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Abstract: Rigorous treatment of PTC reaction kinetics requires a knowledge of how the system is affected by changes in
interfacial area generation since this vanable strongly affecis the rates of the transfer step. Here, a simple equation is derived
for estimation of interfacial area generation in laminar-flow liquid-liquid systems. While derivation of this equation did not
consider many of the sophisticated and relevant phenomena which affect interfacial area generation, particularly those which
occur at higher stirring speeds, the equation 1s highly useful for mathematical simulation of PTC kinetics to determine
expected apparent reaction rate - stirring rate profiles. The equation also indicates a reciprocal relationship between interfacial
tension and the rates of PTC reactions for which the transfer step is rate controlling. Calculation results are shown to be
consistent with reported experimental data. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Rigorous description of the kinetics of phase transfer catalysis requires use of a complex set of
equations integrating all the chemical reaction steps involved in the process, as has been demonstrated by
Liotta." At least two general steps are involved, (1) the transfer step, where one reagent is moved from its
normal phase to or through the phase boundary where it can contact the second reagent, and (2) the reaction
step wherein the transferred reagent reacts with the second reagent of the process. For example, in two-phase
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comneting ionic reactions. transfer of acetate anion from the agueous nhase to the organic nhase. while the
competing ionic reactions, transfer of acetate anion from the aqueous phase to the organic phase, while the
reaction step occurs by displacement of transferred acetate on benzyl chloride in the organic phase. Each of

these steps may mvolve several separate or additional reactions, each with its own kinetic description. With
more complicated systems there may be more than two general steps, particularly with hydroxide ion
reactions.

The kinetics of organic reactions conducted entirely within a single phase, such as homogeneous acetate
displacement of benzyi chioride in appropriate organic solvents, has been extensively studied for many years,
and are reasonably well understood. However, kinetics of the set of reactions called the transfer step, where
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experiments,” and work by Sharma and ce-workcrs 3 are notable exceptions. Assuming that acetate transfer
occurs at the interface, t he for acetate transfer to an organic phase with a quaternary cation catalyst,
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we may write the kinetic description of the transfer step for Q'OAc  formation as in Eq. 1

AQ 0Ac ], = k, [Q'Cl], [OAc7]  [InterfacialArea]
z VT T M
- k,[Q*0AcT], [CT 1 [InterfacialAreal
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Now we come face-to-face with a major problem: a need to know the extent of interfacial area in a

particular reaction system. We need an equation to tell us how the interfacial area will vary with measurable
experimental and physical properties of the reaction system, such as stirring speed and 1nterfac1al tension.
Then we could use a mathematical simulation technique to calculate the whole range of PTC reaction
kinetics. From this, we may more completely understand the kinetic behavior for all types of PTC processes,
and especiaiiy those in which the transfer step rate is important. Thus our first problem is to obtain a suitable
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way to calcuiate interfacial area generatlon n two- pnase uqum systems

IL. Generation of Interfacial Area in Two-Phase Liquid Systems

Some general reviews * > " for methods of study of two-phase reactions have been published, although
mostly without reference to measurement of mterfamal area. Basic studies by chemical engineers, particularly
by those of Vermeuien, Wiiiiams and Langois © and by Fernandes and Sharma ° , and by others. *% have shown
that interfacial area generation is dependent upon several factors including; mterfacnal tension, 1mpeller
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interfacial area in the reactor divided by the total volume of liquids, and renresented the symbol a, have been
correlated with the above factors in rather complex empirical equations. thle we could use these empirical
correlations to calculate PTC kinetics, it was decided here to attempt development of an equation based on
chemical principles. The result of this development is a simple equation which appears to provide reasonably
good results at low stirring speeds, less than ca. 500 rpm for laboratory reactors, but at higher stirring speeds it
needs some corrective terms. The reasons for deviation of the equation from "ideal” behavior are discussed in
a subsequent section ("More Sophnstlcated Physics and Models") and lead to some pprecnatlon for the

1. Simple Equation for Estimation of Interfacial Area at Equilibrium

Consider the splitting of a "mother” droplet of suspended liquid into two daughter droplets. The increase
in interfacial energy of the newly created interfacial area of the daughter droplets must come from the kinetic
energy of the mother droplet. Once splitting has occurred, the daughter droplets are re-accelerated by the
swirling liquids to stirring velocity, after or during which, each of the daughter droplets can likewise undergo
splitting.” This splitting process will occur again and again giving smaller and smaller droplets until an

ilibrium is reached wherein the rate of r'lrnnlnf coalescence is egual to the rate of rlrnnlpf splittine If w
act equai io spitling. i

knew enough about the rates of splitting and coalescence we could use these rates to n,rednct equilibrium
droplet sizes. However, knowledge about these rates, or even the relevant parameters, appears to be almost
completely absent from the scientific literature. Therefore, we must use an approach based on limiting droplet
kinetic energy to estimate equilibrium. We start by asking the question "At a given stirring speed, what is the
smallest size of mother droplet having just enough kinetic energy to split into two equal-sized daughter
droplets?" (Unequal sized dropiets are discussed later.)

