TR-10 analog computer is readily 

available in the Department. Once the required input is 

fed in, the computer is capable of giving out immediate 

results in the form of continuous curves, although the 

results may be less accurate as compared to those given out by 

the digital computer. Because of the size of the computer, 

large problems are restricted. Almost every problem of 

simulation v!ill have to be scaled due to the small overload 

limits of the electrical components inside the computer. 

In simulating a couple of odd pr·ofiles, the potentiometer units 
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in one computer 'l.·mre all t.i.ed up. Extra potentiometer units 

had to be hooked in (though \vithout any difficulty) from 

another TR-10. Despite all the disadvantages mentioned, 

the TR-10 a.nalog computer is preferred over- the digital 

computer for the present study. 

The output from the analog computer can be connected 

to a double-channelled oscilloscope with a change of 

integra tor units modified for repetitive operations. The 

use of the double-channelled oscilloscope is valuable for 

the present simulatton work since the two reactant 

profiles are visible simultaneously on the scope and their 

response to the continuous varying input can 

be evaluated inunediately. This will greatly facilitate 

the operations and at the same time, miDimize the time 

required for simulation. Unfortunately, due to the limited 

surface area available on the scope, the profiles on the 

scope cannot be accurately measured. As a result, the 

oscilloscope is used only for preliminary, qualitative 

simulation 1-10rk. }~or quantitative evaluation_runs, the 

output of the computer is connected to a variplotter vvhich, 

in turn, can dra\·7 the simulated profiles one at a time. 

4.2.3.l~.4.3.1 Simulation criteria: 

Abnormal concentration profiles, particularly those of 

the esters', are developed at the later stage of a reaction 

run. These abnorr11alities have not been accounted for during 

the formulation of the mathematical model. Under such 



circwnstances, average concentration profiles have to be 

drawn through the experimental points. 

Special attention should be given to the dra1·ling of 
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the ester profile. As discussed previously (Section 4.2.3.4.3 

and also Figure 23), the turbulent layer observed at some 

time after the initial phase contact can be subdivided into 

. two regions; the turbulent diffusion in zone 11 A11 vlith little 

or no chemical reaction, and the reaction zone "Bn vrith a 

relatively small influence of turbulence effects. Since 

the overall eddy diffusivity of each component is the prime 

interest in this simulation study, it is decided to be better, 

for e3ch component, to simulate one average profile across 

the tvro sub-zones rather than simulating the tvm sections 

of the profile in separate sub-zones and then averaging the 

results. The concentration of the sodium hydroxide in 

zone nAu is so small that the amount of reaction is, generally, 

negligible. Therefore the slight variation in shape and 

magnitude of the ester profile in zone ffAtt has insignificant 

influence on the profiles of other components in the same 

zone. 

Three criteria are to be follovved whenever possible 

in simulE1ting an average concentration profile of the ester. 

(It.efer to Figure· 24 and Figures IX. 2 - IX .l~ for example.) 

I The interfacial concentration of the ester should not be 

higher than 0. 85 moles/litre vrhi ch is the sol ubi li ty of 

the ester in Hater, and not 1mver than the experimentally 
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measured value. Successively lo1ver interfacial concen-

trations should be used for higher initial sodium 

hydroxide concentration runs because of the salt effects. 

II The tctal amount of the ester derived from the actual 

profile (by integration of the area under the profile) 

should be equal to that derived from the simulated 

average profile. 

III The simulated (normal shape) profile should fit the 

experimental points as closely as possible. 

On the other hand, the experimental sodium hydroxide 

concentration profile usually exhibits a point of inflection 

at or near the reaction zone front. Unfortunately, due to 

insufficient data points, a clear-cut inflection point 

cannot be accurately located; instead, a l'ather \'lide reg:1..on 

of inflection is observed. The Cl~it erion for the simulation 

of the caustic profile in the region of inflection is to 

drav·J an averB.ge curve through this region as closely to the 

experimental points as possible. (Refer to Figure 24 and 

Figures IX.2 - IX.4 .• ) 

Since the differential equations describing the 

reactant concentration distribution are coupled with each 

other, the simulation of CA and CB must.be carried out 

simultaneously. There are five variables uhich can be 

adjusted in simulating the reactant profiles. The variables 
. . . 

are CA0 , CB 0 , kjDEA' k/DEB, and .d0AI _ . CBo is usue.lly 
. . dx X - 0 

very sensitive. A little change in value of CB
0 

\·;ould affect 
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both the shape and the magnitude of the profile to a great 

extent. In order to be realistic, Cu
0 

is kept as lovr as 

possible except for simulating those profiles vdth significant 

experimentally measured CB
0 

(e.g. meth_Yl propionat~-1.0 N 

sodium hydroxide: 25 minutes after phase contact). k/DEA 

and k/DEB would affect mainly the shape of the profiles 

respectively. Hm·revers all the variables must be adjusted 

simultaneously in the simulation. Most of the profiles 

tend to yield lmv CB
0 

values and the values of k/DEA and 

k/DEB derived usually agree closely vlith each other for 

the same run. 

Not much difficulty is encountered in simulating the 

product concentration profiles, once the reactant profiles 

are determined. In some higher sodium hydroxide concentra-

tion runs and at longer phase contact ti.mes 1 the product 

concentration profiles also exhibit similar regions of 

inflection near the reaction zone front. Under these 

situations, average curves, again, have to be drawn throu.gh 

those regions. 

4.2&3•4•4.3.2 Results of the simulation studies: 

Typical simulated concentration profiles are shown in 

Figure 24 and also in Figures IX.2 - IX.4 in Appendix IX. 

The eddy diffusion coefficients derived from the analog 

simulatj.on are tabulated in Tables XVI.l - XVI.8 (Appendix 

XVI). Over half of these diffusivity results have been 

cross-checked by MIMIC simulation on the digital computer. 
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On examining the results, it is found that except for a fei·.r 

sets of profiles (such as that of 0.2 N sodium hydroxide, 75 

minutes after phase contact; 0.6 N sodium hydroxide run, 25 

minutes after phase contact and 1.4 N ,sodium hydroxide, 75 

minutes after phase contact) the values of eddy diffusion 

coefficients for the four components of the reaction system 

derived from the same set of profiles are fairly close to 

each other as intuitively expected. For this reason, the 

eddy diffusivities of the four components involved in a run 

and at a particular contact time are considered to be the 

same. The "mean eddy diffusivityn is taken as the averaged 

values of the four. 

In general, although the data are somewhat scattered, 

some useful information can still be derived. For the 

ethyl acetate-sodium hydroxide system, the "mean eddy 

diffusivities" for various caustic concentration levels 

generally increase slightly with phase contact time (J?igu:ce 

25). Alternatively~ the "mean eddy diffusivities" at 

various phase contact times increase initially .\·lith caustic 

concentration, pass through a maximum at approximately 0.4 N, 

then decrease with further increasing caustic concentration 

(Figure 25). 'I'he "mean eddy diffusi vitiesn range betNeen 

6 to 39 times higher than the molecular diffusivity of 

ethyl acetate in water. If, for each run at the particular 

caustic concentration level, the 11 mean eddy diffusivities 11 

over the three contact times are averaged, then a. curve may 
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be plotted with the "time averaged mean eddy diffusivity" 

versus the caustic concentration level as shm,m in Figure 26. 

It is interesting to note that the shape of such a plot 

closely resembles the turbulent layer .propagation rate curve 

(Figure 7). 

For the system of methyl propionate-sodium hydroxide, 

. the "mean eddy diffusivities'1 del~ived at various sodium 

hydroxide concentration levels also increase with phase 

contact times. However, the increase is insignificant as 

compared to the scattering of the data (Figure 25). The 

"mean eddy diffusivitiesa at different contact times slightly 

decrease with increasing sodium hydroxide concentration 

(Figure 25). The diffusivities range approximately betv1een 

2.5 to 11 times the molecular diffusi-;ity of methyl propionate 

in '\vater. Similar to the ethyl acetate-sodium hydroxide 

system, the 11 time averaged mean eddy diffusivity" lvas plotted 

against the caustic concentrations (Figure 26). It is 

realized, again, that the trend of such a plot is in agreement 

with that from the layer propagation experiments (Figure 7). 

The above findings substantiate an important induction 

that the rate of turbulent layer growth is associated v.ri th 

the eddy diffusivities derived. Such an association betvreen 

the tvm variables may be correlated as shmn1 in Figure 27 for 

the ethyl acetate-caustic system and the mbthyl propionate-

caustic system. rrhe figure is almost self~4 explanatory. Fox-

each of the ethyl acetate-sodium hydroxide and the methyl 
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propionate-sodium hydroxide systems, the derived "time 

averaged mean eddy diffusivity" increases \"lith the increasing 

speed of layer gro1vth. The correlation relationships for 

both systems are non-linear and the correlation lines curve 

in different directions. 

Due to the lack of knowledge and understanding concerning 

the nature of the turbulent systems, extrapolation of the 

correlation lines into :cegions beyond the experimental regime 

may be misleading as well as meaningless. Furthermore, the 

correlation lines are applicable only to their corresponding 

reaction systems under the same experimental conditions, 

although there is some evidence that the dimensions of the 

apparatus become irrelevant provided the cell has exceeded 

a certain critical size (Appendix V). 

Despite all the restrictions discussed so far, the 

correlation lines are still obviously important. In a 

reaction systems provided the boundary concentrations are 

knmvn, the correlation line relates the speed of layer 

grm,th, which i.s easy to measure, to the concentration 

profiles of tb.e components a cross the layer \'lhich are both 

tedious and difficult to obtain. In order to obtain an 

approximate picture of the concentratj.on distribution of the 

components ivithin the turbulent layer in a slm'l reaction 

ester~caustic system, the follm·Iing briefly outlined procedure 

is recommended. 

I Measure the turbulent layer thickness at the particular 



contact time \·rhen the profiles are desired. Simultan~ 

eously, take two liquid samples from the layer, one at, 

or very close to, each edge of the layer. 

II Analyse the samples for component concentrations. 

III Use the measured speed of layer grov~h to determine the 
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"time averaged mean eddy diffusivityn from the correlation 

line (Figure 27). 

IV Set up the analog circuit (Appendix IX). 

V With the simulation criteria in mind, guess the values 

of CB 0 (probably very low, lo-3 Nor less), CA
0 

(should 

be higher than the experimental value). and ~~.lh I 
0

• Use uX Xn 

~0Bj 0 :: 0 and the eddy diffusion coefficient to draw ax X:.:: . 

CA and CB profiles simultaneously. The profile of the 

sodium hydroxide at the reaction zone front should 

coincide with that experimentally detc;rminGd. \•Jhile 

the ester profile at the reaction zone front should 

generally be higher than the experimental value if a 

"hump shaped" profile is formed (refer to Figure 24 for 

example) and should read almost z ere if no ."hump shapedn 

profile is formed (refer to Figure 24 for example). 

The decision whether an ester profile should be "hump 

shaped" or not depends on previous experience with the 

liquid system. 

VI DetePmino the boundary bet1·reen zones nAn and "Bn (refer 

to Sect:ion h.2.3.1, .• 3: Figure 23) as at the point vrhere 

CB rises e.bruptly. 
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VII Re-draw the "hump shaped'' profile of CA, \vheneve~ 

applicable, according to the simulation criteria. The 

re-drm·m profj_le should have the experimentally deterrr:ined 

VIII 

ester concentrations at both ends. The total area 

under the re-dravvn profile should be equal to that under 

the sj_mulated profile. Also, at the same time, complete 

the drawing of CB beyond the turbulent layer. The inflection 

point on the CB profile, roughly at the zone front, may 

be re-constructed according to sirnulati on experience. 

With the experimental value of Cn and ~01?./ = 0, 
o dx x:.O 

draw the profile of en. The area under the profile 

should represent the amount of salt Hhich is equivalent 

to approximately 85% of the caustic disappearod. Profile 

at the reaction zone front [:hould read the concentration 

of Cn as experimentally d etermin(3d. 

IX Guess the value of ~~.Sl/ x:::O. With the experimental value 

of c00 , dravv- the alcohol profile \vi th the same eddy 

diffusi vity used for the rest of the components. The 

concentration of Cc at the reaction zone f1~ont should 

coincide vrith the experimentally determined value. 

Tho caustic, salt and alcohol profiles so obtained 

should represent fairly closely the actual concentration 

distribution of the components. On the other hand, the 

close representation of the ester profile may be achieved 

only through the previous kno">,rledge of the shape of the 

profile in the liquid system. 
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4.2.J.4.l}•h Mass t,ransfer of ester: 

4.2.J.4.1.y.4.1 Ethyl acetate~sodium hydroxide system: 

As seen in Figure 20, for a particular run, the total 

ester transfer increases as a function of time as normally 

expected; and among the runs, the total ester transfer 

increases as a function of the initial sodium hydroxide 

concentration. It is interesting to recall, at this point, 

that in the ethyl e. cetate-socli urn hydroxide system, the speed 

of the turbulent layer propagation passes a maximum at 

approximately 0.4 N sodium hydroxide level (Figure 7). In 

other words, this quaJ.itative comparison reveals the fact 

that the maximum speed of layer growth does not necessarily 

correspond to the maxinmm total ester transfer a cross the 

interface. Such a trend of inconsistency warrants the 

following further more detailed investigations. 

Actually, the total ester transfer a cross the interface 

for a run at a ps~rticular time is calculated from tv'Vo 

separate sources; the amount of ester present in the lovver 

phase, as obtained by integrating the area undqr the ester 

profile and the amount of ester consumed by the reaction as 

obtained by integrating the area bound by the interface, the 

sodium hydroxide profile and the original sodium hydroxide 

concentration line. (Refer to Section 4.2.1.4.1.4 for 

detailed calculation methods.) If these two sources are 

calculated and plotted separately against time of contact 

\'lith socU um hydroxide concentrations as a parameter, as shmm 



in Figure 28, it becomes clear that for a run and at a 

particular contact time, the thickness of the turbulent 

layer is related to the amount of ester present, but not to 
. . 

the total ester transferred a cross the liquid interface. 
' 

Such an induction is not difficult to explain since in a fixed 

volume of the lo'l."ler phase liquid, the amount of sodium 

hydroxide 'l.vithin increases \'lith higher caustic concentration 

level runs. Therefore, in high caustic concentration r..:tns 

(e.g. 1.0, 1.4 N), the ·turbulent layer th:Lckness is relatively 

smaller as compared to the lovter caustic concentration runs 

at the same contact t:i.me. Although the amount of ester 

present vvithin the layer is less, the amount of ester consumed 

by the reaction is much higher. The increase of ester 

consumption by the reaction with higher caustic concentration 

runs (e.g. 1.0 Nand 1.1+ N sodium hydroxide) over-compensates 

the decrease of ester concentration present in the layer in 

the same runs. The resulting total ester transfer across 

the interface is therefore higher with the higher sodium 

hydroxide concentration runs. 

4j2.3.4.4.4.2 Methyl propionate-sodium hydroxide system: 

At a particular contact time, the amount of ester 

present in the lm·,rer phase is, again, qualitatively related 

to the thickness of the turbulent layer which decreases l'fith 

increasing initial sodium hydroxide concentration levels 

(Figure 28). Similar to the ethyl acetate-sodium hydroxide 

runs, the amount of ester consumed by the sodium hydroxide 
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increases with increasing caustic concentration levels. 

{Refer to Figure 28.) In this system, however, the increase 

in the amount of ester which reacted is just high enough to 

slightly over-compensate the corresponding decrease in the 

ester present in the 1 ov1er phase. As' a result, the total 

ester transfer across the interface increases only very 

slightly \"lith increasin_g sodium hydroxide concentl~ation 

levels. 

It is interesting to note that the total ester transfer 

\rlith reaction (ranged up to 1.0 N sodium hydroxide) is 

slightly lower than tho physical transfer despite the existence 

of both the interfacial and layer turbulence (Figure 20). 

This can probably be expla:i.ned, apart from the usual solub­

ility decrease ns a result of the salt effect, by the fact 

that the physical properties of the system change drastically 

betvveen the pbysical and the re9.ction transfer. In the 

physical run, the ester solution, having a density very 

close to that of the water, was observed to sink dovm 

tmva:cds the bottom of the aqueous phase in the form of 

random streaks. The increased contribution to the mass 

transfer by this flow (Section 4.2.3.3.3) is quite obvious. 

While in the reaction run, the density of the aqueous sodium 

hydroxide in the lower phase is higher than the ester solutiono 

The strea.ld.ng phenomenon ceases to prevail~ The enhancement 

of the transfer, entirely due to the reaction and the 

turbulence in this case) is slightly louer than the enhancement 
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of the transfer due to streaking. 

A comparison of the t\·JO ester-caustic systems shmvs 

that the total ester transfer l'li th reaction in the ethyl 

acetate-sodium hydroxide system is, in general, higher than 

that in the methyl propionate-sodium hydroxide system. This 

is in agreement vlith the properties of the t\'VO systems • 

. Ethyl acetate is more soluble in water, slightly more reactive 

1.-vith caustic. The effect of ethanol on the interface is 

probably strone;er i'lhile the effect of sodium acetate is 

\1eaker than those caused by the products of the methyl 

propionate-sodium hydroxide system. 

4.2.3.4.4.5 Comparison of the enhancement factors as 
measured from ~he experimental data and 
as predicted from the penetration theory: 

For a particular reaction run, the total ester trans-

fer1~ed across the interface up to any contact time can be 

determined experimentally from the concentraJcion profile 

plots (Figures 18-19 and Appendix XVII). Thus the mass 

transfer rates, both the time averaged and the instantaneous 

ones can be calculated accordingly. (Refer to Section 

The respective mass transfer coefficients 

can then be obtained. 

The time averaged ester transfer coefficients for all 

the reaction runs at 25 minutes, 50 minutes and 75 minutes 

of contact time so determined were compared with the time 

averaged physical transfer coefficients at the corresponding 

contact timose The resulting enhancement factors vrcre 
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I 

tabulated as shown in Table 10. A detailed sample calculation 

is given in Appendix X. 

In the absence of both the layer and the interfacial 

turbulence, the enhancement factors can be predicted theor-

etically based on the method proposed by Brian P.L.T. et al. 

as described in the Theoretical Section (Chapter 3). A 

sample calculation is presented in Appendix X. For illus-

trative purposes, the theoretical enhancement factors for 

only three reaction runs were calculated for the two ester-

caustic systems under study. The results are presented in 

Table X.2 

'I'he predicted and the experimentally determined enhance­

ment factors were compared for the ethyl acetate-sodium 

hydroxide and the methyl propionate-sodium hydroxide systems. 

The results are shown in Table 10. 

It is readily s cen that for the ethyl acetate-sodium 

hydroxide system, the experimental enhancement factors are 

more than twice the values of those as predicted by the 

theoretical model. 'l,his is in accordance \'lith the expect-

at.ion from systems exhibiting interfacial turbulence. 

Alternatively, the effect of turbulence alone on mass transfer 

may be estimat~ed by the subtraction of the theoretical from 

the experimental enhancement factor values. It was found 

that the enhancement due to the turbulence "~.'las higher (but in 

the same order of magnitude) than that due to reactj_on in 

the ethyl acetate-sodium hydroxide system. On the contrary, 



TABLE 10 

TD·ffi AVERAGED ESTER TRANSFER RATES AND ENHANCEMENT FACTORS 
lN 'l'HE ETHYL ACETA'l'E-SODIUI{ HYDROXIDE AND '11lli IvlEI'~Q 

f.Rp}:IONA'l'E-SOf:Y:"r:lfM"l::rYiiROXI DE SYS 'l'EIVlS 

I Es~er tra~sfer rates averc;ged over Enhance¢ent factors 
1 vhe ner:t.od of contact. t 1me 

(moles/sec-cm2) X 107 mrg. 
Run 

25 minutes 50 minutes 75 minutes I 25 minutes 50 minutes 75 minutes 
I ! 

EtAc - -vmter .69 .51 -4-0 I 
I 

EtAc - 0.2 N NaOH 2.80 1.95 1.46 I 4.48 4.23 4 0~ .... .r 

EtAc - 0.4 N NaOH 3 .. 52 2.78 2.18 6.21 6.61 6.61 

EtAc - 0.6 N NaOH I 3.95 3.15 2.45 7.40 8.08 8.03 

EtAc - 1.0 N NaOH 3.95 3.23 2.59 8.85 9.67- 9.72 

I ( 3. J+O) (3.47) ( 3. 50) 
I 

EtAc - 1.4 N NaOH I 4.15 3.51 2.90 10.49 12.11 12.45 
(4 .. 94) ().15) (5.22) 

M:e?r - \'rater 2.04 1.82 1.64 

MePr - 0.4 N NaOH 1. 72 1.50 1.36 .96 .94 .95 

MePr - 0.6 N NaOH 1.72 1.50 1.36 1.04 1.02 1.03 

:MePr - 1.0 N NaOH 1.91 1.65 1.45 1.33 1.29 1.24 

I (3.60) (3.69) (3.73) 
I 
j 

I'Jote - ( = theoretically predicted enhancement factors (Refer to Table X.2) 

I 

!--' 
'-0 
.r--
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the experimental enhancement factors for thB methyl propionate·~ 

sodium hydroxide system are much smaller than those predicted 

by the theoretical model. This discrepancy is explained by 

the fact that an abnormal physical mass transfer phenomenon 

was present as described in Section 4•2~3•3o3• 

It should be realized, however, that in the aforemen-

tioned enhancement factor calculations, the multi·~ion 

diffusion effects have not yet been taken into consideration .. 

Some of the enhancement factors for the ethyl acetate-

1.0 N NaOH and ethyl acetate-~1 .,h N NaOH runs were subsequently 

1 1 d . h . . . h ( Blh) Tl re-ca ClL ate 1.1.s~ng t e J.OnJ.c penetratJ.on t eory • 1e 

rt~sults indicated that the enhancement factors calculated 

from the ionic penetration theory were approximately 14~'1 to 

22% h5_ghcr than the corresponding enhanc0ment factors cal~ 

culated based on the molecvJ.ar penetration theory. A 

similar increase in the enhancemEmt factors is expected 

for the methyl propiono:t.e-NaOH system. A s.:unple calcula-

tion of the enhancement factors based on the ionic penetra-

tion theory is given in Appendix X: Note Xolo 

4 .. 2~3·4.,lt . .,6 Speed of the grm:;th of the turbulent layer: 

From each of the concentration profile graphs (Figures 

18-19 and Appendix XVII) s fhe distance bet\men the interface 

and the reaction zone front (the point where the ester profile 

had just decreased to a negligible concentration) was 

mear.mred, Unfortunately, due to an insufficient nuJ11ber of 

expcriment.al datum points on the ester curve, extrapolation 



or interpolation of the ester profile to zero concen:'cration 

might sometimes be difficult and less accurate. Nevertheless, 

the ·distances spanned by the ester profiles lvere measuredo 

Some of these measurements ·1:1ere compared i'rl th tho tu:r·bulent 

layer thicknesses directly measured in separate experiments 

performed t·dth the same liquid systems at corresponding 

concentration levels in the same apparatus (Appendix V). The 

results of comparison are shovm in Table llc 

The comparison ind5.catcs that the edge of the turbulent 

layer as observed in the "direct measurement n experiments 

(Appendix V), as i·rell as in the previous "optical cellu 

experiments(SS) corresponds, at least roughly, to the front 

of the reaction zone. 

4.2.J.Lt..h.7 Con:pariso~. of cxper:tmental and theoretical 
reaction zone thickness: 

As defined in Chnpt er 3 (Theoretical Principles) , the 

react ton zone j_s the region l·vhere the concentrations of both 

reactants are substantial. The thicknesses of such regions 

can be measured experimentally from the concentration profile 

plots at 25 minutef;;, 50 mhmtes and 75 minutes of contact 

time for each reaction run and are recorded in Table 12. 

Since the sapo!lifi cntion reactions involved in the t\W 

liquid systems un.dcr study are so slo'•v that the mass transfer 

situation may be cons:i.dered approximately at steady state 

(Section h.2.J.l;..l:- .. 3), u:o.dor such conditions, the reaction 

zone thickneas can be calculated, based on the mathorn.atical 
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System & 
Normality 
of NaOH 

TABLE ll 

(Minutes) 

Turbulent 
Layer 

r£hickness (em.) 

Ethyl acetate-sodium hydroxide 

0.2 N from profile 

direct measurement 

0.6 N from profile 

direct measurement 

1.0 N from profile 

direct measur·ement 

----
Methyl propionate-sodium hydroxide 

0.6 N from profile 

direct measurement 
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25 50 75 

0.82 0.87 1.10 

0.74 Oo89 0.89 

0.80 0.98 1.02 

0.64 OeS7 0.92 

0.50 0.72 o.so 
O.LJ,.7 0.64 0.70 

0.29 0.60 0.64 

0.29 0.48 0.57 



model proposed by Friedlander et al. (F2 ) as described in the 

Theoretical Principles Section (Chapter 3}. Mean eddy dif-

fusivi ties of the reactants dcri ved from the experiniental 

concentration profiles (Section 4., 2 o 3 .l~o. 4. 3} and the time 

averaged experimental ester transfer rates \·mre used for the 

198 

calculations. A sample calculation is presented in Appendix X. 

It should be realised that the criterion of the reaction 

zone thickness prescribed by Friedlander et al. is somev1hat~ 

different from that adopted in the present l·rork. Friedlander 

et al. define the reaction zone as the region in Hhich the 

flo\v of the upper phase is reduced from 95% of its initial 

value to 5% of its initial value. Houever, under normal 

concentration px•ofile conditions (ref~r to F:i.gure 1}, th:i.s 

definition merely establishes a region of react:l.on v1here t.he 

concentl~ations of both the reacting species are signifi canto 

Nevertheless, zone thicknesses so calculated \·Tore 

compared l'ri th those determined experimentally and it 't·;as found 

that the calculated results agreed approximately Hith the 

experimental reactj.on zone thicknesses both in the order of 

magnitude and in the trend lrfi i:;h respect to caustic c oncen-

trati.on levels as indicated in Table 12o 

4.2.3.hohe7.1 Validity of tho assm:1ption (quasi·~steady 
state} involved in the calculation of the 
reaction zone thickness: 

In the climenstonless form, equation (J.:.a} (Chapter 3: 

Section 3ol} becomes 



TABLE 12 

COMP AJUSON OF THE REACTION ZONS THICKNESS AS r-'!EASURED EXPERIMENT ALLY 
AND AS APPH.OXIMArl'ED FHOM THE PSl;UDO-STEADY s~-I'A'l'E MODE.L BASED ON 

- TIME AVERAGEI51£Si:.'EE 'l'RAN::>FER RA'l'ES 

r 25 Minutes (em.) I 50 Minutes ( em. ) I 75 Minutes (em.) 
' i Run # I 
I I ! 
' 

! I 
model experimental model experimental I node1 experimental 

I i 

I EtAc - 0.2 N NaOH .56 .57 I • 1+5 .J2 I .56 -47 
I .68 .66 I .82 .J8 I EtAc - 0.4 N NaOH 
I 

.?0 .52 
i 

.62 .66 I l EtAc - 0.6 N NaOH .51 I .43 .59 .J$ 

I ! 
EtAc - 1.0 N NaOH .22 .J7 .57 .)6 

I 
.53 .25 

( .. 09) (.10) ( .11) 

I EtAc - 1.4 N NaOH .18 .J8 
I 

.Jl . ·44 .48 .J2 
( • 09) (.09) {.10) 

I I ~1ePr - 0.4 N NaOH .25 .46 .J6 .40 .J$ .26 
I I MePr - 0.6 N NaOH .18 .29 .26 .58 ·43 .J4 

.. 26 ·34 .24 .J5 .16 .J6 I MePr - 1.0 N NaOH 
{ .09) ( .. 10) (.11) 

I 

Note ( ) = Reaction zone thicknesses calculated based on molecular 
diffusivities and theoretical reaction transfer rates. 
(Refer to Section X.J.JJ Appendix X for sample calculation.) 

I 
I 

I 
I 

I 

I 
I 
I 

I 
I 

I 
I 

I 

f-' 
\() 
\() 
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l"lhere 
' -t :: ch.::tractcristi c 

..... 
1 ::: cha ra ct eri sti c 

c :: characteristic 
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(4e) 

time scale 

length 

concentration 

Consj.dering equation (4e) for the reaction zone and identifylng 

I '\'lith the reaction zone characteristic 1engt.h ( Cla), then 

121~ 
·n~ = 1 

A -If t is set to be the actual phase contact time, then in order 

to have a quasi-steady state in the reaction zone, 

12 
'Dt << 1 

A 
(4f) 

Sj_ru:Ua.r argtu~1emts may b(; rrw.do for the equations of the 

other reactant B aml of the products. Thus the quasi-steady 

state approxin:at:i.o::1 fo:~ .. all the species in the reaction zone 

is possiblE~ uhen the zone characteristic length is much less 

than the diffusion pe11etration thickness of the species .. 

The experimental values of the reaction zone thickness 

and the derived eddy diffusivity of the ester -v1ere substituted 

into expression U:-f) for all the casos urder study in the 

ethyl acotate=sod.ium hydroxide and the methyl propionate~ 

sodiut1 hydroxide sy~3tems. rrhe calculated (12/DAt) values 

are tabulated in Appendix X: Note X.2. A sarople calculation 

is g:i.ven in Note X.2. 



If the quani~steady state criterion is arbit:car1ly 

set to be 

1
2 

< 1 bAf , To 
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then the quasi-steady state condition j~s achieved j.n the 

reactton zone for all the cases under study (except for the 

case of methyl propionate-0 .4 N sodium hydroxide: 25 minutes 

after phase contact)~ 
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' 
In addition to the stagnant phase reaction systems study, 

steady state mnss transfer experiments \-.rerc carried out '\'d th 

both phases stirred. In this section, the simple apparatus 

for studying the rates of transfer of esters such as ethyl, 

methyl and propyl formate across a plane surface into \'Tater 

and into caustic solutions is described (Section 4.3.1). 

Quantitative measu.rements of the rate of transfer are reported 

(Section 4.3 .2). Both the mass transfer coefficients and the 

enhancement factors for the experimental runs vrere calculated 

and compared uith those obtained from the Van Krovelon and 

Hoftijz~:n" 1 s model ( Vl} • '£he results of the comparison are 

presented and discussed {Section 4.3.3). 
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4 .. 3 .1 !~~J2.~.r._imen.:~:~J:. Do~itils 

The same apparatus arrl experimental procedure \'Tere used 

to study the mass transfer rates in the for-mate-caustic systems 

as in the ethyl acetate-caustic system, \vhich has been reported 

in detail previously in Reference (SS). For this reason, 

only a brief description of the experimental details \'fill be 

presented in the follovdng sections. 
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4.3.1.1 ~~cu~ 

Figure 29 sho-v:s the simple stirred app3.ratus used for 

saponification studies. The reactor itself consisted of a 

cylindrical pyrex glass vessel, indent~d to give tv10 compart-

ments of approximately the same volume (98-100 ml.). The 

indented part just above the tip of the glass hook gauge had 

a diameter of 4. 8 em. and an area of 18.1 cnl. The stirrer 

was made of type 316 stainless steel and \'vas of the paddle 

type, l'rith the blades 2.4 em. in diameter and 3.9 em. apart. 

'l,he lJhole reactor m:ts thermostatted by ·Hater circulating 

through the outer glass jacket. For some ru.ns in the ethyl 

formate-sodium hydroxide system~ the conductivity of the 

lm'ler phase solution \·ras measured l'Ti th a conductivity cell 

located immediately at the outlet of the r1:;actor. Thus the 

instantaneous caustic concentration at the outlet of the 

reactor could be obtained through t.he calibration curves 

(Appendix XIX). 
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FIGURE 29 205 

STEADY STATE TRANSFER APPARATUS 

I. RES~RVOIR 

2. TYGON OR GLASS TUOitJG 

3. CO~STANT HEAD DEVICE 

4. FLOVJMETER 

5. TEMP. CONTROLLER 

G. GLASS COIL 

7. \"JATER BATH 

2 

4 

15. CLAMP 

16. STOPCOCK 

111.1 

~ 
5 

7 

a. OUTER GLASSJACKET 

9. CONSTANT SPEED MOTOR 

10. MERCURY C;UP 

II. GLASS HOOK GAUGE 

12. REACTOR 
13. FLOW REGULATOR 

14. STEM 

-- ----~------" _____________ ,_..r'' 
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4•3el.2 Pr~dt~ 

In operation, the aqueous caustic solution flowed from 

the feed tank~ through a constant head device, a rotameter 

and a temperature regulating glass coi;I. into the lovrer 

compartment of the m~ss transfer cell, thence out through a 

second head levelling deviceo Ester, presaturated with 

\'later at: the experimental temperature, floated in the upper 

compartment. The ester-caustic solution interface \vas 

located accurately by using the glass hook gauge and controlled 

by the constant head device on the discharge of the caustic 

layer. In order to have a reasonably high mass transfer 

rate as \'fell as a plane liqui.d-·liquid interface, the set of 

constant operating conditions found most satisfactory was a 

low·er phase flo·;·,rrate of 1. 5 litres/hour and a. stirrer speed 

of lL:-1 r.p.m. for the systems of ethyl formate-caustic and 

propyl forrnate-·cau~;tic; uhile for the methyl formate~sodium 

hydroxide system, experiments l'Y"ere conducted \'lith s·tirring 

speeds at 141 r.p.m. and at 90 r.p.m. respectively. 

Each experiment \'las run for at. least 20 minutes before 

taking any measux·ements in order that the system could come 

to a steady state ( lov1er phase reactor retention time \'las 

app:coximat ely 4- minutes) • During the run) the upper phase 

transferred into the lmver phase. Therefore the volume of 

the uppBr phase decreased. 'l'he hydrodynamic equilibri tun in 

the system was upset and the interface went up. A small 

amount of the upper phase liquid v1as added in at sho:ct intervals 
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via the glass stem (see Figure 29) using a 5-ml. syringe. 

These additions \'Jere made to keep the 1 evel of the interface 

ahvays at the tip of the hook gauge. The amount~ added i'rould 

be equal to the amount transferred aft~r a correction has been 

made for the small vapor loss of the ester through the open 

ends of the upper compartment. Thus the transfer rate could 

be calculated if the time betl'reen additions \vere knm,m~ 
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4 • 3 .1. 3 lfumJ?~..2L.P'~'2t~ Ca~.§ t j~ q_J}y ~~1!?_ldlY~.:,g~ t;_qd 

1-.1ass transfer experil:1ent.s \'Tere performed at 25 ± 0.05°C 

\·;ith the ethyl, methyl and propyl formate·-·cnustic systems 

respectively and at various sodium hydroxide concentrations. 

In addition, steady state physical transfer rates of the 

esters into the \'later phase '\'J"ere individually measured. Both 

the esters and the sodium hydroxide used wero of reagent 

grade. The esters were purified by distillation in a packed 

column. Double-distilled we.ter Has used (Appendix I). 

\llith the ethyl formate-sodiur'l hydroxide system, an 

additional series of transfer runs \'Vas also performed using 

once~distilled \·rater for the preparation of the t1vo reacting 

phases. 



4.3 .. 1,4 Mctl1.££~.1.£P.la_t~ol:} 

4.3.1 .. 4 .. 1 Mas~r~f.€2.! eRat_£§! 
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For each run, the time required for each 5-mle of the 

upper-phase liquid to transfer into th~ lower phase was noted. 

Theso thne intervals v.rere plotted against time after the 

start. of the experiment (i.e. after the first measurement ,,.ras 

taken). A typical plot :ts shown in Figure 31.. The stc3dy 

state transfer rate was calculated from the graph. 

The transfer rates from the various runs llere corrected 

for the vapor loss of the ester through the open ends of the 

upper compartment. The ratt:s '\vel:-e also corrected for the 

small amount of \'Tater accompanying the transfer of ester 

across the interface. 

The mass tl~ansfer rate data v;ere used to evaluate the 

transfer coefficients using the follcv·T:lng equation: 

\'lhore 

3bO.g~X-A ~ k1 i~~OOO C!-_l 

NA = mass transfer rate of ester 

A :: interfacial area 

k1 - mass transfer coefficient with 
chemical reaction 

:: int erfacia.l concentration of 
the est.m" 

10\"Ier phase bulk concentration 
of the ester 

(22) 

moles/hour 

cm2 • 

, em/sec. 

_ , moles/litre 

, moles/litre 
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The interfacial concentration of the ester \'las measured 

exp~rimentally (Appendix XIII). The caustic concentrations 

(and thus the ester concentrations by mass balance) in the 

lo"tc1er phase \vere measured at steady state for a fel-r runs in 

the ethyl for·mate-sodium hydroxide system (Appendix XIX) and 

found to be in agreement vdth the calculated values. The 

computed concent,rations \,:ere made by assuming the lmver phase 

to be l'lell-mixed and the components reacted homogeneously. 

Consequently, the concontrc:ttions of both reactants for each 

run 'ti'Tere calculated by solving the follovTing simultaneous 

equations: 

l'lhere 

FCB 0 - FCB :: kCACBV 

NA - FCA :: kCACBV 

V = volume of the lo1;rer compartment of 
the reaction cell 

k - reaction constant 

F :: flourate of the lm·Jer phase 

= concont~l~ation of inptlt sod:t um 
hydroxide 

lit res 

{23) 

(2h) 

(litres/mole)/hro 

litres/hr. 

, moles/litre 

Based on the agreement of the calculated and the 

measu:ced values of the sodium hydroxide concentration in the 

lovrer phase in both tho ethyl formate-sodium hydroxide system 

(Appendix XIX) and in the ethyl acetate-sodium hydroxide 

system ( S8), the steady state lmH~r phase ester concentrations 

thus computed for all subsequent runs in the ethyl formate-

sodium hydroxide and methyl formo.te~·sod:l um hydroxide systems 
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were used for the mass transfer coefficient calculations. 

For each ester-caustic system, the mass transfer coefficients 

calculated from the reaction runs were, compared with the one 

for the physical transfer run without reaction. 

kt 
¢ = l:~r-

1., 
(25) 

The cxperim8ntal enhancem8nt factors '\'~ere compared \'lith 

the theoretical ones predicted from the Van Krevelen and 

Hoftijzex''s model (Vl). 
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Results 

4.3.2.1.1 Ma::;s Tr~:.D.§_:r~r_B.ate Me~!:§!ES"-Jl~S 

4.3.2.1.1.1 Solutions prepared from once distilled \<rater 
(Group I): ' 

A total of 11 runs v1ere performed and the transfer rate 

results obtained are presented in Figure 30. For each run, 

a steady state mass transfer rate V'Jas achj_eved only at a long 

period after the start of the experiment; although the 

variation of the rate i'las already qu~L te small when the phase 

contact time 1·ras 50 minutes or longer. Because of the ab-

normally long period of time the system took to achieve steady 

state, the transfer experj.merrtis vvere repeated rli th both of 

the reacting phases prepared from double-distilled Hater. 

4.3.2.1 .. 1.2 Solutions prepared from t';-vice distilled VJater 
(Group II): 

A total of 20 runs uere performed. In each of these 

runs, steady state 1;as achieved at 30 to 50 minutes after the 

start of the run. A typical data plot is shown in Figure 31. 

The calculated transfer rate data are presented. in Figure 30o 

Mass transfer coefficients for individual runs were calcu.latod 

for both sets of experiments. The transfer coefficient of each 

reaction run "\"tas compared \'lith the physical transfer- coefficient, 

of the same set. The resulting enhancement factors v;ere 

plotted and ar·e presented in Figure 32. 
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1~1~_S};j T·:cP.I18.fc:~c r~:a.t . 
.,.,'-•' .. _,.,.--;:,_,.,. . .. ::~c"'-"'"'"-~-=-- ...,-.·--=...,-, _ __,_-,. __ -,._.,_,~ ~,... "'"'""'-""" 

A total of h rtuls ( Ci:r:·oup I) \"JOl"O por:forn1od ·pith the 

stirrer speed sot at 141 r.p.mo 

in F'igure 33~ the liquid~·liqv.:td :t.nt.e:cface 

t·Tas obsc:cvod to be quite i·Javy. 

ser·i e;:; of r-uns ( Gr·oup II) uas rep oat eel at var:iouf.:i input 

caustic concentrations. The tr·anz:fcn"' x·ate data ax·e presented 

in F':le;m.'e 

Enha ncCJDiont Fncto:c·B 
_.,-;,.,. ---~=--·"'"="'.,...·=-,__,.,_ f.<~..:.-:..-~"'""-'"0""'"'""·~-'"'---...... -~"""''""'~~~-'! .. ·.a 

M~ss transfer· coeff:i.c:Lcnts and the co:c·responding enhc1nce·~ 

mont :fa c't.~ors ue:ee calcvJ.ated for both :::; et s of the experiments~ 

The enhancement fa cto:t:"s so cal cuJ.a ted a:ce presented in F:tgure 34. 
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A total of 12 r1.m;; 'ilorc pc:cfo:ciilC:d aucl the: rc;,:-:;v.lts o.:cc 

presented in Figure 35. 
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The trnnsfol~ rates arc calculc:.tod bDt;c:e1_ on the rate of 

compS.i:'tmcnt of thn rcaeto:t"' to kocc:p tho level of the :l_nt;erfacc: 

nl1.rayr> c_t t.he tip of the hooh: gau[:>;C. During tho reaction, 

alcohol is produced. Part of tho alcohol formed diffusoo back 

j_s lm·n::c iJ12n tho actual t ran::;for rate .. 

solub:LJ:i.ty of thl; 'l:mt--.or in tho ester phase may chc:utgc: Hith t}w 

presence of alcohol. 'l'his is pax·ticu.J.arly mor0 so \::1th systems 

of higher ester transfer rates and reaction voloc:i.t:l.es beeauso 

more alcohol is being produced. 

\·rater due to the change of solubiJJ.ty '"·'ill~ no dou.bt ~ cause 

errors in the meanu:<:"·eln8nt of' transfer ratea. All these errors 

can be c\ralua-ted only '1-Tith the k:noHledge of the ternary ester-· 

alcoholw·Uater phase diag.corns. 

Alterno.t:Lvely ~ if the transfer' system is allu;"Ted to run 

for a su_ffi ciently long period of time, a dynam~LC oquilib:c:Ltua 

will be reached whereby the concentration of alcohol and thus 

the solubility of 1·1D.tcr in the OfJte:c pbase \-Jill bG conE;t.c:tnt.Q A 

Salt Effecl:.s 
..,..,.. ..... ".._.,-.. ,,.,..,.....""'='""-:,;".:::"'"·~;; ~="o:~.:o ...... 

EJ.~.J.t~ effects of sod:l um hycJro:;::\dc on t.hG solubLL:\ .. ti os of' 
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they :coact 1:dt:.h eAd.1 other. 

of co.u:::rt:i.c on t.ho no:t1"'"o1oct.:colyt.o arc d:i.ff:J.c:ult to evaluate 

. ( pu) m:- Dcyuc' s ' :-. me:thods du.o 

to lim:Ltcd th ormod)'TJDm:i.c d.:.J.t.a available. 

compart r:;on of a largo group of expcl"imental data OE Dalt. 

C .. -r·.·,'.·.·'c'. e;1· ;:; ( H 5) (Llli.) 1.· nr-1 -~ c"" t e ~ ·1-11"' ~- t 11" ""a 1··· o ffo c·c· ~" (' 1· 
L IJ~ <...J. <•. i:J '-'-CCV C •:J. • V ·-. •. ) 0 

· S o . .: ,;,Q( :tum 

hydroxide on ethyl acetate should be in the snme order of 

mr.J.gn:Lt;o.do as sodium e.c0tate on ct.hyl acotc.d:.e. 

in t-his 1·1ork, it is asstnnccl the.t the salt. effects of both 

sodium hydroxide a11d sodi urn fo:r·mate on a part:i.ct1.lar kind of' 

The solubilities of esters in 

aqueous salt solutiono 1:1ere measured as dotscx·ibod in 

Appcmd:i.x XIII o 

4 e 3 ~ 3 °1. 3 £:.t~~~~llQ1_]}[J;:g.£g:[~ 

Available literature data (ST7) incli cate that the p:r.~oscnco 

of alcohol (foxYned as the roact:Lon p:coclv.ct) u:Lll i:ncrease tho 

solubility of' tho est.E:r in the aqueous lmve:c pbase. Hm·rever, 

since the steady state lm-·.rer pha~:;o alcohol concentrations in 

the oxpor'imcntal runs are dilute (ranging from Oa2 to 0.,7 N 

for, tho othy1 :Zorm.ateusod:i urn hyd:r·oxide and thE: mE;t.hyl fo:r·mate··· 

sodium hydroxide Dystcms), it is assumed that the effects of 

alcohol on the r..>olubilit:Lcs of tho esters e.re :Lnsi.B;n:Lf:L cant 

in the cal cuJ.at:t.on of mass tranr:;.fer co3ff:l.c:tontn o 

ho3c3ol£h ~.PP:1~:.~5:<:t~::i- .. 9.!1":f2:f::;i12SL~.:'.E:1~:~:mo.~Dls2I::t:~-~@~ .. !:ll9c~><l3g~·:.?;.£:::. 
\.19.1)..~, v .1. (: l.l ' ' 

each 
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of the 

vities of the e;~5te1.' and the cau~:.:;tic nr-e :coqtl.ix'cd (u:lth 

1oferonco to Chapto~ 3~ Sect.:l.on 3.1.2.2) o Due to the 

limited anlO\HY;_-:. o:f c:tvail.:.J.ble literatuy·e dc:rta on mole::cr~lar 

diffusivities of the ester-caustic systems, the diffusion 

coc~:['fic:i.ents o:f ethyl fo:c·ma.tc, m.ethyl formate a:cE; ass1x~'1ocl 

to be the same as that of ethyl acetate. Fnrthermore~ :i.t 

is asst:I110d thc:/c. the diffusion coefficien.ts are not nf.fected 

by the p:cesence of mu1ti~·ions. ThEl cliffusivit:i.es of ethyl 

aectate nnd soclit:m hydroxide in Hater, taldng :Lnto account 

their· concentrat:i on dependencies, are cstim!J.tecl to be 

O~S X lo-5 and 1&91 X Jn-5 cru2/scc. respectively (Appendix X: 

Seetion Xe2o3) ~ 



E·i.:.llvJ. F m:r,mt. 0>··Sod:L"r1i .. ! Ily(~.~:·'c:::J. do fhn:.~LOi!l 
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I 

A comparison of the results obtained from the solutions 

prepa:t"'ed from once~cli st:i.lled \·w.0u:c and f:com the solutions 

rates betvreen the two gr'OUIXJ are not the same even at 

iclontic<-tl input sodium hyC:ro.xide conccntre.tions; although 

reproducible roE-n.llts are obtained i·rj_thin each individual group. 

GenerEilly, the transfer rates of the g:r'oup us:Lng tuicE>~ 

distilled uater are higher as observed in Figu.re 30e 

The exact reaBons for the difference:) in transfm: rat~es 

The once-distilled 

\'Sater~ su.pplj_ed fpom the central syst.om of the building, may 

ha~~.re picked up some contam:Lnc:':nts fr0l·1 the long sect~LOns of 

tho pipes. nwse contamina:ats v1hi. ch may be surface a ctivc 

agentrJ or· compotu1df3 of higher· molecular weights~ may be 

reduced s:lti~:;fc:.cto:t"':iJy by re~-distillation ( A.ppGncUx I: I~5). 

TrD.nsfor :en to data on the e'chyl form9.tc-socl:i. um hyd:coxidc: 

system. m:d.ne the same stir:ccd cell appD.:t"'atus Nero also 

obtained by D:i..nsmoro (Dl5) • H:i.s rosul ts, using solutions 

prepal"'Od fr-om once~·dtstilled \·.rater, v.re:ce :cc.:!plottod in Figure 

30. It i1:.> evident t.ha t, Dinsmore's da.ta generally agree vdth 

the p:cor>ent Group I data obtained also by using once=clistiJJ.(xl 

uato:c. 
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\'lith tho oxccpt:Lon of a fe;-r r1}.t1.~; at tllo cUlut.o j __ l!put. 

ce:n.wt:i.c c:onccnt.:r·ations, c:~ll t;hc; result~; from the ruxw of both 

Gr·oup I and G:r.-·oup II shm-v an enhancement of transfer cocff:Lc:tents 

enhancement 

.factor·s are much lm·Jer than thoE;e precl.:Lctod from the Van 

Krevolen and Hoftij:t:;:::r' E; model as inclicatod in li'ig1xce 32 o 

'I'he overlapping of the tHo g1>oups of exporimc::ntal 

enhanconlGnt factoi' data indicatuJ that in spite of tho 

difference in the absolute values of tho transfe:c rate:; ex:tst:Lng 

bet·vroen the tvm grou.ps of oxpex·:LmGnt.s,. th•.::dr degroer; o.f trarw~fer 

enhc:.ncer;l<:.:nt are the sDmo o 

The mass tx'o.nsfox· enhancement ob::>o:c\red in the ethyl 

formate·-caustic system a.ppears to contr0.dict the retardation 

of transfer results prev1ously reported for the ethyl acetate-

caustic system(S9). On the other hand, it should also be 

realized that the reaction :;:•ate in the ethyl a cetator~ sodium 

hydroxide systE)m is so small tha.t the theoretical onhancement 

facto1" fox· the system if.> p:r·actj_cally equal to 1. ~rherefore, 

in comp.s.r:ing the expe:cimental \·lith the thcoret:i.cally predicted 

enhancoJ110nt factor" val u os, both the sys toms o.f ethyl fo:r:-mate~ 

caustic aDd ethyl a cctate~~ca.ust:L c a ctt12, lly shol'i similar trcnJ.ds 

of t:r--..9.ns:fer· retardation 1·::l.th chemical r·eact:l.on. 

4o3·3~2~4 Possible Factors Governing the Reduced 
·Dfi1'ic .. 1ic.6i,rc~il''c-=c)~i'-~t i~[i"l'5 ;;; }'c; i;·~ ·c Oci~± Tic :ec·i:,}::""f::·-"·~ 

Tho fo11m·,r:i_ng factor~,; arr:.~ px'oposod basod on the previouf> 



resea:cch E.:xpcr:tcncc uith the e·,-!·l·l"l 1 \C.'V ·J ... 
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( Cl (~ ) 
system ,)o • E:1ch of these factors uill contribute part.5.ally 

tm·m.r'ds the understanding of the di;::cr'epancy botiJcen tho 

e:xperim.crrco.l and the theoretical enho.ncoment. fa ctorc. vlhilo 

some of ther:;c cxp1a:nntions arc spc culati ve, further experimental 

\'lork must be per·fo:r·med to evaluate the effects of individual 

factors on the transfer ret<n··dation so that a more fully 

satisfactory cxplan::1.tion to the dis ere pan cy may be a cqu:lrcd. 

4.3.3.2.4.1 Effect of experimental conditions: 

'JltlC var:Lation of the experimcntal conditions in tho 

reaction. transfc~r runs~ such as the density, viscosi.t.y and 

interfacial tcm>:i.on uith sodium hydr·oxidc conccmt:r~ationE;, have 

not yet been accounted for in the theoretical prediction 

calculations. The concentration dependencies of the reactant 

d . f'f' . . ' . J .. : ·us:t.VJ.CJ.GS, on the other hand~ have been accounted for 

4.3.3.2.4.2 Effect of the product salt: 

Apart from the usual salt effect of decrcasi1~ the ester 

Soltlb·i 1 j '·;r 
• ·---·-- L'.r ' the pr·esence of the product salt '\'ra_s also observed 

to modify the hycli·odynanic conditions, thus reducing the 

trc:msfer rate by decrcnsing the turbulent liquid motion at 

and near the liquid-liquid interface(sa). 

It may also be speculated that tho adsorption of sodium 

formate at the :l.ntcrfac:c may, to some extcmt, result in tho 

formation of a mobile surface bar:cier~ and cause a reduct:i.on 

. t ,.. 111 :cansx o:r·. 



h.3.3.2.1~ .. 3 Effect. of the impuJ:·:i.tie::;: 

The e·v·er present i111ptn:·ities 1 although maybe in trace 

amounts in th:i.s case f:com lJaOH pellets, may also affect the 

interfacial pnJpGrt ies and cause trans fer retardation., 

~-·3~3.2.1;..'-:. Asfmmpt:tons involved in the application of 
the Hfilm theorytt: 

The assru~ptions of a constant ester diffusivity value 

(equal to that of ethyl acetate in water) for all ester-

caustic systems under study and negligible mt',lti-ion effects 

rend(~' the theoretical analysis to be semi~· quantitative. 

227 
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Similar to the ethyl foJ~mate-sodium hydroxide system, 

·trith the excopt:i.on of a fe1;~ run.s at the dilute :i.nput cc:.ustic 

concc:ntTation rc:tnge, the resv.l.ts incli cate the i.ncreaso o:f 

enhanconwnt factors v!itb. inc:.(•easirJg input sodium hyd:r~oxido 

concentrations. The mGasurod on.hancernent facto:ci:l for both 

groups of oxperimc~nts are, again, lovmr than those pJ:•ed:Lcted 

from the theoretical model as shovm in Figure 31+. 

'J.1he overlapping of the t1·:o sets of enhancement factor 

data indicates that although the absolute values of the 

tr·ansfci' rates are different l:Ihen the transfer experiments 

are performed at different stirrer speeds, yet, the degrees 

of enhancement due to the reaction are the samE~. The 

stirrer speeds for· both groups of experiments are high enough 

to ensure vigorous mixing in each of the two liquid phases. 

The reasons for the reduced transfer enhancement for 

the met-.hyl formate-sodium hydroxide system are believed to be 

similar to those speculated for the ethyl fo:cm:1te-sodium 

hydroxide system. 
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Propyl F'o:nnBt. e·-.Sodi tun Hydroxide Syf;tc~u 
t:;;.,_,..,-.., .,._._,. ....,<>•~'-'~"""'..,.·"""'"~" '"'·"~"''"''··~··-e...,.-~.., . ..,._~.·._, -"'-"'~·-=="'·c""""· -···~~=·'''""4'-':C...c_.,-:_ ""'"'' --··""-..:;.- =,.,.._._, ·""~c"t~=~---, .• ;._.,.._,_ . .._,. ~->.. >«:;;..> 

Judging fr·ortl the tranr>fer rate data (Figuxc 35), s:Lm:i.la:r-

enhancoli.1c:;nt fact.o:c results are expocted for the propyl formate·· 

sodium hydroxide systen1 as uith the previous t1·:o estor~ca.u:::rt.:i.c 

systemso 

Reaction rate constant info:;:'mEltion f01·· the ester~·caustic 

system is not a\ ... aLLa blo. An attempt to m2.a sure the rate 

constant of the batchwise saponification reaction using the 

conductivity method(D8} (B6) vms not successful due to the fast 

reaction l~ate. As a result of the luck of kno·Hledge on the 

reaction rate, the enha:n.ce1:1errli :facto:r·s for this system vJere 

not calcv.lated. 
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J •. ._f •.. ... P/ItC D 
·"=~~,,,_,.~··· •--~·-········-~···-~·-

In the thoo:retical c<-1lculations of this d:i.Gsortation 9 

diffusion coefficients of various components in the solu.tions, 

particularly those of the osters, are f:t:"'equc:mtly involved. 

Although some theories for the prediction of diffusion 

coefficients of liquids exist in the lit.cra:ture, they are, 

hovrc~ver, by no means adequate for accu:cate predictions o It 

was therefore decided~ as part of the project, to design and 

construct a diffusion cell which enabled the quick experimental 

measu:c·ement of thG binary diffusion coeff1cio:nt and possibly 

the ternary diffus:i.on coefficien-t as a function of conccnt:rat:t.on 

in the liquid~liquid and ga s~·liquJ.d systems ui th reasonable 

accuracy. The apparatus ivas so dcsie;nod as to adopt the 

mo:i.re pattern n1ethod originally dcvelopod by Sato(S2 ) fo:c 

the determination of diffusion coefficients. 

Only the preliminary oxp.::Jr-:i.ments to obtain the diffusion 

coefficient results were carried out. Some experiments of 

an exploratory natu;.~e i.n tho one· phase throe~componont systeu.~; 

were also studied in this project. In addit:ton, the interr~ 

facial phenomGna involved in the two~phase ester~ caustic 

systems were investiGated using this_ cell. 

'rho appEJ.:catu:::; lras subsequently· used to evaluate the 

• I mou."e pattern method in detail using several one·-phase b:tnar·y 

l ~ql.ll.Cl c.•vc•"-r,-,•c• b"·r q I5:::><.'t.EJ·1''"'D'='ff''''C·O Cr'l'10'l"<ln 1·c,(L2 ) of' tl1·ic.· _._ .... ,_;,.t•=>l·~l'h' y c .. L-.v ··•·' <;;0 .•. • <"·-• . -·'-'. .._ --"-' 



The diffw:~ion cell consisted mainly of t\'!O par'ts, ono 

( blocJc 2 ), being Sli:.::tller) i·ras enclosed by the main body ( 1) 
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as shovm in Figu:ce 36. The smaller block 12s made of Teflon 

reinforced by a st,e:dnle ss steel stru ctu:r""e. The remaining 

part v?as made of stainless steel (type 316) e The smaller 

block could also slide smoothly onto the other. Both tho 

:front and the bnck of' the main body lJere mounted ~~lith 

optically flat glasB plates. Rubber gaslmts were used 

bet1veen t.he stainle:ss steel frame (h) ancl the g laGs ( 5) as 

sholvn in Figure 36 o 'l'he vrhole cell maasu.red 12.7 em. long, 

8~2 em. wide and 4.8 em. deep. The test section 1·ras 2.5 cm6 

deep~ 0.65 cmo wide and 4·3 em. from tip to tip. The upper 

compartment, being shortert v:an 1.75 em~ long. 

The experimental set=up \'Ins arranged as shovm in Figure 

37. The cell 1·ra.s placed insj_de:J the vmter bath to ensure a 

constant temperatureo A thermostat -vras used to regulate the 

temperature. Light beams, from 'che point source (Sylvania 

concentrated arc lamp K 25) became parallel after passing 

1 (D) Th . / .J. • h through the convex _ens · • e mo1re pactern 1mago on t e 

ground glass (F) \'las photographed using a Pentax cBmora (H) 

equipped vli th close·-up extension tube No. 2. The setting~> 

on the camera srwuld be fh and ~ second for plns·«X filmo 



SCHEMATIC DIAGRAM OF THE DIFFUSION CELL 
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SIDE VIEW OF THE DIFFUSION CELL 

FIGURE 36 

4 Stainless Steel Frame 

Flat Pyrex Glass Plates 

N 
\.A) 

l\) 



A Sylvania Conc~ntratcd Arc Lamp K25 
f3 Convex Lc:ns 
C Glass Windo~s 
D Diffusion Cell 
E fvloire Plates 
F Ground Glass Plate 
~ Temperature Controller 
H Pentax Cam:~ra v.rith Close-.. Up 

Extensio11 Tube No.2 
I i'llate r Bath 
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All pax'ts of tho coll Nero clec::.ned vtith soa.p sol uti ont 

ethyl a cetat.e, concentrated chromic a c:Ld and finally rJ.nsed 

'~llith distilled vrat.er. 

When the cell ·NaD alr-eady assembled, block. ( 2) v·ras 

moved to a position in ":r,.,j_d! the upper half of the test 

section ( 6) Has aligned vri th the lo-wer half ( 7) • 'rhcn, the 

lov.;er compartn;.ent of the test section ( 7) in bJ.o ck ( l) uas 

filled vri th the solut,:Lon of a higher density~ Block ( 2) vras 

pushed to the right in order to isolate the tvro compa:ctmentso 

'fhe upper compa.rtmE::nt ( 6) in block ( 2) uaE-; rinsed and then 

was filled uith the lighter solution throv.gh the top openi.llg. 

The uhole cell v·;af; pla eed inside the i·rator bath. Block (2) 

was then pushed very slm1ly and steG.dily to the left using 

the lover (3). Caution should be taken to avoid inducing a 

convection current as a result of the drag Nhen t1oving the 

block. \".TJ.1en the uppel' compDrtmen.t l·.ras aligned with the loHer 

one, the rest of the space in the main block (l) was filled 

tvith the same test sol uti on as for the upper compartment:, to 

t 1 ' 1 . . , 1 d 1 1 .t.. p th J ' ensw~e · .10. c. no :Lqtna cou.. ea ·~ out.. Oi. • e upper comparcmenc 

(6) during the long period of an experiment. Time t ~ 0 v1as 

noted Hhen half of the upper compartment (6) overlapped the 

loHcr one ( 7) • The light source lJas tu.rnecl on and pictures 

'Vvere taken at :::et intervals of time. The -film vias later 

developed and magnified over a microfilm reader. fTil • / 
.1. 1c moJ.re 
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Theory on tho moire pattern has beon treated by H.ayleigh 

in detail ( rul-) • The conver~>J.on o:f the moir·G' po.tter-n cur-ves 

into concontr·ation profilE;s has been discussed by Sa to et c:.J.. ( 82 ) 

and later by Le (L2). A •ro~y b.1.4 J·.~.Lh qu~l~t~~~.r~ QY)]rl t' v ... _ .c:., . . L d. v .. L ,. 0 '.t·l .,,;_ ·1a ,J.. on 

as sum:caarized from Sat.o t s paper is given bel OTT: 

A glass plate having equidistant parallel lines, 100 

lines per inch is put horizontally on one side (the ligl~ 

source side) of the diffusion cell and a similar plato is put 

on the other side of the cell j_n such a manner that the t't·ro 

sets of lineB intersect ,;-r.Lth a suall angle. \rlhen a parallel 

light boao is cast through the plates and the coll, a family 

of parallel stx·aight. strip8s are visible l·ihen thG solution 

inside the tE:st cell if> unifo1~m: this :i. s the so~ called 

nmoire phenomenonu. The stripes vdll be curYed when a con~ 

centration g:t~adiont exists in the t-est solution. If the 

refractive index of the s olut.i on i~'J a linear function of 

concentration., and the displacement of light, beam i::; proportional 

to the refractive :Lndox gradient, as is usually the case, it 

mar be considered that any one of the above~ment:Loned curved 

' h l t' dC strJ.pes re1n·esents t e re a 10n -"--" vs. x. 
dx 

Upon inter;rat:ton of the area under the curve, the concent:~."ation 

profile 6an be obtained readily. The diffusion coefficient--, 

can be calculated using either equation (17) or (18). For a 

detailed method of diffusion coefficient calculations, 

References (S2), (L2) a:od {SlO) Ehould be consulted. 
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Preliminary experiments on the mcasurerncnt of cU.ffus:Lon 

coefficients wm:·e performed v!:Lth the follovring one:··phasc:) 

binary Jj_quid syst.Gms: sucr'ose~.ua.ter, sodium chlor:Lde"·vJate:c, 

ethyl acetate-lmter, butyl lactat<:)·-Hater, carbon tct:cachlo:cide= 

ben~eno and chloroform-benzene. In add~tion, thG reaction 

systems of ethyl formatee·sodium hydrox:t.do and ethyl acetate-· 

sodium hydroxide under one-phase condition were also studied. 

Results were summarized in a (('-1 0) Summer Repox·t u~ • As expected, 

the Gster-caustic systems in the absence of a liquid-liquid 

interface did not exhibit turbulent layer phenomena (Section 

Furthe:e diffuaion coE:fficicnt measurement runs v1ere 

carried out with water and methyl formate, methyl acetate, 

methyl propionate, ethyl formate, ethyl acetate, ethyl 

propionate, propyl formate respectively. The experiments 

were semi-quantitative. In general$ it Has found tha. t the 

diffucion coc.~ff:i..c:Lent versus concentration curves decr-eased 

\'Jith tho increasing ordc:;r of the rnember of the methyleeethyl~ 

propyl homologotlS series and similarly rdth the increasing 

order of the member of the formate~·acetate~propionat.e 

homologous series. 

As an e:xplorato:cy study, one·~phase ternary liquid systems 

ue:t•e also investigated. Ethyl acetate di{fusing in uniform 

concentration of aqueous s ocl.i um acetate solution and ethyl 

f t c1 • f'f . . . /:> • t. ,.. d. orma ~ e .:L.- us:~.ng J..n un:u.: orm concenc ra :ton or aqu.ootJ.s SO'" J. um 



formate uere individually studied. It v.ras tentatively 

concluded that for the ethyl acetate diffusing in aqueous 

sodium acetatc~ solu:t:.ion, tho mo:Lre pattern method of detor·-

mining the diffusion coefficient might be applicable up to 

0.05 N of sodium acetate~ concentration; v.J"hile for the 

23? 

diffusion of ethyl formate in aqueous sodium formate solution., 

the method might be applicable up to 0.2 N of the sodium 

formate concentration. Beyond the concent.ration limit of 

h l ] ·"' '1 t e sa t, irregu __ ax· molre patte:cns \·Jere aeve_oped. More 

exper·iments must be pe:cfornwd before the moire patte:cn mc;tbod 

could safely be extended to one=phase ternary liquid systems. 

Two-phase ester--caustic syE:> terns (such as ethyl acetate«· 

sodium hyd1·oxi de and ethyl f o:cw.a te--socli ttrn hydroxide~) v10re also 

investigated. The tu:r·bulent layr::rs developed in these systems 

were quite thin as compared to those obtained in the optical 

cell runs (Section L1 .• 1.2). The s::n.aller turbulent layer 

thickness in the difflt.3ion cell is p:c·obably due to the \vall 

effects. 

The apparatus vm.s subsequently used by a 1viastersDegree 

cahdidat.e (L2 ) of this Depe.rtraent. to re··measure the diffus:to:.1 

coefficients of some of the binary liquid systems previously 
(SJD) 

studied • His prel:Li:ilinary rt~sults j_ndicated that such a 

diffusion cell design iiD.S uorkable. However, the scattering 

of data could be more than ± 10% of the mein diffusion 

coefficierJt values due to the i:t1~"- ccln·ac:y h1 the cll"D.\ving ancl 

A typical 



,; photcgr<:tph is shm·m in Figux·e 38 and a sample of the 

.,LJ_l ts on the ethyl a cetato·-i·:ater system is prEJsEmtod in 

Figure 39 o 



FIGURE 38 

, 
A TYPICAL MOIRE PHOTOGRAPH 
OF SUCROSE - WATE R SYSTEM 
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CONCLUSTOPS 
~.,_.r;;·. -'••" •~.d.h ...... ·~~·~-c.-·'-""-·"" 

A tur-bulcmt reaction layex· v;as formod on contact of t1m 

stagnant, reactive, partially miscible phases in the ester-

aqueous caustic systems 11ith a slmv second~m.."'der irre\re:r: ... siblo 

chemical reaction. The lay or thickness (in tho aquoou.s phase) 

't'Jas linearly pl"'oportional to the squa:co :t"oot; of tb.e phase 

contact t:tmo for at le.9.st tho initial pa:r.t-, of each run. Tho 

rate of the turbulont layer p:copagat:ion 'lrras n function of the 

input cauotic c:oncentration, tb.e reaction voloci ty ( v;h:Lch 

governed the amount:. of rc~action p:codu.cts and the heat generated 

by the reaction), the physical properties of the salt and 

alcohol released, tho solubility of the ester, the density 

and viscosity of tb.e aqueous phaso. 

The cle(;U'-cut boundary observed bot·hroen the layor and 

the bnlk sodium hydr--oxide:.~ phase vras du.e to the existence o.f 

the ab:cup·G concentration profiles of the rc:.actants and the 

products at the layer· f;;:·ont.. The occurrence of the interfacial 

turbulence 1:iD.s r1.3.inly due to tho localized variat,:i. on of tho 

interfae:ial tension at the liqtdd=liquicl into:cface e 'I'h:Ls 

localized va:ciat:l.on uas due to tho non~lmi.fm"'m distr:i.bu·tion 

0 "' t·l1e' I)'"qchc··- '"•lcr)l'c)l .L . . .1. '- .L .u c.... -'· .. ~ the heat of r'Gactio:n a:o.d pos::.dbly ~ to 



some extent, the heat of solvation. 'The turbulent liou:Ld 
l 

mot:lon inside the layer beneath the interface Has c~ceatcd by 

the buoyancy flo·;, of 11 alcohol~rich liquid pockets" and the 

"hot liquid" heated up by the heat of tho reactiono 

At the longer· phase contact time of a run~ the turbulent 

layer subcli vided into t·v:o zor.tes; a turbulent diffusion zone 

't'dth abnormal component concentration profiles and a reaction 

zon.e. 

Simulation of the cxper·imental concentration profiles 

t'dthin the turbulent layer (obtained at various caustic 

conce::ntrati on lovcls a~Jd phase contact t irnes) o.f the t"~.-JO ester= 

caust:i.c systems employing a quasi~Gteady state transfer uit.h 

chemical roact:i..on mod\jJ. yielded the valu.o.s of "mean eddy 

diffusivity11 of the components ranging fror11 6 to 39 X lo-5 

cri /soc. for the othyl ncctatc:;-sodhun l;ydro:xide system and 

2e5 to 11 X 10·~5 cm2 /sec. for the methyl p:cop:i.onate~sodium 

hydroxide system. F'urthcn"more, the "tirne averaged mean eddy 

diffusi vity" could be correlated H ith the layer propagation 

rate of the same systmn. 

The experimental onhanceme:mt factorG calculated from the 

mass transfer data of the ethyl acotate<-sodium hydroxide system 

\'rere t'.'.ro to th:cce tirnc,s higher· than the theoretically predicted 

ones \vhi ch ,,rer·e derived from a model baGed on the transfer 

with chemical reaction onlye Thus the enhancemc~nt of mass 

transfer· due to the turbulence alone v.ras slightly h:i.gllcn" (but. 

in the s.:une ordel" of m::J.gn:ttude) than that due to reaction f m:-



Despite the s:i.ud.laJ:•ity in physical propo:t't:los 

and the :r·eaction ve:t.ocities of the tuo E>ysterw undc:n" study, the 

expor:i.mental enhancement facto:~.~s for tb.e n;othyl propionate~ 

sodiur11 hydroxide ~>yst.e<i1 i:rere much lm·.rcr than the tl.woretically 

predicted ones duo to the abnormally large phys:1.cal transfer 

in tho m\/chyl prop:tonate~~,-;ate:c system. Consequently, the 

transfE~r enh:::mccme:nt duo to the turbulence alone could not be 

estin:.:J. ted :Ln the methyl propionatE:~causti c systcr.u. 

The measured reaction zone thicknessoE; for both ester·~ 

caustic systems were comparable with those calculated from a 

model using the experim0ntal moan oddy d:Lffusivities and mass 

transfer rates; but uore mv.ch larger than those calculated 

from the se.mc model uhen using the molecular diffusivit:i.es and 

theoretical reaction transfer ratesc 
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In the stee.dy state mass ty·ansfm" study of tho tHo~pha~o 

ester=·causti c syst.Gli1S uith bot~h phases sti rz·ccl, it \·,ras found 

that all t ln:-·oe formate-sodiUJtJ hydroxide systems exhibited~ at. 

the higher input caust:i.c concent~ration ran2~e, t:t"t:tn,sfor coefficient 

enhancement due to reaction. Hm1ever, the onhancoment factors 

obtained ·were lo1·.rer than those predicted from the theoretical 

model. ~:'he purity of the di ~>t:U.lod "t·Jater used for tho 

exp(irime:;l.1ts markedly infl uencGd the absolute r·atcs of inter= 

phase mass tranDfe:t"', but not the enhancem:mt of mass transfer 

coefficient due to ch~nical reaction. Similar co:nclusi.ons 

were appljcable to the effect of changing the stirrer's r.p.m., 

provided that the stirrer sp8cds for the experiments were high 

enough to ensure a well-mixed condition in each of the two 

phases and yet maintaining a stable, plane liquid-liquid 

int erfa co. 

The discrepancy arising betvreen trw experimental and the 

theoretical enhancement, factor values '\IJere speculated to be 

due to the follovdng factors! 

I , Failure to acC;ount for the change of experimental conditions 

(e.g. the change of density, viscosity and interfacial 

tension Hi th the sodium hydroxide concentrations) in the 

theoretical analysis. 

II Inaccu:r'acy in the assurnption of diffusi-on cooffj_c:len'G values 

in tho theoretical analysis. 

III Modif:i.co:t:.i on of hycl::oclynami c condi t:l. ons at and ne:ar· tho 



in'Gc;)_:-f'a ce in tho roa ct:L on r·uns. 'I'he modi:fi cation h'"as due 

to the presence of the pro drl.ct ~;aJ.t; and a trace amount of 

·impurities from the reagent grade sodium hydroxide pellc:ts. 
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Data on the layer propagation rate should be obtained 

for mo:r·e estcl"'~CD.ustic systems 1lit,h physical and chemical 

prop0r-tics diffe:t~ent from those systemrJ cm"'rently u:cde:t." study. 

To investigate the layer pro p&igat:t on of sys terns rd.th 

both slo~cr reaction velocities and slovr rates of layer p:t~opagat-,ion 

( f:mch as tho caustic-ethyl propionate system or perhaps, systoms 

consist i.ng of the caustie and one of the esters of the highe:c 

members in the homologous serier.:; than tho ethyl propionate), 

the opt:Lcal cell t:all should be coC:ttecl vdt.h a thin layer of 

ant:i_-,,retting agent to reduce the thiclm.er::Js of the meniscuses 

of the interface and tb.e turbulent layer front~ T:b.ese 

mcniscuE;es [;ho:·I up in the moix'o pattern photographs as thick 

da:dc bands (l"igure 5) and cause en:·ors in the dete:cm:i.nation 

of the tu:cbulmr'c layer thiclcness (\-rlth referencG to Section 

'Ehe e.nti··Uotting egent used for the coating 

should be inez~ and insoluble in the ester-caustic systems. 

Previoun At tor!lpts to coat the cell \-Tall vr:it.h silicone deri vativor:.l, 

2/..,.6 



'Hith a Sl:tspm·I[d.on of ~:e:.:flon p.::n·tj_clcs, and uith vi.nylidcnQ 

fluoride Y'CSpG cti voly ~ gave unt>ntisfa ct.or-j' :cesu.l ts ( S8) • 

For sycterns ·i.;ith fast reactions and fe:wt J."'D.tcs of' layer 

propagation (such D.S lUElthyl fo1··mate-sodium hydroxide system), 

the p:r·escnt. method of contacting the t1·:o phases is not suitable 

(with reference to Section 4.1.2.2.1.1). Perhaps a sliding 

cell [;hould be constructed. The cell can b8 sin1:Llar to that 

of the diffusion cell (Figure 36: 4.4. - PAH'I' D) tn d~;sign 

but with the dimensions of the test section similar to that 

of the optical cell (5 em. X 5 em. X 5 em.) in order to reduce 

Various foctorB governing the rate of turbulEmt layer 

propagation have been studied (Section 4.1e4.3). In those 

invcstigat ion;:-;, the salt and density e:ffe cts are alT:Jays combined. 

Experiments should be devised, if possible~ to at tEmpt to 

isolate the effects of salt. and density (such as by loading the 

aqueous phase llith a nonwionic compov.nd ·which vvil1 increase 

the density of the solution but 1·rith little or 1'10 salt effects). 

The effects of heat and alcohol on the layer propagation 

rate are difficult to evalucr\:;e quantitatively; yet, they are 

consi clered to be tho major factors contx·i bv.ti ne to the 

occurre:nee of the inte:cfaci.al turbulence Hh:tch, in turnj 

promotes the :~~ate of JDyer propD.gati on. Qual:it.at. :ivo 



expm'iment. s are pxoposocl to measure tho layer· propagation of 

the cster-·caustic syst.oms VJhoreby an app:eopr:Late m:1otmt of 

aqueous alcohol solut:i.on is injected from a syringe (or sevc:cal 

syringes) through sever-al hypod.crmic ncGclles \'lith their outle'~ 

tips placod :i.n tl:lG vicinity of the turbulent layer front~~ 

'fhe alcohol should be injected at a slm'l 9 but diu continuous 

rato •a i&eo in small, discrete volumes at short 1ntervalso 

At the same time~ heating elements are placed in tb.e vicinity 

of the layer' front~ A small a.mount of electric current is 

passed through the elements :i.ntermittently. The liqtl:i.d 

surrounding "the elements Hill be hea:ted up slightly { ~°C) 

and ascends to the interface. Such a phenomenon is similar 

to the reac'd.on run situation vrherohy poclcet s of liquid ,.Ji thin 

tho turbulent layer are heated up locally by tho heat of 

reaction and ascond to the interface. 

Data on the components' concentration distribution i·lit.hin 

the tm:,bulent. layer should be obtained for more ester-caustic 

systmns ot.her than those currently studiedo HmJeVE3r, the 

neu systems st,ud.ied ~-r:i.th the present expel'imental set--up 

should not have too fast rates of layer propagation (1·I:tth 

reference to Section 6el.lol)o 

To obtain t.b.e concont.ration distribution in an ester-· 



caustic system I"Jith fast reaction (c.gc ethyl forn:.:::ttc~,f:;od:i.v.u 

hycb:'oxide system), the existing apparatus or saii.J.pl:i.ng tochn~.que 

should be n1odifiExl (such as shortening the portion of each 

sampling needle above the b:r·<:ws supporting plate") in order 

to reduce the c:o.mount of reaction of the liquid sample travolli.ng 

inside the needle before reaching the syringe to be neutralized. 

If tho oxperim2ntal set~up is not modified, the amount of 

liquid sample reacted in the sampling needle E>hould, at leafJt, 

be calibl·,ated and corrected in the dr'a1:ling of concontl"ation 

profileso 

SimuJ.ta neov.s sampling at seve:C'al key posi .. tions H:t thin 

and at tho edges o.f the tm"'bulent laye~c l.rill yield the concon-

tration profile dj_rectly Hithout the tedious pr·ocesses of 

extrapolations and cross-plots px'ocentl y employed ( ui th 

reference to Section 4e2.1.4). The change to s:tnml taneous 

sampling 1·rill require the modification of tlw apparatus to 

accom.m.odate several 17 sampl:i.ng dev:Lco::Jn (Figure 12) o A 

mochanico.l instrument. Hill have to b G built in order to pull 

sever·al plunger·s of the syringes at the same time. Care 

should bo oxerctsod in sampling the appropriate volume of the 

liquid and at the right time so as to avoid an excessive loss 

of the Liquid in a short time through sampling and cause a 

sharp drop of the intm."face. A sufficient. time laps(; should 

be allo1wcl foy• the e.quoous phase to replenish its sampling .loss 
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through t.ho 'G:J:·ansfcr of the ester [;olu.tton ac:coss the liquid,-

liquid intu:cface before the next. round of sampling. 

Future exper·:Lments should be planned v:Ti tb. the layer 

propagation mGaSUl"'emEmt and the concentration probing (by 

sampling) bd.ng pc~rforrned at tho same tinw o 

It vrould be mo:ce conveni6:nt :i.f delicat.o instrun18nts 

could be devised and inserted into the turbulent layer· to 

rneasux•e the concentration of the reactants without sampling. 

One type of inst:t--miient suggested fox" measuring the sodium 

hyd:coxido concentration is an accu.rate pH meter, capable of 

reco:eding rencl:Lngs up to 0.01 pH and Hith a very fine electrod8 

(eQg. Becln11an Sp2c:Lal model electrode, uhich has a sensing tip 

of ! urn. bot.h in lcnc;th and in diaE1etor) o 

The Effects of Alcohol and the Heat of 
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To estimate, somi··quantit.at.ively, the enhanconwnt of 

transfer· due to turbulence caused by t.he alcohol alone~ 

experhnents may be pet·formed \'lith the ester~c.queous salt 

solution. systexa. The concentration of the salt :Ln the 

aqUEJOUs solution should be equal to that in the actual 

experimental reaction ::·un under compa:cisono As an example, 

in ordo:c to estimate the alcohol effects in the ethyl acetate-

1 .. 0 N socUum hydroxide run, alcohol is injected into the 

ethyl acetate- ~ Oc85 N soctlum acotate system (\·rith refe:t'"'ence 

to Figure 18) in a. way s:trn.ilar to that described in Section 

6 .1 .. 1 e3 ~ The rate o~f injection should be roughly equivalent, 



to the production rate of alcohol in tho ethyl acetate-1&0 N 

sodium hydrox:i.d e run. The concent:cation profiles of tho 

ester at various phase contact t :i..mes arc measured. 1'he 

ester transfer rates are calcuJ_/j.ted and compar·c~d Hi th tho so 

obtained from the ethyl acetat.e.,,Y;Jater system and the ethyl 

acetate-1.,0 N sodium hydroxide system respe cti ve1y. 

Similarly, foll01"Jing the same pl"ocedure as described 

in Section 6.1.1.3s the effects of heat. of reaction on t.he 

enhanccnH'mt of ester transfer can be approx:LmatecL 

If the abnormally high est. or t ransfcr :ln tho ethyl 

acetate-caustie system is duo to the interfacial and layer 

turbulences ·uhich, in turn, are cau_sed mainly by the alcohol 
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and tho h0a'G of reac>,~ion {\·J:Lth refex''Emce t.o Section 4 .• 2.3.4)~ 

then the ester transfer due to diffusion (measured from the 

ethyl acotate~uater system: Figu:ce 20) ph1s 'che tram:~:fr;jr chw 

to the turbulencG Cl""eatod by the presence of alcohol and hoe.t 

(measured fx·om the CJ.forementioned e:xperir:Ic:nts) plus the t:cen:::fo:c 

due to r Ga ction { theo:roti eaJJ.y predicted) \1 ould be eq1.~<d to 

the experimentally measured ester t:L"arwfel~ in the ethyl acet.c-;tc-

1.0 N socliv.m hydroxi.de sys.tem. 

6 • 1 o 3 Ma t}}.£ma t~.:},S:~l.}'Io~<:!£11Jng 

With the accumulated knoHlodge concerning the caw:.:;o and 

nature of thc3 tu:cbulent layer in the ester·~cau.st.:tc systems, 

theoretical models should be formulated in or·der to predict 

the rates of layor propagation, the ester transfer rate~; &.ndj 

j_f possibl<:!, the~ general shape:;s of the component concent.:t•atlon 
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profiles in t.ho aqueous phase. PrcsunmbJ.y one of the s1mplest 

models proposed 1·.roulcl be diffusion YJith rcact:ion tilth a con~-­

vective flovr of ester across the l:tquid~-l:L_quid phase and a 

convective floN of liqtdd in the aqueous phase to1'rards and 

parallel to the interface at prescribed velocities. Alter­

natively, a transfer 11ith reaction model should be attempted 

wherGby the interfa.cial turbulence is vif.:malize:;d as eddies at 

and near the i.nter.face. An optical study (by suspending 

very fine particles in the liquid system) of the velocity and 

dirc~ction of the ascending pockets of alcohol and "hot liqu:LcP1 

before and after hitting the interface from experinwnts 

described in Section 6 .1.1. 3 may cast some en.lj __ ghtenrnent on 

prescril.JinG the magnitude and direct.:Lon of the convective 

floHs or the eddies in the models. In add:i ti on, the follmvLr1g 

rcferencc;s me.y be heJ.p_ful in the fornru.lation of theoretical 

models, (Rll) (Fl) ( S29). 



6 $2 ~0:9~~~9_~.E2~ M~,_ ~~~L TJ:iln~K~£-~~l:.s!x~JA!.L::._I:_£\~~LJ~) 
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It is evident that much ~-JOrk is left to be dono in order 

to fully understand the factors governing the discrepancy 

betuoen the theoretical and the experimental enhancement factors 

as observed in the form.ate-caustic systems in the steady state 

transf'er cxperimcmts. All the poDsible factors speculated in 

Section 4.3.3.2./+ should be checked out by fu.rthor exper·iments. 

In addition, physical and reaction mass t:cansfer 

experiments shou_ld be performed 1ri th esters of the higher 

members or the b:r.-·anched members of the homologous series. 

Also, transfer experiments should be performed with other 

kinds of alkaline solutions (e.g. potassium hydrox:Lde) as the 

lo\·.rer phase. Some runs should be per·foJ."'med Hith purified 

sodium hydroxide ( PS) • All these experiments vlill help to 

reveal the importance of ester solubility, reaction rate, 

ster·ic effects of tho molecules and the contaminants to the 

steady state int~erphaso ester transfer. 

Experiments may be repeated vrith the same formate~caust:Lc 

systems studied but using other typas of apparatus (vJit,h the 

appropriate theo:cetical analyses, of cou~cse) such as the 

wetted·~wall column or liquid-liquid larniner jet etc. These 

apparatus have the advantages of studying the unsteady state 

transfer in short contact time and under tmll--definocl hydro~ 

dynamic conditions. The continuo·us surface renc•.ml uill 

eliminate Ol" minir·1ize the accumulation of impu.ri ties and the 
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adso:r"pt:Lo:n of the salt at the interface. 

6o2.2 Analysts of Data usinr,; Other Theoretical ModeJ.s -·-'-""" ... =~-~-'...,.,..,.,"" ____ .. ,_, __ .,.,.,.-.. ... _.,.....,=.,·.r -~~"<"'t'~.,.,..,.-, --"-'-~"'"""'"'"~-=-.. ,·,-.,.,..,._,...,_"'"'-~-~--"""-... -"'...,._,_.. ___ .,-.,_, 

In vievr of the dtsc:cepancy of cnhancem2nt factor's 

existing between the experimental and the tbe oret:L ca.l analyses 

(using the film model), it is proposed that part of the 

experimental data be re-analysed, using a model of transfer 

accompanied by fast pseudo·-first-ordcr reaction { Dl) ( l'U) { V1). 

Due to the high solub:lliti es of esters in the aqueous solution 

in both the ethyl form:J.te-sodiurn hydrox1clc and the methyl 

formate-sodi urn hydroxide systems, the pseudo=first-worder 

reaction model is not suitable for these t1·1o sys terns except 

at very high cau.stic concentrations. On the other hand, the 

model may be applicable to the analysj.s of data in the propyl 

formate-sodi urn hydl~oxide because of the limited solubility 

of the propyl ester i.n the aqueov.s solution. 

In addition~ the fea~'iibil:lty of using models other than 

the film model to analyse the present experimontal dat~ should, 

perhaps, be investigated. 'l'he models to be employed should 

describE: the actl.J.C:tl experimental conditions more realistically 

such as taking into account the follovling: 

I. 'l'he change of the physical properties of the systems 

with increasing caustic concentration levels. (The 

change of physical properties i\Till affect the component 

diffusion cooffic:Lents and the hydrodynam:.Lc conditions.) 

II. Turbulent liquid motion right up to the interface o 
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After loading the separate compartments of the diffusion 

cell ~:lith the test liquids (but before tho tuo compartm~mts 

\vcre aligned to sta.rt the diffusion run) , a minute amount of 

the liquid from the upper compa:r.."'tment 1:1as observed to creep 

through the imperfect contact bct\·reen the Teflon block {2) 

and the glass plate and run into the space in the main body 

(l). Anothe1" leak, though very minor, 1ras al::w observed 

bet;·.recHt the bottom·~ end of the 'Ee.flon block ( 2) and the 

stainless steel main body {1). These leakages 'l:lill tmdoubt= 

edly cause errors in the diffusion coefficient measurements 

and should be remedied by the four modifications to the 

apparatus proposed in the follovring: 

I e The stainle ::;s steel maJ.n-bocly { l) can be replaced 

vlith a 'ref.lon one reinforced by a sta:i.nJ.e ss steel 

struct.ure. This modification vlill provide a tighter 

seal against the leak~ge of the liquids from the test 

sect~ion. 

II., Pressure should be applied on top of the Teflon block 

( 2) so as to minimize the leakage of the liquid from 

the npper compart.men t ( 6) into the louer compartment ( 7) 

v:hen filling the upper compartment for a d iffurJi on run. 



The pressure application can be achieved by fitting a 

spring device between the top of the Teflon blo8k (2) 

and the main body (l) as sketched in Figure hOo 

III. 'fhe rE')ctangular space in the stainless steel main body 

(1) should be lengthened slightly on the rigr.lt side so 

that the 'i:eflon block ( 2) may be pushE:!d further to the 
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right side during the filling period of the test sol uti on;.;~ 

'The increase ln distance betvJecn the t1·.ro comp9.rtmcnts 

should reducG the leakage of the liquid f:com the upper 

compartment into the lovrcn· compartment before the start 

of the diffusion run. 

IV. Both sides of the Teflon block (2) should have the types 

of surfaces skE.:tcb.ed in Figure 40. Surface ttAn is indent.ed. 

'fhe tight contact betvrecn surface 17 B11 and the glass 

plates \1ill further prevent the lee.kage of t.he liquid 

from the upper cornpartme:nt.. 

In order to facilitate the filling of the test solutions 

in separate compa.rtments and also to avoid the tinnecessary 

rinsing of the u.pper compartment, additional holes of small 

diameters may be drilled as sketched in Figu:r·e 41. 

Errors in the measu1··ement of diffusion coefficients are 

introduced clue to the inaccuracy in thE: tracing and the 

measu1'ing of the moire curves from the photographs {11ith 

reference to Section 4.4.1.2). In order to lilin:Lr~dze su.ch 
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err··ors, the thickness of the moire l:i_nes ml!St be reduced. 

This reduction can be achieved, to some extent, by inc1~easing 

the an.gle of the :lntorsect:ton of the tvcro moire glass platE:s. 

Further refinement of the moire lines can only be achi<~ved by 
, 

reducing the spDcing botHeen the successive lines in the moire 

glass plates. 

A variety of one·~phase binary liquid systems should be 

investigated in order to test the limitations of the cell 

and the moire pattern method for the determinntion of diffusion 

coefficients. 

The diffusion mco_surement in one-phase ternary systems 

(similar to the di:ffvs:ton of ethyl ester in aqueou~:; salt 

solution as described in Section 1:-.lJ-.2) should be further· 

explon~d. 

The diffu::J:Lon measurement in t\·m-phase ternary systems 

(similar to the diff1.1.sion of acetic acid across the water­

toluene int,er·face as described by So Hosh:lno et al. ( Hl5)) 

should also be investigated. 
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Simultaneous lE:tss transfe:t• and chenlica.l reaction at a 

plane liquid·-ltqu:i.d :i.nterf&ce in.volv:tng the sapon:Lfi cation o.f 

simple estcrr> transferring into aqueous can;::>tic solutions 

have been investigated. 

In the unst:.cady state transfer study, the cause and 

nature of the t1.n•bu.lent reaction lr=J.yer formed on contact of 

two stagnant phases have been e1uc5.dated. Neasu:c ement s of 

the i.nitial layer grm·rth rate on various ester~.caustic systems 

and at different caust.j_c concc:mt.ration lcwels Here obtained~ 

Various contributing .factors to the rate of layer propngat:i.on 

\'lex·e determ:Lned. An apparat.u::; was c onst.n.lcted and experimental 

techniques were developed to probe the concentration distribution 

of the reactants ar1d thH products in the syster11S 'IJi th slmv chemical 

reaction velocities as Hell as to measure the concentration 

prof:Llos in the t1.·vo-pha::3e physical transfer systems. The 

sampling techniques developed 'lvere checb:;!d out by the close 

agreement betl'lelen the theoretical and the met:lSurod concentra_tion 

profiles of n-but:.anol in \'Jater in the t1,m·~pha.se binary liquid 

system. Concenti·ation distribution data of ind:i.v idual components 

in tvvo estor-aquoot?..s caustic systems 'h"e;re obtained at various 

phase contact timE~s and at caustic concentrc;.tion levels ranging 
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from 0 to lch N. From these cone:ent.r·ation profiles, ester 

transfer rates, e:nhi3Jlcenwnt factors, turbulent layer thick~ 

nesoes and reaction zone thicknesses were derived for each 

system. A quasi-steady state transfer-with-reaction model was 

employed for the simulation of the exper:i.mental concentration 

profiles. The oddy diffusivities of tho components obtained 

from the simulation studies lriero correlated vrith the layer 

propagation rate of the same system. 'rhe mc..gnitu.de of the 

e:nhancement of mass t:cB.nsfer due to turbulence alone as compnred 

to that due to reaction v.ras estimated in terms of enhancement 

factors for tho ethyl acetate-sodium hydroxide system. 

In the stoC"l.dy state transfer study using stirring in 

both phases, transfer rate dat<J. and E:nh.ancclrt<::nt factor data 

were obtained fo:r.."' th:cee formate~sodiur.-l hych:·oxid e systems aJG 

various caustic concentration levels. The effects of the 

stirl"'ing rate and the impu:r.'ities from di1:1tll.led water on the 

transfer rates and the enhancement factors in a system \·Jere 

also investigated. 

In addition to the mass transfer studies, a diffusion 

cell "t'Jas designed and built to enable the quick experimental 

measurements of binary diffusion coefficients and possibly 

ternary diffusion coefficients as a function of concentration 

in liquid~liqv.id and gas-liquid systems i"li th reasonable 

accuracy. The app<:u~at,us 1-ras so d esi.gned as to adopt the 

moire pattern method fox, the detormination of diffusion 

coefficients. 
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AT'FhJ.:1JTX J 

The followin~ descriptio~s refer to the chemicPls 2nd water 

used in the turbr.;L:::nt leyET (PARTS A & B), diffusion coefficient 

( r r ···n J)) 
.. ):·L J.\ .. J. ' 

imc-mt ~3. Tl1e sc:lt~:; 1re:ce used for the rnsc,_.c;u:cer~telYG of ester 

-~ o J u.bi ]_ -_·t +· _·i __ r:> s·· ·j '" ,, C'' 1 E CJ-Ll s c.·" 1-:- c.· olu ·'c l. C)l~" (. -~ rJ·-,,y-,r' -' "'" ·\ .,. T -~- ) ~ . v ~- .. -'- o. j L-. o ·'- uc:. u '" _ _,_ '. -'•--=> "•.r {-'<:-!.. ~cl . ./ •. AJ. •. __ • 

Baker onc:1lysed. rec:_gent 

Density: O.GS3 
-~ . ] . 
l:JOJ ... 1n.0 ran~;e: 

e:melysed ree:;.=:;e:ot 

Tl' ~ _7 
... • '· 0 

Eastman Crcanic Cn 

F.~. 60.05 HCOOCH3 
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De:nD:Lt.)r: 0.929 to 0.933 

Con n'r (':::>t Fo '?J,6 . ··.; J,._, J e • -, & 

88.11 

Redistilled esters ----··--·----·- ---~-~-----·~·~. --·-·----
Tb e bat chi·rh;o o.ppc:,rattJf> f o:e tJw pur:i.fi cat ion of tl'e est ec;,; 

:u.tros of the fresh eE'.ter \'JE';:r·e put into a 

Frc:ctionaticm -c:a~o cione :i_r, a 32<inch 

Jon~~ colu::1n packed •:rith a mi:;;tu.rc of Dmall gls s~3 beads c s~Le. s s 

11he coltlTnlJ \'IBS ec~;_Lli~ql)Gd_ \·.TitJ:J. El rlicb.J~o.rr!s \-·:J_l\e 

heating coil. 

heated and the power supply was regul2ted by powcrstats. the 

ester 1ras c oolecl by CCJ C 0 1 (l -· f l• '"'1 0' '" 1' ·'L- "IT l' c. (' () [1 rJ :"'> f"t E' l"'l'' ~ J ,_ --- '(-J'' .~.f.l._/'-' -'· -·'-·"'---~- e 

:i.nt o.f th c~ 

ester. Reflt~ r2tio of 1:1 was used until the ester vapor at 

vapor t '"r:·,<-,11'(·' ·\·:<oC' 2- 0 r• <:>1)""FE:·' -l·l;~; Y1()l"':'jr·l '-.o·'tlin~o· ·c'-,c., E'.·.r:·i·t:·.·_,_~l" c··).r '-'~- ... _ l.J\.,. ~ ICt~J ·< v (l > \..) v ' v A\::...- .L..o.. -· <.-t..... ....., -·-·---.1..~~..,__) ........ ....__., u . -



FIGUr~E I.-, 

APPARATUS FOR THE DISTILLATION OF THE ESTERS 
------~------·----·- ---~------- --~----------~-------~--~ 

32 - INCH 
PACKED 
COLU11iN 
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39.999 

FotCJss:Lt,m hvdroxide ncllcts 
-~~~,------~·~-----,~.--!..'-··~'""'"''··-~•« ,-w--··--··- .... - __ .., . .__, . .._ 

F. i.'. 56 .10<3- JWJI 

Soc':ivm formc;tc; 

Fisher certified 

Sodi 1.J';'} ecetate 

Fish~r· CPr~J·~-L·Po' ·- ,_ . to - "-- l_, • J- . -~ ' fusec1 c:nr:ydrou;s 

Soriinm m~·o:donatr3 
---.... --. -.-.-.--~J.-~ _,,_..,k.-,. --·~·"'"""'"' ___ _ 

.Fish e:c l.F 

Ji' • r' • 96 • .06/: 

n·- Butc-1 no1 

n-.B-clt:_:J.nol u .. ~>cd .for the phy;:;:Lcel n:ass tre.nsfccr experjrnr:]ts 

spec ii'i c o.t' j_or~ r~: 

Fisher certified A.C.S. Cat. Ro. A-399 

F. 1_,-. 71:-.12 CHJ CH2 CH2 CH20H 

Boil:i_r,;_; r::: e 117.11• to ll?.9°C. 



I'Jl .• ~~t--J'l_l r:>.cl 1•'r·t·,-,-,, C'J1YFol·ie--c1 j'0l~o·m ti''C· ccr··tl''0 ] CiV''i··::-.•n CY(' +-1-le-_/ v _ ..._ __ • / C•, V .... 0 ......,, J..~ ;: -- -. , . -1.1 l v .. l -· C•. - '-...- .J ).J V t 1 .. J. V-

b 'll']c'irlo' r,,r;:.c ·rE•-c1 ic~ 4··'J]loc1 r-"'l·li·J'r•nou"'l'l thro'''~-1, ''I ('-1""1-·Jng ··1ll l---· --- .1_ .. -b \,._..(.o .~ •---~-~u __ -"·-'-.. .r -.~\J._v . ... ,A ''-"-·.; J_,_ u.,_:_.J!. c. J\ .. J. J. -~ : c.--~-

26r: ;;> 

pyrex gla ~3s v_rater still (model Fo. JlG .. 2) • Output from the l.JCJ.t er 

still 1·1as stored :Lo a 20--litre pyrex bottle vith a Toflon···plu~; 

stopcock at the bottom. 
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The follo1 .'in~ sam!JJ.e calculc/cion refers to the measurerncnt 

of the turbulent layer thickness as a fw1ction of the phase 

contact time in a typical run of an ester-caustic system (4.1 -

PART A: SECTION 4.1.2). Photographs of the turbulent layer, 

taken at intervals during the run, \lere enlar2;ed. The lB. yer 

thi ckne.s E3es \,'ere measured. 

Data for the calculation were taken from Run ro. 6. 

System: l-:ethyl acei.~ate- O.h07 lJ socliv_m hydroxide. 

Temperature: 24 ± 1°C 

Photograph Ko. 3 was taken at 6.0 the three measure-

ments of the la ye1~ i.~ hi cknes s were h. 0, /1 .• h and 1:-- 3 em. respec'ci vely 

The internal width of the cell = k.e2 em. 

The v.Jidth of the cell vJhen projc; cted onto tb e v1all for 

measurement :: 55.0 ern. 

The rnagni:Z'i cal::.i on fe ctor = ~'""Q :: ll.lrl 
4.82 

The error anCJlysis on the layer tJ---ickr:.css rrreasurement ,v-as 

performed using a method similar to that, shov;-n jn Appendix VII. 

. . The actuDl thickness of the l.s1 yor: 

.351 -1- .00/y em. 

4.h ± .05 .001:- em. 

X __ A ~$_2 ± _ _!.9.1:. -
55.0 :t .05 

.377 + .OOL1 em. 
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. . Average layer thickness = .371 ± .004 cw. 

•• S~tmre of the average layer thickness = .138 ± .003 cm. 2 

Data of Run to. 6 ~fter converted back to actual layer 

thicknesses are eiven in Table II.l. 
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APPENDIX III 

DETAILED DESCRIPTION OF THE APPAHNI'US 

III.l.l Tile Phc:L:?.Q_Cqrl!~ac:.!Q£ (or the Caustic DeliVGJ."'Y Tube) 

The phase contactor was made out of the design and 
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dimensions sho1:m in Figure III .1. 'l'he reservo:Lr of the phase 

conta cto:c had a capacity of 100 ml. Vvhen filling the 

reservoi.r, the sintered glass disc portion 1-ras lm·;rered into 

the sodium hydroxide solution. The stopcock ( 1) "l:laG turned 

to the pipette filler side (a) and the sodi urn hydr·oxide was 

dral'ln up until the liquid level reached the prescribed mark. 

When the contactor 1·,ras used to fill the optical cell, the 

stopcock ( 1) vras turned to the capillary tube side (b). 

The capillary tube would control the intake of air into the 

reservoir (vihich, in tur11, would control the flmrrate of 

sodium hydroxide solution into the optical cell). 

If, for every experiment, the initial sodium hydroxide 

level in the phase contactor vms the same, then the filling 

rate of the lovrer phase (and thus the same degree of phase 

contact mixing) could be reproduced quite closely despite 

the slight variation of densi t,y of the caustic solutions at 

different e;oncentrat:i.on levels. The spherical reservoir 

was so desigm~d that a large decrease in liquid volume vrould 

result in only a slight decrease in the liquid hydrostatic 

level and at; the same time a minim:;__ml surface a:cea for heat 

transfer 1·:as provi dod. 



Stopcock 

FIGURE II I. l 

THE CAUSTIC DELIVERY TUBE -------------------

6 ern. 

-j-
12.9 em. 

briz::~ _j_~ 
r- --1 
2.3 em. 

a Connected to a Pipette Filter \'Jhen 
loading the Caustic Solution 

b Capillary Tube: 
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(with reference to Figure III.2) 

In order to minimize the errors arising from sampling 

loss, a rather large cell 1·,.ras used for the e:xper-iment. The 

dimensions of the cell were so chosen that for a normal 

rea ct:i.on run the volume of liquid loss in the lm,Ter phase 

due to sampling as well as due to back transfer of the 

alcohol to the upper phase would be compensated by the volume 

increase in the lower phase as a result of the ester trans-

ferred from the upper phase. The cell was made of pyrex 

glass having an inside diameter of 21.2 em. and mc.::tsured 

7 em. from bottom to top. The mid bottom of the cell was 

made of fritted glass disc (pyrex coar·se gr·ade) through I·Jhich 

the lower aqueous phase could be introduced into the cell. 

The sintered glass disc ·Has 9 em. in diameter. The bottom 

of the disc Has connected with a piece of 9 mm. tubing 

extending dovrmvards to about ~~ em. long with a female ball 

joint at the end~ 

III.2.2 The Hypodermic Sampling Needles a12~1 the Supportir~g Plate ·-~·-· 

The 0. 51 em. thick circular brass plate 1vas made to 

cover the top of the cell. A circular groove of 0.24 em. 

deep and having the exact diameter of the cell vvas machined 

at the bottom surface of the plate. When the plate vms 

placed on top of the cell, the groove would fit the rim of 

the cell and cover it tightly, thus eliminating the evaporation 



f'iood~'n 
Plate 

J.-- . 21.2 Cil. _,, 

FIGURE II I. 2 
CROSS-SECTION OF THE TEST CELL AND 

THE SUPPORTING WOODEN PLATE --

272 



of the upper phase. T1·m brass rods uore soft·-soldered to 

the side of the plate for easy handling. The attachment of 

the rods vJOuld also facilitate the fastening of the plate to 

the tripod stand as shovm in Figure 11. 
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Sixteen holes of O.L~ em. in diameter \'Jere drilled thr·ough 

tho plate in the pattern as shown in Figure III.3. The holes 

were then threaded. In each of fifteen of the holes, a 

sampling tube vms inserted. The sampling tube was made of 

stainless steel tubing, type 316, 0.028-inch O.D. A pre­

measured length of the tube vms passed through and silver-­

soldered to the middle of a bolt v.rhich, in turn, ,,,as screv.red 

into the hole in the plate. After the needle together with 

the bolt had been screwed to the desirable position, the bolt 

was soft--soldered to the plate as shovm in Figure 12. The 

top end of the stainless steel tube was connected with, and 

silver-soldered to, a No. 18 B-D hypodermic needle, on top 

of which a B-D spring loaded stopcock (l\1309) \'laS fitted. 

The height of each needle above the plate was made the same. 

'rhe bottom ends of the stainless steel needles lvere bent 

90°, so that liquid samples could be sucked in horizontally. 

The directions of all the needle inlets were so oriented that 

maximum distance could be obtained bet-v,reen any two sampling 

inlets (Figure IIIo3). The last (the sixteenth) hole \·Jas 

fi tt.ed 1·6 th a solicl stainless steel rod 0.16 em. j_n diameter. 

The r·od, having a sharp point at the louer end, 1·ras used as 

a gauge to indicate the location of the liquid-liquid intGrface. 
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IIIo2.3 Th~ Tripod Stand ( vrit b. reference to Figure 11) 

The cell was rested on a wooden plate vrh:Lch had an 

opening in the centre in order to a ccommo·clate the bottom part 

of the cell. The p1a te, in turn, was supported by a tripod 

iron frame bol~ed tightly to the floor of the building. The 

brass needle supporting plate vvas fastened to the tripod frame 

by two clamps. 

'l'he cell, the plate, and the frame v:ere detached from 

the rest of the experimental setup so that any vibrational 

disturbances created by the mechanical movement on the table 

would not be transmitted to the system under test. 

III.2.l1• The..Jl_S.illJ-~U--11KJ2evigQ (Numbers in the follovdng 
description refer to Figure 12. In addition, 
Figure 11 should also be consulted v.rhenevm:·· 
necessary.) 

The main function of this device was to create mixing 

bet1deen a liquid sample and a knovm amount of hydrochloric 

acid, so that any residu.al sodiu.m hydroxide in the sample 

\•vas immediately neutralized and the saponifica.tion reaction 

was thus halted. The liquid sample v1as sucked through the 

sampling tube into a syringe already containing a kno·wn amount 

of hydrochloric acid. 'l'he mixing inside the syringe was 

produced by a small stirring magnet bar coated with Teflon 

( 3). Dimensions of the bar Here lJe X lJs X 3 ;8 inches. 

Motion of the stirrer 'vas induced by another tuo large 

rotating magnets (2) housed in a donut shaped Lucite block (8) 

and in the direction opposite to each other. In the centre 
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opening of the bloek, part of the inside i·rall of the HLucite 

donutn \·Jas tightly fitted to the outer rim of an SKF' 

(No. 6905 LC) ball bearing (6). The inner vall of the ball 

bearing vms, i.n turn, tightly attached to a brass cylindrical 

sleeve(?). A groove Has machined o.round the circumference 

of the Luci te block, so that an 0 ring ( 1) could be installed 

to connect tho block to a variable speed motor. In this '~:Jay, 

the Lucitc donut '\rdth its tvw mae;nets could be revolved freely 

wh:lle the brass sleeve in the middle of the donut was fixed. 

During the samplinr~, the B-D Corm·mll syringe was inserted 

through the stationary brass sleeve and connected to the 

sprj_ng-loaded stopcock a.tta ched on top· of t be sampling nec;dle. 

The Teflon-coated stirrer revolving inside the syringe would 

provide vigorous mixing of liquids. The whole sampling 

device '\'las moun'ced on a frame vlhich could be moved horizontally 

on the table vlith ease as to faci),itate the sarnpling from 

needle to needle. The legs of the frame were cushioned with 

soft rubber to absorb most of the mechanical vibration from 

the electric motor. 

III .2 .5 Th<L.!2..Qm::r!iTall'!__~_yr_igg§: (Numbers in the follm·Tin_g 
description refer to Figu:r·e 11) 

During sampline;, in order to obtain a representative 

sample from a concentrated small region surrounding the 

needle inlet rather than from a v1ide area, the liquid must 

be sucked in very slowly and over a fairly long period of time. 

A Cornvmll syringe nicely served such a purpose. 
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By controlling the rate of unscrewing the nut (l) on 

top of the metal cover, the spx'ing-loaded plunge:r· 1:1ould lift 

up very slmdy and steadily, sucking liquid into the syringe. 

Because the plungo:t' Has sp1~1 ng-loaded, the plunger -vwu1d not 

sag dovrn at all due to gravity force even if it vrere unattendod; 

thus eliminating the danger of pushing the liquid already 

inside the sampling needle back to the cell and causing local 

mixing and the associated effects. 



Sodium hydroxide solution of prescribed normality was 

i'reshly p:r·epared for each run by dissolving a weighed amount 

of the certified grade pellets in double distilled water. 

T\'m samples vrere taken from each batch in order to determine 

the exact normality of the prepared solution. The solution 

was then a llo"~tled to stand until it \vas cooled doi'Tn to room 

temperature. It was then poured into the reservoir 

(Figure 11), ready for use. 

Ester, freshly distilled in a 32-inch packed column 

(Appendix I), vras shaken vigorously vr.Lth double distilled 

\·rater for ten minutGs in room temperature. 

allowed to settle. The water-saturated ester phase was 

separated from the vrater phase by decantation. 

IV .l. 2 Measurement ().:f_llQ,9_Q19 Inlets Positi 01'l§ 

Before starting a run, the sampling needles together 

\·rlth the supporting brass plate vvere thoroughly cleaned \vith 

concentrated chromic acid, double distilled lvater, and then 
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allmved to dry. The plate was put on a special tripod stand 

as shmm in Fig;ure IV $1. The legs of the tripod we1~e adjusted 

until the brass plate was suspended horizontally as indicated 

by tvw levellers temporarily attached on top of the plate. 



FIGURE IV. 1 

TRIPOD STAND FOR MEASURING THE 
SAMPLING NEEDLE INLET POSITIONS 

I 
I 

3 Legs to suoport the Needles and Plates 

2 Adjustable Legs for Levelling 

3 Cathetorneter 
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The levellers were placed perpendicular to each other. 

Not all of the 15 sample needles were used for every run, as 

vdll be described later in Section IV .2. B-D spring--loaded 

stopcocks CMS09), pre-cleaned vr.i.t h ethyl acetate, chromic 

acid and distilled water, were adapted only to those needles 

used for the particular run. The vertical dis tc:mce of each 

needle inlet with respect to the sharp tip of the point gauge 

, .. ,as measured us :i.ng a cathetomcter. 

IV.l.3 P:t_:§:'D?:.ratt_ol} __ of the Sanmli!:?E Tubes as well as 
the ~Y.ti.IJ_g_es 

About 25 sampling tubes (pyrex No. 7090) were cleaned 

and dr-·ied. The tubes were appr'ox:Lnntely 40 ml. in capacity 

and vrere pro vi dod vii th s crevv caps. To each tube, exactly 

15 ml. of double-distilled water together with one drop of 

controlled volume of phenolphthalein were added e The tube 

\·;a~> then tightly capped and stored in the ice bath. 

The icc bath vms a rectangular container· nnde of 

galvanized iron sheet and measured 7 inches 1vi de, h$ inches 

long, 5 inches high, vd.th an outlet installed at the bottom 

of the bath for the drainage of melted ice. The bath v;as 

housed in a vwoden box 1·J"i th insulating foam all around the 

sides and the bottom. The top of the bath was covered by a 

piece of v.Tood uith 4$ holes arranged in four colunms and 

twelve rovJs. The diameter of the holes v;as l inch. The 

sampling tubeD \•Jere inserted through the holes vvith the scrm·v 

cap parts above the v-woden cover; 1-:hile the lmver three-quarters 
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of the tubes with samples inside were immersed in the icc 

water mixture. 

Four to five Cornv;rall syringes were used fo1' each 

experiment. Before each experimen'!i, the syK•inges were dismantled 

and cleaned. The graduated scale on each syringe 1.,ras 

calibrated separately against a knovm volume of Hater measured 

from a burette (Appendix VII)e The volume of each Teflon 

stirring bar in each syringe \·Jas also accounted for during 

calibrations. Standard hydrochloric acid so1utions were 

prepared at tvm concentration levels. One solution vras ten 

times more concentrated than the other. Normally, known 

volumE)S (1.87 ml.) of the dilute hydrochloric acid solution 

v1ere used to load the first three syringes v.rhich were used 

for sampling in locations inside the turbulent layer. On the 

other hand, the sarna amount of the more concentrated hydro­

chloric acid solution vras used to load each of the other' t1·1o 

syringes which \·lere us eel for sampling in locations in the 

vicinity or beyond the reaction zone front. 

IV ~ 2 .Q.q_~~:..~rl1":.,ra j:J OIJ...1£9lll-.}1E~h9...£.~~-l.9r __ th!? R.!@: ct i o n_];Ul}_!2 

(l'Jnmbers in the following descl"'iption refer to Figure 11. 
A detailed description of the apparatus is given in Appendix III) 

The test cell, cleaned vd.t h concentrated chromic acid 

and thoroughly rinsed v1ith double-distilled 'ivatcr, was placed 

in a preset position and supported by the wooden plate (9). 

'l,he cell vias then connected to the feed tube Hhich vras made 

of 9 mmc pyrex glc:.ss. The stopcock (10) h'2S turned on and a 
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small amount of the sodi urn hydroxide solution from the reservoir 

(8) 1·1as fed through the sinterod glass disc into tho cell. 

The stopcock (10) v;ras then turned off and the sodium hydroxide 

solution in the cell above the disc 1vas sucked off by a clean 

Teflon tube connected to a water .s.spirator. The filling and 

sucking pr·ocess vTas repeated five times to make sure that 

.both the air and \vater trapped inside the pores of the 

si ntered glass disc as well as the feed line were cleared out. 

Then 500 ml. of water- saturated ester vras gently pour'ed 

into the cell along the wall. Direct pouring of ester onto 

the sintered disc area \'las carefully avoided to ensurE~ minimu.m 

mechanical mixing of the tv,"O contacting phases. The brass 

plate holding the rwedles v.ras put on top and covered up the 

cell quite tightly. The plate \'las fastened to the tripod 

stand by means of tHo clamps ( 11) which vvere also used to 

adjust it to a perfectly horizontal position. The distance 

of the tip of the point gauge from the bottom of the cell \vas 

carefully checked using the cathetometer for each run. 

B-D stopcocks (5), fitted on top of those needles chosen for 

sampline; in the particular run, were closed so that neither 

ester nor caustic sol uti on could get into the needles vJhile 

the cell vras in the process of being filled up. 

The stopcock ( 10) ·1.-ras then opened and the timex" v1a s 

started. The sodium hydroxide solution was fed into the 

cell in three stages, each at controlled flovJrat cs. For the 

first four mim1tes; the flm;rate vias set at 0. Oh2 litres/minute 



by means of adjusting the stopcock (10). For the next five 

minutes, the flmn'ate vras set at 0.166 li tres/minute. Finally, 

it was adjusted to 0.187 litres/minute until the ester-

aqueous sodium hydroxide interface just touched the tip of 

the point gauge. The total filling time~ 1·1as approxirna tely 

fourteen minutes. The relatively lmv flowrate used at the 

beginn:i ng was essential in order to reduce the mechanical 

mixing of liquids during the initial contact of the two phases. 

In the meantime, the sampling device was put into position 

and the motor uas turned on. The speed of the mot or was 

adjusted by a variac. 

'When taking a sample, a Cormrall syringe (1), prefilled 

v.Jith a kno1-n1 amount of standar'd hydrochloric acid solution 

·Has inserted through the brass sleeve of the sampling device 

(the sampling device is sh01tm in Figure 12) and tl'!ist locked 

to the B~D stopcock ( 5). The nut on top of the syringe was 

screwed in a counter-clockv'lise direction for one revolution, 

thus causing the plunger to lift a short distance upvmrd and 

create a srrBll suction ins:i. de the syringe. When the B·-D 

stopcock Has opened, the negative pressure inside the syringe 

would ensure that no hydrochloric a ci. d could be forced out of 

the sampling system. About 1.2 ml. to 1.5 ml. of the sample 

(later accurately measured) 1.:Jas drawn in steadily over a 

period of roughly two minutes. Vigorous mixing in::;ide the 

syringe 1·.:-as created by the Teflon magnetic stirrer, and any 

unreacted sodium hydroxide pl~esent inside the sample was 



immediately neutralized by excess hydrochloric acid. After 

the desired volume of sample vias obtained, stopcock ( 5) 1·ras 

closed. The exact volume of the sample obtained was read 

from the graduated scale (cal ib rated; Appendix VII) on the 

syringe. The time was noted before and after tlw sampling, 

and the avera£Se of these tv-m times was considered as the time 

at \vhich the sample was taken. The sa.r:1ple from the syringe 

"\'vas then transferred to a pyrex No. 7090 sample tube nnd 

stoppered. The sample was intimately mixed 1·Iith 15 ml. of 

ice-cold distilled water to slow down the hydrolysis rate. 

The sample tube vms then stored in the ice bath. The syringe 

was then rinsed several times with double-distilled water, t1·m 

to three times with standard hydrochloric acid solution of 

the same normality as the one used for sampling. The syringe 

·v.ras then filled \vith the pre-determined amount of hydrochloric 

acid a.gain and was ready for the next sampling. 

Each experiment vms allmved to run up to about 90 minutes 

after the phase contact. Usually$ about 20 samples were taken 

for each run. Five samples ·were taken from each needle at 

various contact times. One sample was taken at a time. 

Samples were taken consecutively from the chosen set of needles 

until each needle had been sampled once. Then the next 

cycle of sampling vras repeated. At the end of the experiment, 

both the brass plate IV"ith needles and the test cell vwre 

cleaned l'V:i_th concentrated chromic acid and rinsed ·vJith a 

large amount of doubl e-disti1led water. 
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All the experimental steps \'lore essential, and an 

assistant for the experimental vrork \'las required. 'I'he aut.hor 

concentrated on taking samples, recording time and volumes 

of samples, \vhile his assistant transferred the samples into 

the tubes and cleaned and re-loaded the several syringes in 

turn. 

IV.,3 

In order to deter·mine the concentrations of both the 

rec:tctants and the products :Ln a sE:.mple, the follm·dng methods 

of analysis were developed. 

IV.,3.1 Sodium Hydroxid~ 

Sodium hydroxide in a sample was neutralized vrith the 

known amount of hyd:cochlori c acid in the syringe. 'The excess 

hydrochloric acid l'ras back-t:L trated to the end point using 

standard sodium hydroxide solution and a 10 ml. capacity 

burette. The controlled volum3 of phenolphthalein (one 

volume-calibrated dro_p from a dropping bottle), previously 

added together \'d th the water for di.luti on in the sample 

tube, served as the indicator. 

The sample, after being neutralized with standard sodium 

hydroxide solution, Has diluted further with 15 - 20 ml. of 

ice-cold double-distilled water to a total volume of about 

40 ml. At this point, the total volume of the sample vias 

noted accurately. 'l'he sample contained ester, sodium (;hloride, 

salt, product alcohol) ethanol from phenolphthalein solution 



and a laree amount of water. Ten microlitres of the well-

mixed sample solution was charged into a Beckman GC-2A 

chromatograph. 'l'he appropriate column Noulcl separate the 

ester, alcohol and vvater (Note IV .1 at the end of this 

Appendix), while the sodium chloride and the salt vwuld stay 

either in the injection pot or inside the column. The 
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accumulation of the chlorj_cle and the salt in the column would 

eventually alter the column's characteristics, such as the 

decrease of the degree of separation and the prolonging of 

the components' retention times. Hov,Tever, since the samples 

analysed -v;ere both quite dilute in concentration and small 

in volume, many samples ''~ould be passed through the column 

before a sigrdficant amount of the salts could be accumulated. 

Standard samples of aqueous ester and alcohol solutions were 

injected at intervals between sets of samples. The column 

would be replaced at the first sign of its change of character­

istics. 

Output signals from the chromatograph were connected 

to a Honeyvrell recorder (Honeyv1ell model No. Electronik 19, 

multirm.Jge, single point). Peak areas of the chromatograms 

were identified and measured, using a planimeter. The 

measured peak areas could be readily converted to their 

respective concentrations by means of calibration charts 

which were prepared by passing samples of standard solutions 

through the chromatograph under similar operating conditions e 

For the system of ethyl acetate - sodium hydroxide, the 



ethanol concentl~ation in the analysis VJa.s a combination of 

the alcohol contributed by the sample i te.elf and by the 

phenolphthalein solution added. The amount of ethanol from 

the phenolphthalein solution in the sample could be found 

from yet another calibration curve. Finally, the actual 

etbanol concentration in the sample was then calculated from 

the difference botv:een the total ethanol concentration and 

the ethanol concentration contributed by the phenolphthalein 

solution. A typical sample calculation is found in 

Appendix VII. 

IV.3.3 Salt 

Concentration of either sodium acetate or sodium 

propionate in a sample was obtained by conductometric 

titration {Note IV.2 at the end of this Appendix). The 

whole sample (minus the 10 fll. for chromatographic analysis) 

was poured into a hOO ml. beaker and mad(~ up to 8. volume of 

approximately 3 50 ml. with clouble~dis tilled water. The 
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solution v.ras vigorously stirred Hith a Teflon~coated magnetic 

stirrer. A known volume of standa:r."d solut:L on of the hydro-

chlori c acid wo.s added at intervals and the conductivity of 

the soltJtion was measured after each addition of hydr·ochloric 

acid. The process of titration continued until c.:m abrupt 

increc.~se in conductivity of the solution v1as noted. For 

each sample, a graph of conductivity of the solution versus 

the amount of standard hyclroc:hlori c acid solution added v.ras 

plotted. The end point was located at the sharp break of 
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the curve. Salt concentration in the sample could thus be 

calcula.ted. A typical sample calculation is shown in 

Appendix VII. 

Anal vs:i. s of Sampler:> from the Physical Runs .... ,, _____ ,.~_,_ .. ,__, _____ ·----·-·--~·--=..,~·~,.--
Determination of concentrations of ethyl acetate, methyl 

acetate or n-butanol in the aqueous solution samples was 

achieved by means of refractive index method. 

A Bausch and Lomb dipping refractometer v1as used for 

the purpose. Prism A \vas specially adapted v!ith an 

auxiliary prism, so that only a fevr drops of the sample would 

be adequate for the analysis. Water from the constant 

temperature bath at 25°C was circulated through the prism 

holders during analysis. Monochromatic light from sodium 

vapor lamp vms used for illumin3tion. The scale readings 

obtained from the refractometer VJere converted directly into 

concentrations by means of calibratj_on charts prepared by 

measuring respective sets of standard solutions at the same 

temperature. 
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NOTE IV.l 

In the concent:cc:;_t:Lon pr--:\t)~ __ ;-c:= experiments (/+.2 - PART B), 

est s·r E' n c) tllE~ c:J cobol cont e:-:t s by rnoans of 2. chromat o~;ra:ph. 

Cor::centre.tior;s of ethyl acetate and ethc;wol in Hater fro:n 

each sa~p1e vere analyse~ by means of a Beckman GC-2A chron~to-

T1-'1 0 lr;11(j 0 0{' C]1-('0<P<'t0.0'Y>·-,-.--,}1;r C0l1 '17~Jnc I·Je-l""' tpr:·i·or~· ••• .::\ . .J ••.•. u .L .L •• .._•1cJ' 0 .Lut~- .... ,.; ~- L~ •.. "'v , ___ \.::- ..._..ov~.._,- .... , 

tet:caethylene glycol dir;lGthyl ether on flu:c·opak SO anc ..;;,;; cc:trbo•:.ra::: 

established for the analysis. 

Cl~ ro :<10 so :c b '11 
Sll D1.)0rt. 

~ ~ 

l: 9 gra::Js of the pre reel coll'J~m pa_ ckin: v.:c.::. s m:; ec to fill a 7-fcet ,. 

co ltzr;rn • 'the te:,;pere.ture in the ch ron~ato~ 

at 20 psi. The detector cu.:crent vras sot .c-1t 350 mA. The 

output froc1 the ch:~o:':lt.ogror:·h Has connected to a Honcy1:Jell recorc1er 

Unclec tLese 

o:c.-e:r·rtin]; con_ditions, the ethyl acet::te peal<: Hould c::ppsar at 

cD.r at 5.6 n:lnv_te.s 

efter the so. injcct,ion. The 1.:a.ter, on the ot}:er hand, 11Jould 

start to e:o·:e cmt of the coJumrJ at 13 ninutes. 
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after the injection before all the 1.rnter could }):1_ss through the 

column. 

It should be realised thet these standard oporating 

con eli tions, al th OlJ[;h found to be experimentally a ceepta.ble, may 

not necessarily be the optimum conditions. /1.s an exc:.r<cple, the 

1 )r: ·.".:Z J · · ' ' 1 l ' b J · t t h f f ·f- h e v •• loUJ.o pnase i·Jou c proo2 -Y over-sut.ura ·e - ,e sur e1ce o .. v 

Teflon support. Hm-rever, no .further seD.rch for the optimum 

operc;tinr; conditions vJas r:r:ule ::~ince the _purpose was served. 

A newly pack ec1 column should be bs ked at the opc-;rat ing 

temperature and under the helium gas flou for at le2st 2h hours 

before lW int:. Chromato2;r'&ii1S obtained fro1:: the first few 

injections of the E>&Liplcs into the rievl colur.:n should be discarded. 

Furthermore, 1·:benever a ne'.l colurnn v:as 't}Sed, a nevJ set of 

calibration charts shoulc~ be p::.~epared -v._cj_th stDndard solutions. 

Samples from this sy~t.em contained aqueous solutions of 

methyl propionate, metllanol, fJodium chloride, sodium propionate 

and ethanol added in as phenolphthalein indicator. 

The appro pric:1t e liquid phase substrate for this system 

was found to be polypropylene glycol. After a few experimental 

trials, the standard operating conditions were determined. The 

column r1a c1d_llg Has set to be 1L1_. 5.'j polypropylc:mf3 o.J ycol on 

Chromosorb T support. Approxim<:1 tely 73. E5 grams of the pre red 

material was used to pack 15 feet of *-inch copper tubine. 

The terr,perBture in the chromatograph l'.'e[~ set at 92°C. Tbe 

he1iurn gas flo•.·Tate Has set at L:-0 c.c./cinute a.t 23.5 1'"'; X),.) __ • The 
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detector current was set rit 350 rnA. In a typical E;ample injection, 

the methanol vJovld appear at 18.7 minutes, follov,;c,c} by the 

methyl propionate ot 23.6 minute~.; and finelly, the ethanol 

together 1·:ith vvater 1.\'01J.1d start to appear at 29 minute:::>. Each 

injection 1.wuld require 95 minutes before the chromatogl~aph vrc::s 

ready for the next sample. 

Again, the standard operatirg conditions may not be the 

optimum coEditi on;::;, but T·!ero considered sat is factory for. these 

runs. 
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NOTE IV.?-

Samples tal<:en from the turbulent layf;r in the concentration 

PART B) were analysed for their 

salt conter1t;:; by means of conchJ.ctor:Jetric titrations. 

1;\h8n hydrochloric acid VJas added to a solution of sodium 

acetate or sodium propionate, the acetc;'"te or propionate Has 

repla cec1 by the chloride ion forming sodium chloride and acetic 

acid or propionic acid respectively. The conductivity of the 

solution increa~3ed slightly clue to the .fact that tbe chloride 

ions ~ere more conductive than the acetate ions. After all 

the acetic acid or the propionic acid had been liberated, 

continued addition of hydrochloric acid gave rise to a strong 

increase in conductance. Thus by t r2 c ing the plot of con~-

ductivity of the solution versus the araount of hydrochloric acid 

added, the errl point could be located at the sharp break of the 

curve. 

Caution ,,rc;_s exercised d uri l'Jt'S tho conciu ctometric tit rat ion 

of the salt solution to ensure that the temperature of the 

solution be kept constant and the volume of hydrochloric acid 

added be as small as possJ.b1e (preferably not more thc:m 6 to 

g ml.) since 6onductivity of the solution changed with dilution. 

A conductivity meter capable of continuov.s measuremeuts 

( Hadiomet er modo 1 Lo. Cj_1Jl2) Hith a thr ee-·ring conductivity cell 

The solution 
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was stirred by a magnetic stirrer. Eydrochloric acid vra s metered 

·f-l·_J.~.~o, ") o•l"> .-, It 1r1• )Cl ~ •y tr ~ u·c'·· QY11'CJ .<. l• c b11 r C>"t .L ~ V 1 L- 0 _ ct :...~- Lc..~ .... \ d. _iJ.c... .. V .... ~ v 'Ln:._-:; ' 10 ml. cape: city. 
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APPEl'JDIX V 

Five expcrimentE> on the measurero.ent of layer propagation 

were perforrEed u~:;j_ng the big rou:ri:l test cell ( 21.2 em. in 

Three runs were performed on the ethyl acetate-

aqueous sodium hydroxide system at 0.2, 0.6 and 1.0 N caustic 

concentration levels. Two runs vJere performed vrith the methyl 

propionate-aqueous sodium. hydroxide system with the lo:ver phase 

concentrations at 0.2 N and 0.6 N respectively. 

The tvo liquid phases v·Jere contacted in the E;ame 1·my as 

described in the concentration probing experiwentE' (hs2 -

PART B: Ses:tion lt-.2.1.2). For each run, layer thicknesses were 

measured as a function of contc:~ct time using tv10 vernier calipers 

situated at different positions c:;long the outer vrall of the cell. 

The average of the two measurements fror:1 the tvm calipers vms 

take11. 

Results of the turbulent lc:1.yer propagation measureraents 

on the tvro liquid sys te1:1s st uclied were plot ted as sr~ovm in 

Figures V.l, V.2, V.3, and V.4. 

All the layer propagation data thus obtained were compared 

with those obtained from the cubical optical cell experiments 

( Section 4-.1 • 2 e 2) • Results of the comparisons we~e best 

illustrated by the following Table V.l. 

Study of the results in 'rable V .1 sugge.:;tod thc:t the speed 

of the loyer grovrth for a liquid systc~m \vas i:ndepeLder:t of the 
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FIGURE V. 2 
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TABLE V.l 

0.2 0.6 1.0 

size 

Big ce~1 0.0211 O.Ol6S 0.009 353 em 

Opt.ic0.l ,Ge1l 
0.0193 0.0191 0.0113 21+ Ci11~ 

r,J deviation -10 1S +12.~ + 25~1, ,... )o 
- I 

cone. of 
(I;) 

0.2 0.6 

size 

~------~·-----------~----------------------------~ 

Optical 2ell 
211• em 

0.0159 

0.0138 

0.0097 

0.0033 . 

-65% 
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interfacial area provided the test cell size exceeded a certain 

critical dimension. It wa.s noted thEtt the drastic reduction in 

layer grm·Jth of the ester-cEJ.v.stic systeme> in sliding eli ffusi ::m 

cell was observed (interfacial area = 1.625 .err?; PAET D) as 

compared to that ~ .. n Ol!ti cal cell while the exDeriments were i ~ 

performed under similar conditions. 

Some errors \·Jere inevitably induced \'Then eli rect measure--

ment s of the turbulent layer lvere 1ra de using vernier calipsrs 

due to the uncertainty (parallax) in judging the location of the 

1<:-qer front by eye within a short period of tin:e. rrhi.s error 

was greater ~hen the layer thickness was 8naller. Such was the 

case in the met,hyl uropionate-~sodium hydroxide system. For thi~:; 

reason, it h'as expected th0 t the layer propagation data from thE-; 

big cell vrere not as accurate as those obtained from optical 

cell experiments. 
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APPEI'~DIX VI 

Preliminary measurements of the teri1perature inside the 

turbu.lent layer(SS) in the cubic optical cell indicated that 

perhaps as much as 1°C difference existed across the turbulent 

layer of the ethyl acetate-sodium hydroxide system: and the 

hottest region 'v·ras probably located near the lm·Ier zone front. 

In order to corroborate such finc1ings and acquire further 

information on the temperature di~3tribution in an ester-caustic 

reaction system, a temperat'Ll_re rr:easuring experiment 1·.ras repeated 

in the large test cell (21.2 em. 

alumel thermocouple conrcected ·to 0 w., 11·'-L J. r·'· 1-.(,. e C' l. r· '"1"' v l!l~. ' - Cl. -\::-; ~ ' ~· ---E_:, '-' 

recorder (Honeywell model Eo. Blectronik 19). The r2nge v1as 

set at 0.1 mV full sc<:~.le. The thermocouple was calibrated 

. . t' . ' ' J f ' . +- 1 J J 1
] 0 ~- 0 ,.., agc:nnsG a nermome·c,er capa.o _e o reo.o_J_:ng accur<::.ve y co .J _ u li. 

Ethyl acetate (ore-saturated with water)-1.0 N ~aOH system 

vms chosen for this study. The t':m liquid phases v.'ere cor.tacted 

in the Sclli1P 1_,1ay as described previously (4.2 - PAR'l, B: Section 

h.2.1..2). 'l'he level . d' t• f 'h b J..n .J.ca ·J..ng gauge ron; ·c. e rass 

for supportin~:; samplin~s needles 1ras taken out, lec:J_ving a small 

hole to insert the t~o thermocouple junctions. Initially, 

both the hot and the cold junctions of the thermocouple Here 

placed hc:tlf Hay in the ethyl ocetate phase. Subsec:u.eEtly, the 

hot jure ct ion V.'a.s moved manually cl G,·mv;c..rd at a ~]1 ov.J but steady 

rate. The tenmerature difference betv.;een the tl'iO jv.nctions 
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rather than the individual absolute temperature was recorded 

continuously. The recording chart represented, at least 

qualitatively, the temperature difference profile as a function 

of vertical distance in the cell. 

It \vas found that at the beginning of the experiment, the 

temperature rise vras approximately 0.36°C and ·was quite uniform 

inside the thin turbulent l2yer. At about 30 to L,_O minutes 

of contact time, the maximum te:nperature region inside the layer 

tended to move tmJa.rds the lovver z.ono front. Presumably at 

this time the convective liouid current ir:cside the layer \'!C:.E; 

effective, causing the tem})erature profile to be slightly 

irregular with time. Tovmrds the end of the ru.n ( 60-f!:o minute!':;), 

the temperature profile tended to spread out. m • 1 lyplca 

at different contact tires ~ere shown in Figure VI.l. 

profiles 

From the concentration probint, experin1ent s, the amount 

of the sodium hydro.xid e con~mmed up to 70 minutes of contact 

time was estimated to be 0.335 moles for this system (Figure 20) 

Since AH reaction is to be 13.1 kcals./molo(B5),the heat 

released by the reaction was calculated to be 4385 cals. 

Assume that all the heat relea~;ed by the reaction was transferred 

by turbulent motion to, and evenly distributed into, the upper 

phase as \'Jell as the aqueous region betHeerl the interface and 

up to 2.5 em. below the interface. 'Then a temperature 

difference of as high as 3.1°C could exist between the bottom 

of the ceustic pbc:lse ar:d the middle 2f the ester phase \··:here 

the referE;nce jtmction of the therrnocouple 1:as situated. In 
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this case, probably some of the heat of reaction diffused tov:ards 

the botto;11 of the aqueous phase reduced the temperatu_re difference 

across ths liquid phases to 1.5°C. 'The amount of heat diffused 

out of the system vi_a the cell wall as well as by the evapor0.tion 

of the upper phase was probably small. 
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APPENDIX VII 
......__=.;..;.,;_~-~-~~ 

The follmving error analyses are performed in order to 

determine the precision limits on the measured concentrations 

of various components in the concentration probing experiments. 

(4.2 - PART B). 

Notation 

Volume of the hydrochloric acid inside the syringe 
before sampling. 

Normality of the hydrochloric acid solution. 

Volume of the sod.1 um hydroxide required to neut.ralize 
the excess hydrochloric acid in the titrationo 

Normality of the sodium hydroxide solution. 

if V :: Total volume of the sample in the syringe after sampling. 
(volume of the sample ..;. volume of added HCl):: V + 0. 27 

~ 

Total volume of the sample in the sampling tube (volume 
of the sample, plus volume of added HCl, plus volume 
of sodium hydroxide solution for back titration, plus 
volume of Hater added for dilution). 

Normality of the ester in the sampling tube solution 
(analyf3ed by the chromatograph). 

Normality of the total alcohol content in the sampling 
tube solution (analysed by the chromatograph) 

Normality of the ethanol added into the samplj.ng tube 
solution in the form of phenolphthalein solution 
(calibrated). . 

Volume of the hydrochloric acid used for salt titration. 

Normality of the hydrochloric acid us-ed for salt titration. 

dV1 , etc., ~Maximum error involved in measuring the volume of 
hydrochloric acid {Vl), etco 

As read directly from the gru.:duated scale on the syringe 
(refer to Note VII.l). 



VII.l Caustic Concentration - -
{Refer to 4.2 -PART B.) 

The normality (equivalent to the concentration in this 

case) of the sodium hydroxide in the sample is expressed by 

the follovd.ng formula: 

306 

V1N1 - V2N2 
CNaOH = "\y-:.-v~o-:2'7~~ (VII.l) 

and the maximum error range can be calculated from the 

follmrlng formula (M6) (V5) 

Also, 

( oCNaOH) dN. 
(·-aN]_-~) l 

(VII.2) 

(VII.J) 

From equation (VII./+), it is evident that if the precision 

limits for each independent variable are at 95% confidence 

level (1.960} or at any other level, then the pl"'ecision limits 

l:i Refer to note at the end of this Appendix: (Note VII .1) • 
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for the (CNaOH) so calculated from equation (VII.4) are also 

at 95% confidence level or at the same level of the independent 

variable. Error range calculated j_n such a vvay is called 

the probable error. 

By differentiating equation (VII .1) \'lith respect to all 

the variables and taking positive signs for each group {in 

order t 0 get maximum errors) • 

dCN ( ) c (V - VJ_ +1"'1'r0.2V7) NJ_-!:_J,Y.l.zl:Jl~l dV 
aOH max. v - 1 + 0. 21) 1 

N2 v1 
+ Tv-:-Y{+---o:-2-rll~ dV 2 + rv:.-v,.....l_+_.,.O_,. 27TdNl 

V2 V1N1 - V2N2 (VIIo5) 
+ TV - V"l + -o-:27TdN2 + rv--::--Ji+a: .. 2?)'2.dv 

Data for this sample calculation are taken from Run //3-2, 

sample //21. 

vl + dV1 = 1.870 + 0.025 ~~H~ 

Vz ± dV2 :: 2.970 + 0.0125 

Nl ± dN1 L. 0~050 :!: 0.00025 41 
{I![;. 

N2 + dN2 - 0.025 ± 0 .000125l3! Ill t:J 

v ± dV -· 2e800 ± 0.025 

Substituting the data into equations (VII.l) and 

res pe cti vely, 

and, 

** Refer to Note VII.2 at the end of this Appendix 

~~* Refer to Noto VII.3 at the end of this Appendix 

(VII.5) 
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dC 
NaOH(max.} = 

J 2 ~~CL.:._l. EtL~1L}~Q . .&2) + .Lh SlL~~.Q.L_. ) - ~. 97 X 0 $02 5 } ( 0 O? )I"} 
· \2. oO - 1. 87 + 0. 2? 1 ~ • ·~ 

0.025 (O 12 ) 2.80 ( 2 } 
+ TZ:so==T:a"r·+ o.27T •0 5 + n~r.wr-;-o-::PTf o.ooo-5 

+ - 0_9.7 ( {2.80 - 1.87 + o.,27T .oool25) 

• nr~?H~-&~2+~H7i¥a( .025} ::: .oo267 

The probable dCNc:.OH = .00152 

% of maximum error = 16.64 

% of probable error = 9.50 

(Refer to 4.2- PART B). 

The nor mali t.y (concentration) of the ester in the sample is 

expressed by the follov-Jing formula: 

c - _____!f:J: VA·--~ 
EtAc - (V - Vl + 0.27) (VII.6) 

and, 

dCEtAc(max .. ) = ~dV+~-4V~A·---··-dV 
(V - v1 + 0.27)2 (V - v1 + 0.27)2 1 

+ "l\r·-::-v? + o-.2-trctNL" + Tv-::-v1 N! o.mctv 4 (VII.?) 

and the probable error (dCEtAc(probable)) is equal to the square 

root of the sum of squares of each term in equation (VII. 7). 

Data for this sample calculation are taken from Run #3-2, 

sample #21. 

The ester concentration in a sampling tube is obtained 

by injecting 10 t-J·l• of the sample sol uti on into the chroma to-
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graph. The area of the chromatogram obtained is converted 

into concentration data by means of a calibration chart l'lhich, 

in turn, is prep9.red by passing samples of standard solutions 

through the chromatograph under similar operating conditions. 

The follmling practical example is given to illustrate 

the estimation of the error range of ester concentration in a 

sample solution: 

For the standard ester solution "En, tlhi ch is prepared 

with 2.3 rnl. of ethyl acetate/litre solution, three scpg.rate 

sample injections are made. Three chromatogro.ms are obtained 

with areas of 0.404, O.Ly21 and 0.402 planimeter units 

respectively. The mean value is 0.409 units. 

Since the difference betvreen duplicate area measurements 

on the same chromatogram is usually very small (typically 

0. 25%) , and if the error involved in the injection of exactly 

10 pl. of the sample from the microsyringe is assumed 

negligible, then the variation of the three chromatogram areas 

obtained by repeated injections of the sama sample solution 

reflects the reproducibility of the chromatographj_c instruments. 

If these three sample calibrations are representative 

(i.e. the statistical analysis on the three repeated calibrations, 

based on the normal distribution curve, will yield the same 

result as on a large number or infinite nu.mber of repeated 

calibrations), and if the same degree of reproducibility as 

obtained bet11een the calibration runs and the actual analysis 

runs, then the standard deviation of the areas, representing 



the ester concentrations, at Oo409 units level is 

() = (( ( . 404-- ~h09 ) 2 + ( .421-.409 ) 2+ ( . 402-.409 )2)/ (3 -l)J ~ -

0 .0104 L~ units. 

Ar bitrarily t king the error range to b e 1 G 5 CY~ \vhi ch 'lrl i l 1 

contain 86. 62% of t he data , t hen the es t ima.ted error range 

is 1 • 5 () - .o 15 
7 

unit s • 

310 

Converting the area uni t s into norma l ity , the ester conce ntration 

u " + i n solution E i s 0 . 02375 - .0009 . 

The % error i s 3 o79 . 

Simi lar error anfl.lyses are perfo rmed on the calibrations 

of th e rest of t he standard solut i ons. The errors obtaine 

fo r all ca librat ions of the standard s olutions are average d to 

be 3%. The error i nvolved i n prepari ng t he standard solut ions 

i s est i ma t e to be 1%. The t1<10 errors are add itive. 

Therefore t he average error range of t he ester concent ration 

i s est i mated t o b e 4%. 
Data for thi s calcu l a tion are t aken f r om Run /13-2, 

sampl e #21 : 

v1 ± dV1 = 1. 87 + 0 .02 5 

V + dV - 2. 80 ± 0 . 025 

v4 + ctv4 = hl . o2 ± o.1oo 

N4 + d N4 - 0 .01.4 ± (0 . 014 X . 04 ) 

Substituting the data i nto equat ions (VIIe 6 ) and (VI I . 7 ), 

C ~ ., Oo014 X 41. 02 478 
Et Ac ~ 1*2. 80 --1 .87 ~ ~ • 57 

and, 



The probable dCEtAc = .02381 
• 

• • % of maximum error :::. 8.q,l 

% of probable error :::. 4.97 

Y11.!3 :§~hanol CongentratioQ 

(Refer to 4.2- PART B.) 
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The normality (cone entration) of the alcohol in the sample 

is expressed by the following formula: 

- ( N r: - N 6 ) V J., 
0EtoH - Tv--:-Vl~:-o·.27T (VII.8) 

and, 

v1 v1 
dCEtOH(max.) = rv-:-vi..!±+o-:-27)dN5 +Tv--=--~+ 072?)"dN6 

N 5 - N6 ( Ns :;-_ .N6J V h.--a'1T 
+ Tr-::-v1+o-:27JdV 4 + (V - -v; + o.2?) 2 ~ 

(N~ - N6)Vl (VII.9) 
+ -cv--=~v 

1 
+~i?l. 2 dv 1 

Th~·probable error is calculated as described previously. 

Data for this sample calculation are taken from Run #3-2, 

sample /{21: 

The method used to esti~Bte the error involved in the 

calibration of ethanol concentration is similar to that used 

in the ester calibrations. It is found that the errors 

averaged to be 2 o 3%. The error involved in preparing the 



standard solutionsis 1%. Therefore the average error range 

of the ethanol concentration is estimated to be 3.3%. 

It should be mentioned that in both the ethyl acetate 

and the alcohol calibrations, the chromatogram areas are 

linearly proportional to concentrations. Therefore sub-

traction of a chromatogram area from the other, and then 

conversion to concentration datum is the same as converting 

the two chromatogram areas to concentration data first, and 

then doing the subtraction. 

v1 ± ctv1 = 1.87 ± o.o25 

V ± dV : 2.80 ± 0.025 

v4 + v4 - 41.02 ± 0.100 - -
N5 + dN5 

::: .0202 ± ( .0202 

N6 + dN6 - .OlOlt ± ( .0104 -

X .033) 

X .. 033} 

Substituting the data into equation (VII.8) 

and, 

and 

dCEtOH(max.) = T2-:B~=I~~7+o;27)( .000667) 

(VII.9), 

+ ~~4.l·.Q~r-~-( .00031+3) + ~?~.~423-0=~ 0191;J71 (0.100) \~:-.cO-l. o /+0. 2 7 J \2. o0-1 o 87+ 0. 27 J 
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+ ( .02Q.~~lOldlkh.!...Q.ll( •025 ) + ..G_0202-.0lO~J1~( •025 ) 
(2.80-1.87+0.27) 2 (2.$0-1.87+0.27)2 

= .0493 

The probable dCEtOH = .0274g 
• 

• • % of maximum error ::: llt- • 72 

% of probable error = 8.20 



VI_lt.~~st.l t ConC1.£.~ 

(Refer to 4.2- PART B.) 
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The normality (concentration) of the salt in the sample 

is expressed by the follm,Iing formula: 

~ ---~ v,"'---2 .,....-,; 
csalt - \lr-~-vi + o.27T (VII.lO) 

and, 

NV] NV 
dCsalt (max.) = Tv-=-Vi~ + ·a .2rrzdV +TV"- ViJ+)o:27TZdVl 

+ TV - vil+cr:2?Tctv3 + rv:v?-+ o.27TdN3 (VII.ll) 

Data for this sample calculation are taken from Run #3-2, 

sample #21: 

V ± dV :: 2.80 ± 0.025 

vl + dV1 - 1.85 ± 0.025 - -
v3 + dV3 

:: 4.89 :!: 0.0125 

N3 + dN3 0.125 ± 0.000625 ~· 

Substituting the data into equations {VII.lO) and {VII.ll) 

respe cti vel y, 

and, 

G _9..,:. 12 2. 'X !±_. 8.9_~ 
dCNaAc(max.) {2.80 - 1.87 + 0.27)2(0.025) + 

.. ;....O.l_22_L~· 89__ (0.025) + r;)=c;~--9,.!_~~-vrr( .0125} + 
(2.80 - 1.87 + 0.27)2 \2.o0 - 1.87 + Oo27J 

l-'lt-1./'_4:_~fJ~-"'r1\ ( .000625} = .02507 \ 2 • oO - 1. o 1 + 0 • 2 7 1 

The probable dCNaAc = .01528 
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• • • % of maximum error ::. 4. 92 

% of probable error = J.OO 

As is evidenced from the calculations, most of the error 

is contributed by the inaccuracy in reading the volume of the 

sample in the "Cormmll syringe." 

Study of the equations (VII.5), (VII.7), (VII.9) and 

(VII.ll) reveals that the estimated error ranges of various 

components are not simple functions of concentrations. As a 

result, representative sets of error calculations for all the 

components from each run are performed and the results are 

shmv-n in Figures VII.l, VII.2, VII.J and VII.4. For each 

component, the deviations betvleen runs are probably small 

enough to permit an average curve to be dra\·m through all 

the data points. 

The error analyses for the ester; caustic and salt 

concentrations in the methyl propionate-sodium hydroxide 

system are assuriied similar to those of the ethyl acetate-

sodj_um hydroxide system. The estimated error ranges curves 

for the three aforementioned components in the ethyl acetate­

caustic system also apply to the methyl propionate-caustic 

system. On the other hand, the methanol concentration in the 

sample is analysed independently of the ethanol concentration 

being added in as phenolphthalein solution (Rofer to Appendtx IV, 

Note IV .1 ) • Consequently, the error analysis of the methanol 

concentration is assumed similar to that of the ester concen-

tration and is shmm in Figure VII .5. 
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Calibration of the volumes of the syringes h1i th a 

Teflon stirring bar in each syringe) against a knovm volume 

of v.rater measured from a burette vias made. It vras found 

that the amount of \vater reading 1. 6 ml. in the syringe -v,ras 

actually le87 ml. as measured from the burette. Therefore, 

a correct:ton of 0.27 ml. had to be applied in the volume 

calculations. 

The errors involved in metering the water from the 

10 ml. burette viere probably small. ( A syringe \·ms calibrated 

several times and the results of calibrationa vlore practically 

100% reproducible.) 

In addition, the volumetric readings on the 

Cornwall syringes (\..rith a Teflon stirring bar in 

each syringe) "vere calibrated by an alternative 

method. A certain volume of the standard caustic 

solution of accurately known normality Has draNn 

into the syringe. The volume of the sample sol uti on \·:as read, 

and the solution uas then titrated against the standard hydro-

chloric acid solution. The volume of the sample sol uti on vras 

back-calculated based on the titration data. Results of the 

calibrations are shovm in Table VII .1. 

The uncertainty range in read.i..ng the sample volume in 

the Cornvmll syringe is probably± 0.05 mJ:., Nb.ich is half of 



I 
1 Sample Yolume as 
l measured by 

~ 

Corn~t;all syringe 
scales 

ml. 

1.70 

1.60 

3.00 

TABLE VII.l 

ESTI:(!:"l.ATION OF THE ERROR RANGE IN MEASURING 
1'HE SAHPLE VOLUlVJ.E IN CORNVvft..LL SYRINGES 

Number of 
repeated 
titration 
experiments 

16 

8 

5 

Volume of samnle 
back-calculated 
based on titra­
tion data 

ml. 

1.970 

1.870 

3.270 

Standard 
deviation of the 
calculated 
sample volume 
cr; ( 68% of data 
included) 

ml. 

.016 

.013 

.021 

1.5 () ( 87% 
of the data 
included) 

ml. 

.024 

.• 020 

~032 

'-" 
N 
I-' 
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the minimum scale division on the syringe. Ho'<1 ever, \'lith 

experience gained in reading the sample volumes in the 

syringes, the estimated error range may, perhaps, be justifi.-

ably reduced to ± 0.025 ml. Titration experiments VJere 

performed to check the validity of the justification. 

Individual samples of standard sodium hydroxide solution were 

put into the syringe consecutively. The volumes of the 

samples \'Tere measured by the syringe scale readings. Each 

sample was then titrated against standard hydrochloric acid 

solution in order to determine its actual volume. Results 

of the titration experiments are shovm in Table VII .1. 

Standard solutions of the acid and the base used for 

these experiments \'lere double checked and cross titrated. 

The error involved in pipetting solutions is asstm1ed negligible. 

Furthermore, the error in readir.g the volume of the titre 

in a lO~·ml. burette \·las also esti rna ted to be negligible. 

It is evident from the results that the esti!Y'a ted error 

range of the sample volume in the syringe should be ± 0 .,025 ml. 

A separate set of experiments \'las performed to simulate 

the actual experimental procedure of determining the sodium 

hydroxide concentration in the samples. The Cormvc;.ll syringe 

\'Jas preloaded with a knovm volume (as read from the calibrated 

syringe scales) of standard 0.5 N hydrochloric acid solution. 

The hydrochloric acid solution inside the s·yringo \1as then 

partially neutralized 'l'rith a knovm volume (as read from the 

calibrated syringe scales) of standard 0.5 N sod:tum hydroxide 
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solution vrhich served as the sample solution., The mixed 

solution \'faS, eventually, titrated to the end point '\'lith 

0.25 N standard sodium hydroxide solution. The concentration 

of the 0.5 N sodium hydroxide solution \vas back-calculated 

based on the titration data. 

The results of 17 repetitive runs '\tdth solution volumes 

comparable to those us eel in the actual co ncent ration probing 

experiments indicated that the calculated 0 G 5 N sodium hydroxide 

concentration 'tvas O.l:-938 N and the spread '\tThich included 87% 

of the data (1.50} 'vvas ± 0.0128 N. 

Based on the error analysis of socii urn hydroxide 

concentration calculations v1ith the estimated error range of 

the sample volume to be± 0.025 m1., the probable uncertainty 

of the calculated sodium hydroxide concentration is ± 0.025 N 

(Figure VII.l). 'l~his uncertainty range \'iell covers the actual 

experimental error range. 

Note VIhJ. 

The uncertainty range in the normality of the prepared 

caustic and acid solutions is estirrated to be ± 0.5% of the 

normality of the solution concerned. This estimation is sub-

stantiated by experimental data. Five samples of 0.25 N 

sodium hydroxide sol uti on lvere t.i tr.ated against the double 

checked 0. 5 N standard hydrochloric acid solution. The back-

calculated sodium hydroxide concentrations \-.rere averaged to 

be 0.25075 N with a standard deviation (o-) of .000159 N. 



':rhercfore, the uncertainty range vJhich included 8?% of the 

data "'''ould be 1. 5o' or ± .00023
9 

No 

3211-

The estimated error range based on ± 0 o 5% of the solution 

concentration would be ± 0.00125 N, which l<mll covers the 

actual experimental deviation range. 
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When a sample is being taken~ lj_quid travels along 

the tube and reacts before it reaches the syringe and is 

neutralized. If plug flow conditions inside the sampling 
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needle are assumed, then the orig·inal reactant concentrations 

before entering the sampling needle can be calculated as 

follm,;s: 

Outside diameter of the sampling needle = 0.02S inch 

Wall thickness ~ Oo006 inch 

Internal diameter of the needle·~ 0.016 inch 

Cross-sectional area ::: 1T {0.016 X 2.5Ly)2/4 

= .001295 cm. 2 

Assumir€ 1. 5 ml e of sample taken over a period of 2 

minutes, 
• 

• • 
• 

• • 

Volumetric flourate of sample = 0.75 ml./minute 

contact time = V = .0172 minutes 
v 

Assuming negligible volume change during reaction, 

then plug flmv reaction equation is the same as batch reaction 
. (I2) 

equat:ton; 

where 

(VIII.l) 

k - reaction constant, litres/ { mole·-minute) 

b - original concentration of sodium hydroxide, 
moles/litre 
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a = origina.l concentration of ethyl acetate, moles/litre 

t - reaction time, minutes 

x = amount reacted in the sampling needle, moles/litre. 

Reactant concentrations data for th:ts calculation are taken 

from needle #12 (0.525 em. belov.r the interface) at 25 minutes 

of contact time in Run #3 (ethyl acetate - Oo6 N sodium 

hydroxide) • 

b-x :: 0.23 moles/litre 

a-x ::: 0.15 moles/litre 

b-a = 0.08 moles/litre 

k - 6.0 litre/mole-minute (refer to Figure VIII.l) 

Substituting the values into equation (VIII.1), 

6 0 - 1 1 a (0.2~) 
• - TO:o8) ( • o1'72T nro:-f5r Ta+-c}-:ch3T 

a = 0.153632 moles/litre 

b - 0.233632 moles/litre 

x/a = .0236383 

x;b = .0155441 

Four sets of reactant concentrations data are calculated 

and the results are tabulated in Table VIII.l. 

Reactant concentration changes before and after 

corrections are so small that they do not influence the data 

points on the graphs. 
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TABLE VIII~¢1 

AMOUNT OF REAC1,ANTS DISAPPEARED IN 
i'f'HE~SAf7fpl;nTIT-N1't"EDLE~-I:rD1rtiiff-S'Al\:F'.1ING - _,,~--~-----

Data set No. 1 2 3 
--· 

Measured ethyl acetate 
cone., (a-x), moles/ 

.018 litre .15 .075 

Measured sodium hydro-
xide cone., (b-x), 

.62 moles/litre .23 .275 

Original ester cone., 
a, moles/litre .153632 .0771676 .0191905 

Original sodium hydro-
xi de cone G' b, moles/ 
litre .233632 .277168 .621191 

Amount reacted, 
moles/litre .003632 .002168 .001191 

percentage of ester 
reacted, lOO(X/a) 2.36 2.80 6.20 

percentage of sodium 
hydroxide reacted, 
100( X/b) 1.55 .78 .19 
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4 

.17 

.14 

.172J.y96 

.142496 

.002496 

1.44 

1.75 
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APPEN1HX IX ---
ANALOG STUDY ____ ><q.__..,_ 

The experimental concentration profiles of the reactants 

and the products in the turbulent layer were simulated on an 

analog computer. A quasi-steady state mass transfer \'lith 

chemical reaction model was employed. The study was carried 

out with tho aid of an Electronic Associates Inc. •rR-10 

computer and a Variplotter. 

A worked example of the analog study is given beloH 

with the data taken from Run #3 (ethyl acetate - 0.6 N sodium 

hydroxide), 25 minutes after phase contact. 

One of the troublesome parts in applying a TR-10 

computer is in scaling. Sine e 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. Furthermore, the product of two variable voltages 

is autom9.tically divided by 10 in order to avoid over-voltages. 

Let the machine constant be 1/10, if the maximum layer 

thickness to be simulated is 1.0 em. then the solution time 

wi 11 be 10 seconds. 

Let CA = con cent ration of ethyl acetate 

CB - concentration of sodium hydroxide -
cc = con cent ration of ethanol 

en :: co nc ent ra ti on of sodium acetate 

X :: turbulent layer thickness 

DEi &>t~ eddy cliffusivity of species i 
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Table IX.l can then be set up 

·----· .. --
Maximum value 

Machine across Representing 
variable the layer voltage 

(moles/litre) (volts) 

-
CA 10 CA 0.563 5.6) 

CB 10 CB Oe60Q 6.00 

Cc 10 cc 0 .. 3)2 3.32 

CD 10 en 0.505 5.05 
' 

X 1.0 (em.) 

-
For the simulation of CA, 

equation ( 5a) is scaled as the follovri ng: 

100 d2 (10CA) k 10 (10CA} (10GB) 
-1o -·~rr"2____ = TIE! Ioo ---rcr--
• •. d2(J.OC~)_ _ k 1 (10CA) (lOCB) 

d-fZ-- DEA 106-~~- (IX.l) 

Similarly, equations (5b)(5c)(5d) are scaled as 

the follm,r:i.ng: 

d2 ( !.02GJit :: .JL ,t~ ( 10 C A.lt_0(}-0 CEl 
d't DEB J..00 (IX.2) 

~.cc~ =-,.JL "rio!.~ ~~TI) (l.£S:J.. 
d't;::. UEC J.\0 0 (IX.3} 

d2(10Cn} _ k l (lOCA}(lOCB) 
- dT2 -~- = DEn roo -·-ro __ _ (IX.4} 

The ci.rcuit diagram is shovm in Figure IX.l. In order 

to increase the values in potentiometers Nos. 9, 10, 11 and 

12 (Refer to FigurG IX.,1} by a factor of 10, the feedback 
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resistors to integrators Nos. 1, 3, 5 and 7 were changed to 

10 K Ohms (instead of tbH usual 100 K Ohms). 

The resulting analog simulation plots aro shovrn in 

Figure IX.2. 'fhe results obtained from the simulation are 

as follows: 

CA
0 

= 0.563 moles/litre 

CBo - 0 .. 0046 moles/litre -
Ceo :: 0.2715 moles/litre 

CDo - 0~505 moles/litre 

k 217.4; ~L = 483 •1 · 
-k 

::: 680·2; yr=~ ~ Die EA DEB ' 

1c __ I 2 DED 476o 2 litre mole - em • 

• 
• • Taking k = 0.1 litre/mole- sec. (Appendix VIII), 

DEA - 0.000460 cm2/sec -
DEB : 0.000207 cm2/sec 

DEC - 0.00011+7 cm2/sec -
DED = 0.000210 cm2/sec 

The values of eddy diffusivities of the various 

components derived from the profiles in this example are not 

very close to each other. Ho-:vever·, it should also be realized 

that this particular set o.f eddy diffusivities derived is by 

no means among the best sets whose diffusivity· values for 

various components are much closer t.o each other. 

More examples of the simulated concentration profiles 

are shm'ln in F:igures IX.3 and IX.q>. Tables of derived sets of 

eddy diffusivit:Los are shu;·rn in Appendix XVI. 
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APPENDIX X 

CALCULATION OF THE ENHANCEMENT FACTORS 
AND'rlm REAC.CION ZONE TBTCRNESSES ~IN.'l'HE 
-co NCEI~rf}fA'ffBNI3JTol3f.NG-F~XP.fE["f1MEiifls-

(Refer to Chapter 4: 4.2 - PART B) 

In this appendix, sample calculations of the experimental 

mass transfer rates and mass transfer coeffid.ents are 

presented (data for the calculations are taken from Figure 20: 

Total Ester Transferred Across the Liquid Interface as a 

Function of Contact Time). Thus enhancement factors are 

obtained vrhich are then compared ~rdth those theoretically 

predicted based on transfer '\vith chemical reaction{Bl6) {Bl4). 

Sample calculations of the reaction zone thickness 

based on the experimental eddy diffusivities and transfer 

rates are also made. 

X.l.l. Averaged Mass Transfer Rate and Mass 'l'ransfer 
Coefficient 

Data for these sample calculations are taken from 

Run #L~ (ethyl acetate- 1.0 N sodium hydroxide) 50 minutes 

after initial phase contact. The total ester transferred 

across the interface up to 50 minutes of contact time is 

(refer to Figure 20) 0.3419g9 moles. Therefore, the mass 

transfer rate averaged over the period of 50 minutes is 

(0.3419g9/(50X60X353)) = 3.22936x1o-7 moles/sec.-cm. 2 The 

respective mass transfer coefficient can then be obtained 

by the follov'ling equation: 



= k c* 1 i 

l·lhere, 

Ni =·ester transfer rate, moles/sec. 

A = interfacial area, cm. 2 

k1 = mass transfer coefficient l'lith chemical 
reaction, em/sec. 

c~ 
1. 

- equili bri urn solubility of the ester in 
the aqueous salt solution, moles/c.c. 
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(X.l) 

Based on the experimental data (Figure 18), the salt 

concentration at the interface is 0. 850 N and the corresponding 

C~ is 0.560 moles/litre {Appendix XIII). 

• N 1 
• • k1 = T cr 

l. 

~2]6 X lo-? - 5.76671 X lo-4 em/sec. 
0.560 x lo-3 

(X. 2) 

X.l.2 Instantaneous Mass 'l'ransfer Rates and Mass Transfer 
Qoeffi cie nt 

Based on the experimental data of Run #4, (ethyl acetate -

1.0 N sodium hydroxide), the total ester transferred across 

the interface at any contact time is given by the regression 

equation (Table 5). 

N = 1.00
589 

X lo-2 (T) - 7.11946 X lo-5 (T2 ) 

+ 1.36246 X lo-7(T3) 

where 

N - total transfer of ester, moles 

T :: contact times, minutes 

(X.3) 

The instantaneous ester transfer rate at 50 minutes is obtained 
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by the differentiation of equatj_on (X.3) l'lith respect to 

T, and found to be 1.87030 X lo-7 moles/cm2-sec. The 

corresponding mass transfer coefficient can again be obtained 

from equation (X.2) and found to be 3.33
982 

X lo-4 em/sec. 

X.2 C~lculation of the Ephancemen~ Fa£~ors_based on t~ 
lrnsteady State 1~fer Model\mb} 

X.2.1 Enhancement Factor Calculation based on the 
Averaged Ester Transfer Rate 

From X.l.l the mass transfer rate averaged over the 

period of 50 minutes for Run #4 (ethyl acetate - 1.0 N sodium 

hydroxide) is 3.22
936 

X lo-7 moles/cm2-sec. The physical 

mass transfer rate averaged over the same period of time 

is 5.0
7047 

X lo-8 moles/cn?-sec. (Table 5). Substituting 

these values into equation X.2 lvith the appropriate inter-

facial ester concentrations, 
k 

¢ = k~ = 9.66716 
L 

The ¢'values for all the other runs and at the other 

contact time levels were calculated in a similar way. The 

results are shmvn in Table 10. 

X.2.2 Enhancement Factor Calculation based on the 
Instantaneous Ester 'rrans.fer 

From Section X.l.2, the instantaneous mass transfer 

rate at 50 minutes of contact time for Run #4 (ethyl acetate -

1.0 N sodium hydroxide) is 1.87030 X lo-7 moles/cm2-sec. 

Similarly, the instantaneous physical ester transfer rate is 

calculated to be 2.1
4681 

X lo-8 moles/cm2-sec. (Table 5). 

Substituting these values into equation (X.2) v.r:ith the 
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appropria t.e interfacial ester concentrations 

¢ = kk~l: 13.22 
kL(inst.} 36 

Similar calculations \".rere performed for all the other runs 

and at the other contact tim3 levels. The results are shown 

X.2.3 Theoretical Galculation of' the Enhancem3nt Factor 

The method proposed by Brian et al. as described in 

· the Theoretical Section {Chapter 3:3 .1. 2) is used. The 

diffusivities of ethyl acetate and sodium hydroxide in vmter, 

taking into account of their concentration dependencies, are 

estinated to be 0.80 X lo-5 (4.4- PART D), and 

1.91 X lo-5 cn?/sec. respectively. 'rhus for the ethyl 

acetate - 1.0 N sodium hydroxide system, 

1.910 x lo-5 
r - - .. --·- -~ = 2.39 

- o.8 x lo-5 

- l.O - 1 7$6 q - 'Cf:-5l5 - • 

• 
• • qlr" = 2. 760 

(Assuming that the ratj_o of 
dj_ffusivities j_s not affected 
by the presence of multi-ions} 

From equation (12) or Figure (1) of Reference (Bl6), 

¢a :: 3.55 

Also, for 50 minutes after the phase contact, 

N= (~ o.1 x 1ooo x -·!-· 0 x 50 x 6o)! = 15.350 '+ 1000 
From equation 17 of Reference (Bl6); by trial and 

error method, 

¢"' = ., 42 and ~.::1 = ~lt~!."" = o. 95o6 
/• 4' Pa-l 2.55 
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TABLE X.1 

INSTANTANEOUS ESTER NASS TRANSFER RATES AND ENHANCEME~lT 
l:t'ACTORS IN THE ETHYL ACETATE-SODIUM HYDROXIDE AND THE 

l'1lE'l'HYL PROPIO~TATE-SODI UM HYDROXIDE SYSTElVIS 

Ester transfer rates Enhancement factors 

Run# 
(moles/sec.-cm2) X 107 ¢ 

!25 minutes 
I 

50 minutes 75 minutes 25 minutes 50 minutes 75 minutes 

EtAc - \'."ater .47073 •21468 •17653 
EtAc - 0.2 N NaOH 1.76298 .60529 .55727 4.12360 3.10436 3.47572 

EtAc - Oo4 N NaOH 2. 70057 1.42917 •60996 6.96633 8.03777 4.16588 

EtAc - 0.6 N NaOH 3-1°895 1.65633 •46947 8.54467 10.0275 ).46175 

EtAc - 1.0 N NaOH 3.18916 1.87030 .79266 10.4703 13.2236 6.69588 

EtAc - 1.4 N NaOH 3.49597 2.25546 1.09986 12.9358 18.4491 10.6341 

l·flePr - ,.;rater 1.80648 1o41983 1.13816 

MePr - 0.4 N NaOH 1.46198 1.14078 1.05262 .927577 ·92o894 1.o6oo2 

I;TePr - 0 •. 6 N NaOH 1.46198 1.14078 1.05262 .999878 .997635 1.14835. 

MePr - 1~0 N NaOH 1.62222 1.18625 ·92630 1.27188 1.19241 1.1~·401 

I 

\,.\) 
.J::-
b 



At this point a calibration curve is dravm from the 

data of Figures 6 to 8 of Reference (B16), with 100(~,-l) vs. 

¢a at ~¢'-1 = 0.9506 and r = 2.39. The calibration curve 
··l a 

for this particular calculation is shovm in Figure (X.l). 

From the calibration curve, 

lOO(~T- 1) can be read off, at ¢a = 3-55, to be 1.31 • 

• 
. . ¢ = 3.469 

Similar calculations ,.,ere performed for the 1.0 N run 

at 25 minutes and 75 minutes contact time, and also for the 

1.4 N run, as well as the methyl propionate - 1. 0 N sodium 

hydroxide system. The results are shown in Table (X.2). 

X.3 Calcl.Lla~-~- the Re_?~~Il Zone Thicknesses based 
QD the ~udo-St~State I<'iodel. 

As described in CHAPTER 3:).1.1, under the steady state 

mass transfer conditions, the reaction zone thickness is 

(X.4) 

\'vhere, 

D. = Diffusion coefficient of specis i, ~m2/sec. 
1. 

k = reaction rate constant, cm3/mole-sec. 

N - molal flux, moles/cm2-sec. 

Data for these sample calculations are taken from Run 1/4, 

(ethyl acetate - 1. 0 N sodium hydroxide), 50 minutes after 

initial phase contact. 
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TABLE X.2 -

-
JM=. I 

Run No. ¢a (n kCs0 t/4) ~ ¢ ¢ 

-
EtAc-1.0 N N."DH 

25 minutes 3.55 10.854 3.313 3.397 

50 minutes 3.55 15.350 3.421.,. 3.469 

75 minutes 3·55 18.8o0 3.464 3.499 

EtAc-14NHaOH 

25 minutes 5.4 12.843 4.789 4·942 

50 minutes 5.4 18.162 5.059 5.153 

75 minutes 5.4 22.244 5.163 5.220 
MePr-1.0 N :f\WH 

25 minutes 3.8 10.854 3.509 3.6o0 
50 minutes 3.8 15.350 3.643 3.689 

75 minutes 3.8 18.800 3.692 3.727 



Xo3.l Re.{1_gtj_on Zone Th=!:ckness, calculated based on 
Experimen_tally Determined Eddy Dif fusi vi ties 
as well as the Time Averaged Ester Transfer 
gate: 

Since the systems under studied are turbulent, it is 

believed to be more realistic in these calculations to use 

the averaged experimental diffusion coefficient values of 

the four components rather than the individual diffusivities 

of the components involved. 
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• • (Refer to Table XVI.4) 

The reaction rate constant is 100 cm3/mole-sec. The 

mass transfer rate averaged over the period of 50 minutes is 

3.22936 X lo-7 moles/cm2-sec. (Refer to X.l.l) 
• 

• • Substituting all these values into equation(X.4), 

l is calculated to be 0.572769 em. 

The reaction zone thicknesses for Run #4, 25 minutes 

and 75 minutes, and for other runs \"Tere calculated in a 

similar vTay. The results are presented in Table 12. 

X.3.2 Reaction Zone Thickness calculated based on the 
Expe_rimentaily Determined,ddy Diffusivi ties and 
the Instantaneous Ester Transfer Rate: 

From Section X.l.2, the instantaneous ester transfer 

rate at 50 minutes is found to be 1.87030 X lo-7 moles/cm2-sec. 

Substituting this transfer rate into equation X.4 together 

\'lith the experimental eddy diffusivities values, 1 is cal~ 

culated to be 0.68
7145 

em. 

The reaction zone thicknesses for all the other runs 

were calculated similarly. The results are presented in Table X.3. 



TABLE X.3 

COMPARISON OF THE REACTION ZONE THICKNESSES AS MEASURED E-XPERIMENTALLY 
AND AS APPROXIMATED FROM THE PSEUDO-STEADY STATE .MODEL 

(BASED ON INSTANTANEOUS ESTER TRANSFER RATES) 

! 25 Minutes (em.) 50 Minutes (em.) 75 Minutes (em.) 

I 

Run # I 
model experimental model eA~erimental model experimental 

I 

I EtAe - 0.2 N NaOH .671803 .57 •673694 &32 • 787078 .47 

EtAe - 0.4 N NaOH •756939 .66 .89o669 .52 1.27821 .38 

I EtAe - 0.6 N NaOH .563874 .62 .838384 ·43 1.04254 .38 

EtAe - 1.0 N NaOH •245219 -37 .687145 .36 .8°5919 .25 

EtAe - 1.4 N NaOH •199536 .38 ·367849 -44 •674387 .32 

MePr - 0.4 N NaOH •263075 .46 ·388455 .40 -408265 .26 

I\'Ie?r - 0. 6 N NaOH •185879 .29 •279587 .58 .468707 -34 

I MePr - 1.0 N NaOH •277811 .J4 •266016 -35 •180558 .J6 
-- -~--------- ---

'"'-> 
.{::­
\Jl 



Reaction Zone Thickness calculated based on 
fvfO.i. e ctiiar~lHJ1~1s~fvifJ.e's-i{i1c1'lfleoi~-et 1 caii v -
rrecrrcJ.~4-Ff'§~ ct:t::£}1 ~fer Ra t~o1' _t)j~~ ·Es_!:§:l: 

Theoretically, if the interfacial turbulence as l'rell 

as the zone turbulence vrere neglected, then the average 

molecular diffusivities of the ethyl acetate and the sodium 

hydroxide, as estimated previously in X.2.3, \-vould be 

0.80 r lo-5 and 1.91 X lo-5 cm2/sec. respectively. The 

effect of multi-ion diffusion in the reaction system is 
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neglected for these calculations. The reaction mass transfer 

rate ltmuld be 3.469 X (0.560/0.850) X physical transfer rate = 
1.15883 X lo-7 molcs/cm2/sec. for the ethyl ac0tate-l.O N 

sodium hydroxide run at 50 minutes of contact time. 

Substituting all these values into equation{X.4), 1 is calculated 

to be 0.10195 em. 

Due to the limitations in obtaining the theoretical 

enhancement factors (X. 2.3), the reaction zone thicknesses 

for only three runs '·;ere calculated (ethyl acetate-1.0 Nand 

1.4 N sodium hydroxi.dE~; methyl propionate-1.0 N sodium 

hydroxide) • For the methyl propionate-sodium hydroxide 

syst~m, the experimental physical transfer rates at different 

co.ntact times 'Here not used because of the so-called 

"density flow" observed in the mr:~thyl propionate-1-·rater system 

(Chapter 4: 4.2.3.3.3). Instead, the theoretical physical 

transfer rates (uhich \-.rere assumed to be the same as those of 

the ethyl acetate-uater system due to their close similarities 

in properties; Table 1) based on the penetration model liOre 



The theoretj_ cal results on the zone thick-

nesses are presented in Table 12. 



Note X.l --· 
Estimation of the enhancement factors based on the ionic 

penetration theory: 

The "effective diffusivity ratio" method proposed by 

Brian et al. as described in Heference (Bl4) is used. The 

follm:ring calculations are based on the data from the ethyl 

acetate-1.0 N sodium hydroxide system. 

Assumptions involved: 

I No turbulent liquid motion in the aqueous phase; 

II Concentration and viscosity dependencies of the 

diffusivities are neglected. Component diffusivities 

at infinite dilution are used. 
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(c.f. the value of r = 
2.39 calculated t-rith the 
diffusivities averaged 
over their respective 
concentration ranges.) 

(refer to equation 
(18) of Heference 
(Bll})) 

Assuming no reaction or negligible acetate ions ·in the bulk 

aqueous phase, 

(
c -) c~ o= 1 

Substitution of the appropriate values into the equation gives 

2 ( ~~-i-{g:j ) 
reff. =~~I : 3-36 



q = 1.~9.. = 1.786 
0.56 

qJreff. :: 3~28 
From equation (12} or Figure 1 of Reference {Bl6), 

¢a = 4.05 

For 50 minutes after the phase contact, 

-1M= 15.35 

¢ionic = 3·96 

¢mol. :: 3.47 (Section X.2.3) 

• •• Increase of r1. - (3 .96 -:.,~) 
'P - 3·47 X 100 :: 14.1% 

If the amount of the NaOH reacted in the bulk aqueous 

phase is taken into consideration (the amount of the NaOH 

reacted inside the reaction layer is averaged over the 

entire aqueous phase; refer to Figure 28), 

- 0.855 

qJreff. - 3·35 

¢ = 4.12 a 

¢ionic = 4·02 

••• Increase of¢:: 

= 3.51 

+ 1 

For the case of ethyl a cetate-1./.:.. N NaOH: 50 minuc es after 

phase contact 9 

349 
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¢ionic = 6.30 for (ccQH..:J - l 
Na+ 

0 

and the increase of ¢ = 22 .. 4%. 



Note X~ 

Calculation to check the validity of the assumpt.i on (quasi­

steady state} involved in the estimation of reaction zone 

thickness: 

The follmving calculation is based on the data from 

ethyl acetate-1.0 N sodium hydroxide system: 50 minutes 

after phase contact. 

Measured reaction zone thickness (X} :: 0.36 em. 

Derived 

• 
• • 

eddy diffusivity of ethyl 

2.669 X lo-4 cm2/sec. 

(0.'l6)2 
: T~~-

2.669 X l0-4 X 50 X 60 

acetate ~ 
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The folloHing table sho\'JS the calculated (12/DAt) values 

for all the cases under study~ 

contact 
time 

25 50 75 
Minutes Minutes Minutes 

cone. 

Ethyl acetate-sod:i.um hydroxide sys tern 

0.2 N .045 .012 .014 
0.4 N .040 .014 .004 
0.6 N .052 ~009 .007 
1.0 N .060 .oos .003 
1.1+ N .087 .029 .006 
Methyl propionate-sodi Uill hydroxide system 
0.4 N .130 .. 031 .008 
0.6 N .087 .100 .012 
1.0 N .062 .041 .059 



APPENDIX XI 

PRELIMINARY EXPERIMENTS IN 'I'HE 
--ETHYJ:-ACE'F7l'I'E='HA'I'ERSY1ffEM-

XI.l E~erimental Det~~ls 

(Numbers in the follm·ring brief description refer to Figure 

XI.l) 
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The apparatus was assembled as shown schematically in 

Figure XI.l, ~he test cell (1) was made of pyrex glass, having 

an I.D. of 21.2 em., and measured 7.5 em. from bottom to top. 

The brass plate (2} holding the 15 sarnpling needles together 

with the point gauge was the same one as described previously 

(Chapter 4: 4.2- PART B). A circular segment of 1.0 em. 

in diameter \"las cut off from the edge of the brass pJa te to 

allov-1 the aqueous phase feed tube to go through the plate 

and into the cell. 

To start a run, the phase contactor (3} was lm·1ered 

into the bottom of the cell~ It was important, at this 

stage, to ensure that the feeding system (from the reservoir 

(6) to the pores of the sintered glass disc) should be free 

of air. Then 500 ml. of water-saturated ester vvas gently 

poured into the cell. The brass plate holding the needles 

was put on top horizontally and covered up the cell quite 

tightly. (The sampling needle inlets positions relative to 

the point gauge were already accurately measured.) B-D stop-

cocks (4}, fitted on top of the needles chosen for sampling 

in the particular run, were closed. Stopcock ( 5) of the 



1. Pyrex Glass Cell (21.2 em. Diameter) 
2. Brass Plate with 15 Needles plus Point Gauge 
3. Phase Contactor 
4. B-D Spring Loaded Stopcock (MS09) 
5. Teflon Stopcock 
6. Reservoir n 

r 

... -- - . 
5 6 

2 

I 
I I 
~ ~ 

1 

\.o..) 

\.n 
\.o..) 
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reservoir \vas opened and the timer \'laS started. The aqueous 

solution was fed into the cell at the controlled flmn•ate of 

0.2·8 litres/minute until the ester-water interface just 

touched the tip of the gauge needle. During the experimental 

run, small samples \'!ere taken at intervals from each of the 

set of needles chosen for sampling~ 

~1.2 Analysis of the Sa~ 

The volume of each sample dra\vn into the syringe \'J"as 

read accurately. It was then transferred into the sampling 

tube and diluted with distilled \'Tater. The ethyl acetate 

concentration in the solution \vas analysed by means of a 

Burell (Khromotog model K-D) chromatograph. 

~I!] J,lesul t_~nd D.,-i~cussions 

The analysis of the data is similar to that described 

in Chapter 4: 4c2.1. The concentration profiles obtained 

were plotted as shown in Figure XI.2. The total ethyl 

acetate transferred across the liquid interface at different 

contact times was calculated and plotted in Figure XI.3 (The 

extra amount of the ester transfer due to initial phase 

contact mixing was already accounted for) 

Comparison of the ester transfer rate (Figure XI.3) 

obtained in the preliminary run \'lith those obtained from the 

main run as described in 4.2.2.2 {Figure 20) indicates that 

the ester transfer is slightly higher in the preliminary run. 

This is probably due to the faster sampling rate used and 

some mechanical vibration induced during sampling. In the 
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later apparatus an attempt v~as made to reduce such vibi·ation, 

as described in Section 4 ... 2e1. 



APPENDIX XII 

!,II .1 ~xperil'l!ental procedur~ 

(Numbers in the follo~Ving brief description refer to Figure 

XII.l) 

Preliminary experiments at 24 ± 1 °C \'lere performed in 

the same apparatus as described previously(S8} and as shown 

in Figure XII .1. 
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Four long stainless steel sampling needles (five needles 

in the ethyl acetate - 1. 5 N sodi urn hydroxide run} \'!ere spaced 

l'lithin the test cell (1}, \'lhich Has 15.5 em. in diameter and 

12 em. high. The needles ( 3) \·/ere bent at one end and the 

vertical distances of the sampling needle inlets \'lith respect 

to each other \vere measured using a cathetometer. Ethyl 

acetate pre-saturated lri th v;ater v1as poured into the test 

cell, fillirg one-eighth of its volume. Then the phase 

contactor ( 2) containing approximately 1! litres of sodium 

hydroxide solution at the desired concentration level was 

lowered into the cell until the f~itted glass disc just touched 

the bottom of the cell. After the cell top \'las tightly 

covered vlith clean aluminum foil to avoid evaporation of the 

upper phase, the sodium hydroxide solution \vas let out slm·rly 

through the sintered glass disc and under the ethyl acetate 

phase. The flovrrate of approximately O.l-1- litres/minute Has 

controlled by the pipette filler. In this way, a smooth and 



FIGURE XI I. 1 

APPARATUS FOR THE PRELIMINARY 
EXPERIMENTS IN THE ETHYL 
ACETATE-SODI Ut,1 HYDROXIDE SYSTE~ 

l. Test Cell 
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3. Sampling Needles 

3 

11.5 em. -
1 

15.2 em. 

12 em. 

1 
Heat 

1 

15.5 em. .,. .o~ 
4.5 em. 

FIGURE XI I. 2 
DISTILLATION APPARATUS 

l 

Cold i'Jatel~ 
in 

~ 50 m~. Capacity 

ice 
bath 

359 



360 

rather unElisturbed interface betueen the ester phase and the 

caustic phase "ras formed. As more of the sodi urn hydroxide 

solution v1as i.ntroduced into the cell, the interface moved 

up gradually to a pre-determined level which was 1 mm. above 

the sampling inlet of the highest needle. Zero time for 

the experiment began as soon as the flo\'1 of sodium hydroxide 

was started. Duration of the experiment \vas 90 minutes. 

During the experimental run, three or four samples w·ere taken 

at intervals from each sampling needle, and 2.5 ml. of the 

solution was dravrn for each sample. The "phase contactor" 

was left inside the cell throughout the experiment. 

After the experiment, both the test cell and the phase 

contactor \'iere cleaned thoroughly v-li th concentrated chromic 

acid and rinsed 1.·rith a large amount of double distilled \'vater. 

XII.2 Analvsis of S~mpl~~ 

XII.2.1 Sodium Hydroxide 

Each sample freshly dravm from the cell was quickly put 

into a tube containing 5 ml. of ice-cold distilled \'Vater. 

The solution \·Tas titrated j_mmediately vlith stan~ard hydro­

chloric acid solution using a controlled volume of phenolph­

thalein solution as indicator. 

XII.2.2 Ester and Alcohol 

The sample, after being neutralized \·lith standard 

hydrochloric acid solution, \vas diluted further \vi th 15 - 20 

ml. of ice-cold distilled water. The total volume of the 

sample '"as noted accurately. The sample, containing ester, 
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sodium chloride, sodium acetate and ethanol Hith a large amount. 

of \'later, was charged into a srm.ll distillation unit (Figure 

XII.2) to separate the salts. The distillate \'las analysed 

for ester and ethanol in the way described in Chapter 4: 4.2.1. 

A Burell ( Khromotog model K-D) chromatograph \"lith a 

column of 5% Carbo\vax 1500 on Fluoropak 80, 2~ meters long 

and !-inch O.D. was used for the analyses. 

XII.2.3 Sal_!! 

The residue from the distillation flask lvas dissolved 

in approximately 350 mlo of distilled water. The sodi urn 

acetate concentration was analysed by conductometric titration 

in the same \'lay as described in Chapter 4: 4.2.1 and in 

Appendix IV. 

~11.3 NuffiQer of Experiments Performed 

(The ethyl acetate phase was pre-saturated '"i th water) 

Three runs vrere performed at the controlled room 

temperature of 24 ± 1 °C and at three sodium hydroxide 

concentration levels. 

XII .4 Methods: o_(_C_§Jculati on 

The methods of calculation '\"Tere similar to those 

described in Chapter 4: 4.2.1. 

!II .. 5 Results 

The measured concentration profiles of the reactants 

and products for the three runs at 30 minut-es, 45 minutes and 

60 minutes of contact time \vere drmn1. 

shmvn in Figure XII .3. 

Typical profiles are 
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Due to the fairly large volume of liquid taken in each 

sample ( 2. 5 ml.), the net volume of li.quid transferred from 

the upper phase during the run \·;as not enough to compensate 

for the volume of liquid taken out of the aqueous phase as 

samples. The result \'.ras a drop in the level of the interface 

with respect to the fixed inlet positions of the sampling 

needles. Furthermore, in some samples where the concentrations 

of both reactants were substantial, a significant amount of 

reactants ldould be consumed in the syringe before the sample 

could be transferred into the sampling tube and diluted \'lith 

ice-cold distilled water. The ti tra ti on of the sample vd th 

standard hydrochloric acid solution was performed immediately 

by an assistant. The drop of interface level as vrell as the 

reaction in the syringe had been accounted for when drawing 

the concentration profiles. 

In general, the shape of the profiles was similar to 

the corresponding profiles obtained in Chapter 4, 4.2 -

PART B (Figure 18). The total ester transferred a eros s the 

liquid-liquid interface at various contact times as derived 

from the concentration profiles is given in Figure XII.4 .• 

XII.6 Discussi~n. qt Res~fts 
XII .6.1 Comparison of the preliminary_ profiles vrith thos~ 

obtained from the main experiments 

Since the two sets of profiles were obtained at different 

contact times and at different caustic concentration levels, 

direct comparison becomes difficult. However, a close study 
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of all the available concentration profiles indicates that 

the ethyl acetate profile as \'!ell as the total ester transfer 

per·unit interfacial area are higher in the preliminary runs, 

particularly at the earlier stage of the experiment (25 minutes 

to 50 minutes). This is probably because of the high filling 

rate of the lower phase used in the preliminary experiments 

as Yrell as the mechanical vibration while sampling. 

Considering the very limited amount of experimental 

data available in these preliminary runs, it is surprising 

to note that the two sets of total mass transfer data are, 

at least qualitatively, reproducible (Figure XII.5). 

XII.6.2 Derivation of Eddy Diffusion Coefficients 

Analog simulation of the experimental concentration 

profiles as described in Chapter 4: 4.2 - PART B: 4.2.3.4.4.3. 

and in Appendix IX was also carried out. 

A typical set of simulated concentration profiles of 

the components in the reaction system is shown in Figure XII.6. 

The eddy diffusivities derived from the simulation are tabulated 

in Table XII.l. In general, the eddy diffusivities of ethyl 

acetate in the aqueous phase in these preliminary experiments 

are higher than those obtained from the profiles of the main 

sets of experiments (Chapter 4: 4.2.2). On the other hand, 

the values of the eddy diffusivities of the rest of the three 

components in the preliminary runs are comparable in the 

order of magnitude to those in the main experiments. Moreover, 

the values of sodium hydroxide, ethanol and sodium acetate 
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FIGURE XII .6 SI MU LATION OF THE PROFILES IN FIGURE XII .3 
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TABLE XII.l 

ETHYL ACETATE - 0.5 N SODIUM HYDROXIDE 
{ Pre1 iminary Experiments) 

Contact Diffusivities time 
Average 

(Minutes) 
Components 

(cm2/sec) X 106 
Diffusivities6 (cm2/sec) X 10 

ester 1238 

caustic 228 
30 

alcohol 189 

salt 369 

Sum 2024 506 

ester 4000 

caustic 128 
45 

alcohol 104 

salt 329 

Sum 4561 1140 

ester 2000 

caustic 935 
60 

alcohol 405 

salt 300 

Sum 36'-!.0 910 

Total Sum & 
Average Dif~ 

10225 852 fusivities 
(cm2/sec)Xlo6 

368 



TABLE XII.2 

ETHYL ACETATE - l. 0 N SODIUM HYDROXIDE 
[Preliminary Experiments;-

Contact Diffusivities time 
Average 

(Minutes) 
Components (cm2/sec) X 106 Diffusivities

6 (cm2/sec) X 10 

ester 524 

caustic 147 
30 

alcohol 183 

salt 181 

Sum 1035 259 

ester 1040 

caustic 180 
45 

alcohol 235 

salt 198 

Sum 1653 413 

ester 1451 

caustic 625 
60 

alcohol 572 

salt 530 

Sum 3178 795 

Total Sum & 
Average Dif-
fusivities 
(cm2/sec)Xl06 

5866 489 



TABLE XII.J 

ETHYL ACETATE - 1.5 N SODIUM HYDROXIDE 
(Preliminary Experiments) 

Contact Diffusi viti es Average 
time Components 

(cm2/sec) X 106 
Diffus j_vities 

6 (Minutes) (cm2/sec) X 10 

ester 474 

caustic 73 
30 alcohol 99 

salt 86 

Sum 732 183 

ester 309 

caustic 77 
45 

alcohol 116 

salt 89 

Sum 591 148 

ester 1460 

caustic 840 
60 

alcohol 840 

salt 570 

Sum 3710 928 

Total Sum & 
Average Dif-
fus~vi ties 
(em /sec)Xl06 

5033 420 

370 



diffusivities from the same set of profiles are quite close 

to each other. 
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These results are in agreement with those mass transfer 

data discussed in the preceding section (higher ethyl acetate 

values are due to phase contact turbulence and the mechanical 

vibration '\·;hile sampling) • 

MIMIC PROGRAJVIMING ( C5) on IBM 7040 computer was also 

used to simulate some of the concentration profiles sets 

obtained in the preliminary experiments in order to cross 

check the results from the TR-10 arelog computer. The 

execution program listings are shoun in Figure XII. 7. A 

typical comparison of the simulated pr·ofiles betHeen the 

MI~ITC and the TR-10 is shown in Figure XII.6. It is evident 

that similar results can be obtained from either the analog 

studies or the digital computer studies. The two -fold 

difference in the values of CB
0 

obtained from the t\"lO 

simulations(3.0 X lo-4 moles/litre and 8.5 X lo-4 moles/litre), 

' is probably due to the inaccuracy in reading too small a value 

on the voltmeter of the Analog Computer. 
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APPENDIX XIII 

MEASUREMENT OF THE SOLUBILITIES OF 
ES'fE1fS-:TN AQUEOUSSJG7l'So1JFI'IONS-

Vllien a water soluble salt is added into an ester-
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saturated aqueous system, the equilibrium condition in the 

aqueous phase is disturbed and droplets of ester are salted 

out. The salt effect of sodium acetate in aqueous ethyl 

acetate solution, the effect of sodium propionate in aqueous 

methyl propionate solution, the effect of sodium formate in 

aqueous ethyl formate solution as well as in aqueous methyl 

formate solution v;ere determined experimentally. 

In a typical measurement, a known amount of the salt 

was weighed and put into a one-litre standard volumetric 

flask. The flask \'lith its contents v.;as then filled to the 

mark \'nth aqueous solution saturated vrlth the ester at 24°C. 

The volume of the input ester solution \vas accurately recorded. 

The resulting salt solution \vas thermostated at 24.°C and \'Tell 

shaken at intervals. After several hours, the flask was taken 

out and both the total volume of the final solution and the 

amount of the excess ester phase sal ted out \vere measured. 

The decrease in solubility of the ester in the aqueous salt 

solution was thus calculated. The experiment was repeated 

at other salt concentration levels and also with other aqueous 

ester-salt systems. The solubilities of the ester as a 

function of the salt concentration were plotted for different 

systems as shovm in the follovling figures. 
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APPENDIX XIV 

COMPARISON OF THE EXPERIMENTAL AND THE 
TH1DR.1IT:fCAL-·eolfcrENiiRA1ffONPROFILES'F'OR 
THE·r~::Bu'l'ANOL='~VATER AND THE ETHYLACEi1ATE­
WATER~SYSTill1S~-=~~~~~~~~~~~~ 

The one-dimensional diffusion equation \·Ti th variable 

diffusion coefficient for a binary liquid system at dilute 

.concentration range can be expressed as the follovTing: 

378 

oXA o2XA _aDAB oXA (XIV .1) 
ot = DA~2 + oz . az 

where XA = mole fraction 

z - distance from the interface, em. 

t = time of diffusion, sec. 

Transforming 
X -X C _ _A Ao 

A - XAs - XAo 

where = original uniform mole fraction of species A 

equilibrium saturation mole fraction of species 
A at the interface. · 

DAB = Diffusion coefficient of species A (at infinite 
0 dilution) in solution B, cm2/sec. 

Equation XIV.l becomes 

. ~z 1 (°CA)_ DAB -Jt DAB t 3/2 ( 0 y)-~ 
0 

1·1ultiply XIV.2 by Jrt; 

_2~ : E_AB_ g~ + 
dy DABo dy 

[
(o2CA)(l ~ 1 (0 DAB)(°CA}(l) 
(if)("i;t)J + DAB

0
(-oY ) ( oY) (4t) 

(XIV.2) 

(XIV.J) 
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Equation XIV.3 becomes 

dCA d2CA 
-2Ydy- = dyZ (A0 + A1 CA + A2cA2 + AJCA3) 

dCA 2 
+ ( dy) (A l + 2A2 C A + 3A3 C A 2 ) (XIV.4) 

At y = 0 

y::cc 

Let P :: dCA 
. dy 

Substituting XIV. 5 into XIV .4 

dP ~ 2 p ( 1 ) 
dy "" - y (Jio + A1 CA + A2 c~'2-+ AJCA3-) 

_p2 ( A1 + 2A2CA + 3A}9A:___) 
(Ao + A1cA + A2cA2 + AJCA3) 

(XIV.5) 

(XIV.6) 

Equations XIV .5 and XIV .. 6 vrere solved numerically by the 

Fourth order Runge·-Kutta method ( Hl3). The solution was 

programmed on an IBM 7040 computer. The prograrnrr:e listings 

are shovln in Figure XIV .1. 

In these calculations, the initial value of the slope 

was required. With the diffusion coefficient set constant 

to be at infinite dilution of the solution, i.e. DAB = 1.0, 

an' initial value of -1.13368 \'las obtained in order for the 

dimensionless mole fraction, CA, to decrease to 0 at y = 2.0. 

Such result Has in agreement vlith theoretical prediction for 

system \'lith constant diffusion coefficient ( B8). 

With the varj_able diffusion coefficient (taken from the 

literature(J4) and as shoN·n in Figure XIV .2) incorporated into 



FIGURE XIV.l 

FOR'l'RAN LISTINGS FOR THE SOLUTION OF DIFFUSION 
EQUATION \VITH VARIABLE DIFFUSION COEF'FICIENT 

C DIFFuSIOi'l L\.,;u/ITIO:, ,,;ITH Vt.f~lil..c_,L[ CC;::.FFICid'T 
C NN I~ ~0 OF PRINTOUT~ 

C N IS fW OF Ci\LC PC\ PRI i\TJUT 
C i\lO~rWu IS i~O SYSl[;.:s STL;iJl[u 

D I i · i U ~ .:::, I 0 f i P ( 2 l ' P P ( El l ' ~' P ~) ( :' ) 
1\[/u) ( 5 'Jvvu) NJP(\C:J 

3liUu FOi<,.,i\T (15) 
NOGO:~ l 

3Glll FOI~I-;/,r(c>Fl5edl 

f~t~f\D(5, 2uJv) j~\j 

READIS,z5~vl IPPIIJ,I~l,3l 

5ul kEA~(5,Jvvll A~,Al,A2,A3 

DO 0088 I=l,S 
8o8e f-'(IJ::.:;Jp(Jl 

H=v.vvl 
I~= 2 u 
I I =0 
DO lliU I==J,i:i 

C I in T Ii\ L C C ,· ' u IT I 0 t-l S <t\ T Y :~ v • 0 l !\ R l 
Y=O. 
(J~==l.v 

WRI1E(6, Jvvv) y, CA' P(IJ 
1 u 2 Cvid r;;Jr= 

L)CJ lUl J:.:l,;, 
PPPII)::;)(l) 
C/\A=-Ci\ 
Y K v l == P I I l c,; ri 
y K v 2 ::: H ~,.\:. { ·- ;:. • ~·:· y ~:- p ( I ) I ( ;\ G + /\ 1 ; : c ;\ + tA \ 2 .;~- c ;\ -~:. .. :;- 2 + .:\ 3 -~- c /\ ~~ ~~ =~ ) 
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l - t) ( I ) -;: }J ( I ) <· ( ;:, 1 + 2 .. ,:. :'. 2 -;:- c 1\ + 3 0 ,., ;\ J. -j(- c \ "' -j:- 2 ) I ( !\ \j -f./\ l ~e c: I\+ .~ ... 2 ~;- c: r. -Y; -ic 2 + f\ 3 "~- c: :\-~c-);- 3 ) 
Y :::: Y + 0 • 5 -:< H 
CJ.,::.:(;\+c. .• :J-:~-Y., ~' l 
P ( I l = F ( I l + v • :J '/ Y i~ 'v' 2 
Yr:-.11'-"P( I )',;·ri 

Y r;, l 2 = r 1 :; ( -- 2 • i< Y '; P ( I ) I ( /\ ..; + t. 1 ·:-i- C /:; + ,"\ 2 -:~C.\ -:~- _,, 2 + ;:, J "' C !\ -;;. -:c :~ ) 
1- F' ( I l ;; P ( I l < ( (\ 1 + 2 • "J\-:'. ;, C ,.\ -~ :::; • -:;. :\ 3 _,, C ,\ -:c <· 2 l I ( ;, '.,_; + ;\ 1 -:f C ;\ + /, 2 -><- C /\ -;<- .,, 2 +f .. ~~* C .f\ -;r- -:;. 3 ) 

C/1 :::. C A ·t u • 2 5 -:: i i ,,_ Yr:, v 2 
P( I l=?( I l·-v.:!;-y,~ . .J2+..Jo5*Y<.l?. 
Y i( 2 .i. :::: P ( 1 l ::- H 
y ,.,_z 2 "'fi< ( -2. -~-y-:; p ( I ) I ( ;\ u+;\ 1-;; (;\+ •\ z-;U=;'\ -',{-·~ 2+/\ 3-:<c ;\ -~--k3) 

l-Piil*PIIl*(~l+2·*~2*lA+3e*~3*(A**2li(A~+ l*C~+A2*CA**2+A3*CA**Jl 
Y = Y + <.; • :) ,., r·l 
c ~ = c , \ - u • 2 ~ -;~- r-·1 -;:- ''~' r: '·-' 2 -+ v • s ~ Y r:~ _.~ 1 + ~; o 5 :~ r ; 1~- Y r~ 1 2 
P ( I ) :: P ( I ) - v • S ~~- Y ~:, l. 2 -:- Y ;:, ~~ 2 
Y K 3 l :: ;) ( I l -:: :: 
Y r::... 3 ;-. :: i i "' ( -· ;2 • :: '( :: tJ I I l I ( ;\ v + /; l :;- C r + !\ ;: "C /\ _,, -;;- :: + !1 ~~ cf C /~ -·:· _,,_ 3 l 

J.-~' <I l ;;·f) I I I'· ( h:;_ +2 •. ;:-,·,z-;:c._,·,-r 3. -:f-;\3-:'(,\-"··:: 2 J I ( i·.'v+t·,_ l};.c; +;,z<-ct-~'-;:-:~+r~,J-~-c,\-:;-,::~~ l 



1 0 1 co ;-n r i'~ u E" 
WRITE(6, 1u~~1 y, CA' P(Il 

II=II+l 
IF(ll.t:Q.i<l'l) GO TO lu3 
GO TO 102 

1U3 WRITE(6, l0Ull 
II=u 

1 \.) u c 0 I \j T I ['~ u t: 
NOGO:.: i\OGCH l 
I F ( 1'-< 0 GO. C1 To i; 0 P r\ C l:.i l G 0 T C) 5 c: C 
GO TO 5l;l 

lUUv ~OR~AT 11X,3Fl5.8) 
10u1 FOi-<r,IAf I I I) 
2vGu f--Oi~;,;/, l (I:; l 
2 Suu F CJI~i'''~ r I !tF 1:.;. 3 l 

5uU STOP 

l>ENTf-<Y 
SlbSYS 

END 

CD TOT 
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the diffusion equation, the dimensionless concentration profile 

for the n-butanol in water was calculated. Initial slope 

values \'lere varied, one at a time; and the respective 

calculated concentration profiles were plotted. The process 

of trial and error was continued until a profile decreasing to 

zero at y = 2.0 was obtained. The initial slope for that 

particular profile was found to be -1.503 • The profile of 

variable diffusion coefficient \vas compared \rlth the experimentally 

determined concentration profiles from Run #3, 4 and 5 

respectively (Figure13}. The results of the comparisons 

are shmvn in Figures XIV. 3, XIV. 4 and XIV. 5. 

Similarly, the dimensionless concentration profile 

for the ethyl a cetate-'\'tater system was also calculated. The 

variable diffusion coefficient of ethyl acetate in '\'later as 

a function of the ester concentration was experimentally 

determined as shm·m in Figure39 (C .. hapter 4.4-PART D). The 

calculated profile '\'res compared \rlth the experimental profile 

(Figure 15) • 

XIV.6. 

The comparison is best illustrated in Figure 
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APPENDIX XV 

EXPERIMENTAL CONCENTRATION DATA 
Qli"r];VlfYi.ACE'I' A'l' E-AQUEOiJSciD's'ri C 
SYS'fEMS AND ETHYLAc'if'l'ATE-WA'i'ER 
SYS'11EM 



1'l·~I-.!E XV~ 

CONC_ENTRATI9N DATA OF ETHYL ACET ATE-~~A'rER SYSTF.~~ 

-
Dist. 

Samplin~ 
from 
inter-needle face 
(em.) 

-
2 .094 Time (mins.) ll!-.5 .47 .8 77 178.7 297.6 

Concentration .236 .320 .408 .500 .590 
(moles/litre) 

3 .289 Time ( mins.) 18.2 51.6 81.3 301.5 
Concentration .1185 .178 .224 .432 
(moles/litre) 

4 .359 Time (mins.) 23 56 85.4 182.8 305.5 
Concentration .085 .148 .210 .315 .410 
(moles/litre) 

------· 
12 .543 Time (ruins. ) 27 90.3 309.4 

Cone e ntra ti on .047 .115 .290 
( moles/1). tre) 

6 .604 'rime (mins.) 31.2 60.2 94.4 187.2 314 
Concentration .026 .050 .074 .11.~6 .240 
(moles/litre) 

7 .809 'I'ime ( mins.) 35.7 64.2 98.3 191.5 317.6 
Concentration .009 .016 .030 .071 .120 
(moles/litre) 

9 1.295 Time (mins.) 39.8 103.7 321 
Concentration .005 .0115 .039 
(moles/litre) 

---
15 3~897 Time ( mins.) 411- 107.9 324 

Concentration 0.0 o.o .001 
(moles/litre) 

~- . -



Sampling 
needle # 

2 

4 

6 

8 

TABLE XV .2 

CONCE}ITRATION.DATA OF ETHYL ACETATE 
-l.o~Q1Ul\1ffYD}J_QXfD]~.-SYsrfEivi Uill1Df4-l) 

Dist. 
from 
inte1 .... 
face 
(em.} 

.094 Time (mins.) 14.1 22.0 37.0 
NaOH .125 .ooo .ooo 
NaAc .743 .899 .845 
EtAc .163 .400 .325 
EtOH .394 - .483 
(moles/litre) 

.361 Time (mins.) 18.2 25.6 41.5 
NaOH .322 .181 .0175 
NaAc • .580 .715 .802 
EtAc .0823 .034 .315 
EtOH .295 .384 .1~96 
(noles /litre) 

-
.620 Time (mins.) 29.5 45.1 

NaOH .746 .300 
NaAc .172 .612 
EtAc • .ooo .0173 
EtOH .104 .408 
(moles/litre) 

-
1.016 Time (mins.) 32 .. 8 

NaOH .948 
NaAc .ooo 
E-tAc .ooo 
EtOH .0003 
(moles/litre) 

390 

51.2 69.8 
.ooo .ooo 
• 836 .821 
.406 ·443 
.470 .533 

54.9 74.2 
.ooo .ooo 
.863 .829 
.347 .267 
.501 • 57l} 

60.5 80 
.140 .041 
.?50 .821 
.068 .196 
.513 .541 

64.4 84.9 
.787 .566 
.213 .384 
.ooo .000 
.194 .272 



Sampling 
needle # 

3 

12 

7 

9 

TABLE XV .J. 

CONCENTRATION DATA OF ETHYL ACETATE 
-1.0 N SOD{UM HYDi~OXIDJ.r S'fS'fElVfTRlT[J4-2) 

Dist. 
from 
inte1"2-

' face 
(em.) 

.262 Time (mins.) 14.0 24.1 34.4 
NaOH .371 .121 .064 
NaAc .488 ·741 .791 
EtAc .ooo .. 152 .0824 
EtOH .278 .456 .563 
(moles/litre) 

.524 Time (mins.) 19.9 27.2 37.5 
NaOH .848 .626 .280 
NaAc .112 .408 .666 
EtAc .000 .003 .000 
EtOH .038 .303 .450 
{moles/litre) 

' 
.793 Time (ruins.) 30.2 43.6 

NaOH .908 .879 
NaAc .ooo .126 
EtAc .ooo .ooo 
EtOH .000 .082 
(moles/litre) 

1.270 Time (mins.) 
NaOH 
NaAc 
EtAc 
EtOH 
(moles/litre) 

391 

53.5 71.1 
.000 .ooo 
.823 .82 
.430 .406 
.508 • 534 

57.8 74.8 
.045 .000 
• 838 .843 
.283 .335 
.499 .536 

64 .. 1 78.8 
.640 .l!-04 
.375 .527 
.000 .ooo 
.282 ·351 

66.8 83 .1+ 

.9!}6 .861 
.ooo .100 
.ooo .ooo 
.065 ~075 



0 
0 

A 

~ 

FIGURE XV. 1 
VARIAT!(JI OF 1HE ESlER 01N!INTP.JIT!(JIS 
wml flHASF UNTACT rm= 

tffili 112 ; 0. (1.)4 (1-1 ~ tffili 113 ; o. 262 (1-1 

tffili 114 ; 0.361 (1-1 D tffili #]2; 0.524 (1-1 

tffili 116 ; o. 620 (1-1 @ tffili lf7 ; 0. 793 (1-1 

tffili 118 ; 1. 016 (1-1 ll'dil tHll..E lf3 ; 1.270 (1-1 

0-1~---------------------------------------------------------

0.1 

10 20 30 40 50 90 
PHASE CONTACT TIME (MINUTES) 

0.~--------------------------------------------------------~ 

ETHYL ACETATE - 0,6 N NaOH 

0 

90 

392 



393 

APPENDIX XVI 

The experimental concentration profiles of the reactants 

and the products in the aqueous phase for each run in the 

ester-caustic systems were obtained (4.2 - PART B, Figures 

1a-19 and Appendix XVII). 

The profiles were simulated on a TR-10 computer 

(Appendix IX) and on an IBM 7040 computer using MIMIC PROGRAr1IIV1-

ING (Appendix XII). Quasi-steady state mass transfer situation 

was assumed. 

The eddy diffusivities obtained from the simulation 

studies were tabulated sep3_rateJ.y for each run. 
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TABLE XVI.l 

Ethyl Acetate - 0.2 N NaOH (Run /ill 

Contact Diffusivities Average 
time Components Diffusivities

6 (minutes) (cm2/sec) X 106 (cm2/sec) X 10 

ester 200 

caustic 265 
25 

alcohol 286 

salt 251 

Sum 1002 251 

ester 172 

caustic 154 
50 

alcohol 101 

salt 164 

Sum 591 148 

ester 143 

caustic 333 
75 

alcohol 71 

salt 167 

Sum 714 179 

Total Sum & 
Average dif-
fusivities 
(cm2/sec)Xl06 2307 193 

-
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TABLE XVI.2 

Ethyl Acetate - 0.4 N NaOH (Run ~2l 

Contact Diffusivities Average 
time Components (cm2jsec) X 106 Diffusi viti es 

6 (minutes) (cm2/sec) X 10 

ester 456 

caustic 258 
25 

alcohol 543 

salt 226 

Sum lLt-83 371 

ester 426 

caustic 277 
50 

alcohol 348 

salt 327 

Sum 1378 345 

ester 467 

caustic 496 
75 

alcohol 256 

salt 327 

Sum 1546 387 

Total Sum & 
Average Dif-
fusi.vi ties 
(cm2/sec)Xlo6 4407 368 

"----
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T AB~E! XVI..!]. 

~1 Acetate -. 0·.·6 N NaOH (Run #2,)_ 

Contact Diffusivities Average 
time Components Diffusivities

6 (minutes) (cm2jsec) X 106 (cm2/sec) X 10 
~ 

ester 460 

caustic 207 
25 

alcohol 147 

salt 210 

S11m 1024 256 

ester 332 

caustic 250 
50 

alcohol 413 

salt 359 

Sum 1354 339 

ester 191 

caustic 242 
75 

alcohol 302 

salt 265 

Sum 1000 250 

Total Sum & 
Average Dif-
fus~vities 
(em /sec)Xlo6 3378 282 
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:rABLE XVI.l; 

Ethyl Acetate - 1.0 N NaOH (Run #.Ld. 

Contact Diffusivities Average 
time Components Diffusivities

6 (minutes) (cm2jsec)x 106 (cm2/sec} X 10 

ester 118 

caustic 58 
25 

alcohol 74 

salt 48 

Sum 298 75 

ester 357 

caustic 217 
50 

alcohol 249 

salt 24h 

Sum 1067 267 

ester 313 

caustic 184 
75 

alcohol 184 

salt 203 

Sum 884 221 

Total Sum & 
Average Dif-
fusivities 
{ cm2/sec)l:l06 22l~9 188 

-
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TABLE XVI.2_ 

Eth_yl Acetate - 1.4 N NaOH (Run_#jJ_ 

Contact Diffusi viti es Average 
time Components 

(cm2/sec) X 106 
Diffusi vj. ties 

6 (minutes) (cm2/sec) X 10 

ester 78 

caustic 56 
25 

alcohol 55 

salt 40 

Sum 229 57 

ester 177 

caustic 103 
50 

alcohol 96 

salt 83 
-

Sum 459 115 

ester 442 

caustic 125 
75 

alcohol 96 

salt 133 

Sum 796 199 
-

Total Sum & 
Average Dif-
fus~vities 
(em /sec)Xlo6 1484 124 

-
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TABLE XVI .. 6 

Methyl Pro_p_:!.onate - 0.4 N NaOH (Run #6) 

Contact Diffusivities Average 
time Components 

(cm2/sec) X 106 
Diffusivities

6 (minutes) (cm2/sec) X 10 

ester 53 

caustic 51 
25 

alcohol 51 

salt 69 

Sum 224 56 

ester 47 

caustic 93 
50 

alcohol 8$ 

salt 127 

Sum 355 89 

ester 67 

caustic $0 
75 

alcohol 108 

salt 112 

Sum 367 92 
-

Total Sum & 
Average Dif-
fusivities 
(cm2/sec)Xlo6 946 79 



TABLE J:"YI. Z 
Methyl Pro...J&onate - 0.6 N NaOH (Rur.Li8) 

Contact Diffusivities Average 
time Components Diffusi viti es 

(minutes) (cm2/sec) X 106 (cm2/sec) X 106 

ester 30 

caustic 29 
25 

alcohol 34 

salt 39 

Sum 132 33 

ester 58 

caustic 54 
50 

alcohol 50 

salt 54 

Sum 216 54 

ester 125 

caustic 109 
75 

alcohol 99 

salt 119 

Sum 452 113 

Total Sum & 
Average Dif-
fus~vities_ 
(em /sec)Xlo6 BOO 67 

-
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TABLE XVI.8 

Methyl Pro~ionate - 1.0 N NaOH {Run #7) 

Contact Diffusivities Average 
time Components 

(cm2jsec) X 106 
Diffusivities

6 (minutes) (cm2/sec) X 10 

ester 69 

caustic 57 
25 

alcohol 63 

salt 67 

Sum 256 64 

ester 50 

caustic 45 
50 

alcohol 40 

salt 69 

Sum 204 51 

ester 26 

caustic 24 
75 

alcohol 22 

salt 29 

Sum 101 25 

Total Sum & 
Average Dif-
fus:i.vi ties 
(cm2/sec}Xl06 561 47 

-
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APPENDIX XIX 

COMPARISON OF THE CALCULATED AND THE EXPERIM:ENTALLY MEASURED 
REA C'J.' AN'l""C:CHl CEa1rT RA'i'Tdi~S-IN'THE LOWER PHASE 

OF 'I'HESTEADY F'i.OW REACTOR 

In the steady state transfer experiments, the concen­

tration of the reactants in the lower phase may be approximated 

by assuming that the lm1er phase is well-mixed and the 

components reacted homogeneously (Section 4.3.1.4). On the 

other hand, the concentration of the caustic in the lower 

phase was measured for five runs in the ethyl formate-sodium 

hydroxide system using a conductivity cell located immediately 

at the outlet of the flow reactor. The conductivities (or 

the resistivities) measured \1ere converted back to the sodium 

hydroxide concentrations through calibration curves. 

One calibration curve \'las prepared for each input sodium 

hydroxide concentration. The same experimental apparatus and 

the procedure for the transfer runs applied to the calibration 

runs as \1ell. In the preparation of a calibration curve, 

solutions of various combinations of the salt a~d the caustic 

concentrations vvere flm<Jed into the stirred reactor and the 

conductivity (or the resistivity) of each of the combined 

solution was recorded respectively. Each combined solution 

of the caustic and the salt should have the total concentration 

value equal to that of the input sodium hydroxide concentration. 

A sample calibration curve is presented in Figure XIX.l. 

In such calibre.t.ions, the effect of the small amount of ethyl 

formate on the conductivity (or the resistivity) of the out-
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FIGURE XIX.l 

RESISTI\NCE VS. CONCENTRJ\TION OF NaOH : ----
ll.OO CALIBRATION CURVE FOR RUN #7 ETHYL FORMATE - NaOH SYSTEM 
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flowing solution during the actual transfer runs was assumed 

to be negligible. 

A detailed sample comparison of the calculated and the 

measured reactant concentrations is presented in the following: 

Data are taken from Run #7; Group I of the ethyl formate-

sodium hydroxide system, 

Original input sodium hydroxide concentration 
{CB

0
), 0.5 N. 

Transfer rate of the ethyl formate phase (NA), 
23.7 ml./hr. or .291959 moles/hr. 

Volume of the lov1er phase compartment {V), 
0.098 litres 

Reaction rate constant at 25°C (k), 74400 litre/ 
mole-hr. 

Flovvrate of the lower phase (F), 1.5 litres/hr. 

Substituting these values into Equations (23)and (24), 

Calculated sodium hydroxide concentration at steady 
state, 0.305492 moles/litre. 

Calculated ethyl formate concentration at steady state, 
0.000131 moles/litre 

The resistance (considered as resistivity in this case 

since the same conductivity cell '\'Jas used for all the runs) of 

the lm'ler phase solution at steady state vms measured to be 

10.19 ohms. From the calibl"ation curve (Figure XIX.l), the 

lm·rer phase sodium hydroxide concentration is 0.301 N • 
• 

• • percentage of' deviation betv1een the measured and 
the calculated sodium hydroxide concentrations is 1. 5 

Results of all five check runs shovr that the maximum 

deviation betueen the measured and calculated values is no more 

than 3.5%. 
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