Assuming a liquid-full (to avoid air bubbles and vortices) cylindrical reactor wi
almost to the reactor wall, consider a single thin cylindrical shell of liquids as illustrated in Fig.

1
shell of tummo Immdc consider a cnhermal mo h_ d‘nplef rhcne d 1._ the continuous l!quid Assume the

mother droplet has aradius r,, cm, a specific gravity of p, the dr let is located at a distance x cm from the
reactor center, and the droplet is turning with the liquid flow ata rate of ® revolutions per second in a
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*The precise mechanisms leading to splitting of a droplet of dispersed liquid are unknown, but logically one
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liquid phase would be a primary cause of splitting. Additionally, splitting may come from interactions with turbulent
eddy currents, and importantly, splitiing may result from simple spinning of the droplet at sufficient rates to cause it to
deform first to an ellipsoidal shape, then to continue deformation until it splits into two smaller equal-sized droplets.



Reactor wali ~__

The "shell” of liguid /"
being turned at the same
rotational speed as
agitator paddie

Xx = distance of "shell” from center

Figure 1: Schematic of reactor full with two immiscible liquids, turning at velocity of w rev./sec. A
cyhindrical shell of liquid is considered for calculation.

Then, the translational kinetic energy (TKE) of the mother droplet in the shell is given by Eq. 2:
1 2 1 .4 2
JT(Eeé—mv——i[—gpnr][mx] ergs )
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the result, where { = dropiet spin rate, rotations/second, given in g, 3.
SKE—ipnﬁer ergs 3
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If we assume that the dropiet must roii aiong the wali of the reactor (or the "wali” layer of the adjacent liquid
shell) such that the velocity of the droplet sphere at its perlrneter equals the linear velocity of the hqmd in
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Substitution for £ in Eq. 3 gives Eq. 4, which allows us to estimate SKE:
SKE - & pnr w!x? ergs @
1& m
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Interfacial energy change. Since we have assumed that the mother droplet is split into two equal-sized
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tension, v, the interfacial energy (A SE) required to form the two daughter droplets is given by Eq. 5
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Finaliy, by combining the two kinetic energy terms, TKE and SKE, and equating them with the interfacial
energy term, ASE, we can solve for the radius of the daughter droplets, r,, Eq. 6:
30
7 (21/3 -Dny
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This simple equation, which contains no adjustable constants, allows one to estimate the equilibrium size of
the smaliest (equal-sized) dropiets of a liquid formed at a par‘ticuiar distance out from the center of the
reactor, given the values of stimming rate, suspended liquid density, and interfacial tension.

To proceed further we need to take into consideration that many sizes of droplets will probably be formed
during splitting. To do this we could use the same kind of equations as Eq. 6, assuming that the total energy
input available for interfacial area generation to the system remains constant, to compute the limiting size of
unequal-size daughter droplet formation, by numerically specifying the volume fraction, f, of the mother
droplet which goes to one daughter droplet with (1 - f) of the original mother droplet volume going to the
other daughter droplet. This produces a series of equations, identical in form to Eq. 6, but with different
values for the numerical constant n. We might also consider vanatlons m the amount of energy input available
for interfacial area generation, by varying the exponent in the ferm (z 3.1 ), all of which leads to a very large
number of equations which must be solved simultaneously.

This author annroached the estimation of dronlet size distribut

ion bv assumin

This author approached the estimation of droplet size distribution by assum

1 c
amount of energy was available for interfacial area generation, i.e., that which is defined by equal-size droplet
splitting, as in Eq. 5, and therefore retention of the term (2" 3, -1). Further it is assumed that droplet sizes
formed at equilibrium will have a distribution which is approximated by Boltzmann statistics. That is, the
energy level represented in Eq. 5 for equal-size droplets is assumed to be the total energy available for
splitting, but it must be distributed among all possible nonequal-size splittings according to splitting-energy
required Thus, fora given size of mother droplet, one can caicuiate the amount of interfaciai energy, de,
rcquucu to bplll the mother uruplcr into two uucqual-bu.cu uaubmcr ulUplClb Uy Spt":Cilymg what II&CliOI_l,J, of
the mother droplet volume goes to one of the daughter droplets. Then it is assumed that the probability, of the

split to that value of £ relative to all other values of fbetween 0 and 0.5, is proportional to [exp(-de).]
Normalrzmg these values gives the assumed droplet-size distribution. When this kind of ca]culatlon was
made by this author for 1000 values of f between 0 and 0.5, it was found that # in Eq. 6 should be replaced by

the number 1/2, as in Eq.7, to better approximate the average size of droplet formed:

Y
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J

To determine the validity of Eq. 7, it is necessary to have experimental data which approximates a thin
shell of liquid in a cylindrical reactor. In fact, the experimental study conducted by Vermeulen, Williams and
Langois® was done in an apparatus quite similar to that outlined in Figure 1. Inserting the dimensions,
interfacial tensions, and stirring rate data as reported by these workers into Eq. 7 aliows one to calculate the
average af()]“nléi radius, as shown Dy the continuous curves in rrg 2, and comparc these with the experimenml
points reported by those workers. Considering the assumptions mvolved in Eq. 7, especially considering that
Eq. 7 was derived with no admetahle constants, the match between nredmted values and exnerrmental results

is remarkably good, with an average error of + 23 percent.



C. M. Starks / Tetrahedron 55 (1999) 62616274

Calculation of Specific Interfacial Area for Reactor: To arrive at an equation useful for PTC kinetics we
need to calculate the specific interfacial area, a, for a given reaction system. Assuming a liquid-full
cylindrical reactor of radius L, and height 2 L, where all the liquid is turning at the same rotational speed, we
assume that Eq. 7 describes the average droplet radius in a thin liquid cylindrical shell. Then integration over

all the shells from the center of the reactor to the wall gives the total liquid-liquid interfacial area in the
reactor. This, di'v'idcd by ‘0“' f€acio
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Figure 2: Droplet radii in liquid-liquid systems as a function of stirring speed. Comparison of predicted (lines) via Eq. 7
with experimental data (points). For CCl, in water, y = 39.9 dynes/cm; p = 1.579 g/cc. For water in isooctane, y = 46.5 dynes/cm
for water in Blend C (a blend of isooctane and CCl,), p = 0.998 g/cc,y = 43. For all runs x =12 cm, ¢ = 0.2. Data from ref. 8

The total number of dispersed droplets in the cylindrical shell is calculated by dividing dV , by the average

droplet volume, and this number, multiplied by the average interfacial area per droplet, gives the total
interfacial area in the thin shell, Eq. 9:
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Combining, Egs. 7,8, and 9 and integration of all shells between the center of the reactor and the wall, gives

total interfacial area for the reactor, which divided by reactor volume, gives specific interfacial area, a, Eq.
10:

[t

b=~

()

a== (10)

Experimentally’ it has been shown that interfacial area generation is linearly proportional to ¢, the volume
fraction of dispersed liquid, in agreement with Eq. 10. Also, some references '°*® have reported interfacial
area generation to be proportional to the square of stirming speed, as indicated by Eq. 10, while others 10d hij
found stirring speed exponents to range from 0.9 to 1.5. Reasons for this variation in exponent will be
discussed below.

Equation 10 suggesis that ina gi
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tension, concentration of suspended liquid (volume fraction), and density of the suspended phase. Equation 10
will be used in Part II to calculate interfacial areas as they are involved in the kinetics of PTC reactions.
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2. Toward More Sophisticated Physics and Models in Interfacial Area Generation?

In the simple and idealized model for interfacial area generation discussed above several complicating

factors were omiited. Whi IC these faciors are not so lmpor[ant at iow surrmg speeas and Wlll’l U’IC SlmplC
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Slippage Between Stirrer and Liquid: In the simple model it was assumed that liquid in the reactor moved at
the same rotational speed as the stirring blade. However, we know that there must be slippage, i.e., incomplete
mechanical coupling between the stirring blade and the liquid, and this slippage increases with rotational
speed E ventually, at high enough stirring speeds, cavitation occurs, and this causes so much shppage that
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Liquid Friction: The idea of liquid friction in a stirred reactor can be visualized by thinking of a small stirring
paddle rotating in a very wide tank of liquid. Liquid around the stirrer will be moving, but will move more and
more slowly as one moves out away from the agitator tip. If the reactor wall is far enough removed from the
agitator blade the liquid at the wall may be essentially stationary. One may consider that the liquid in the gap
space between the stirrer tip and the reactor wail consists of a series of thin liquid "shells” and that as these
rotate the friction between an outer shell slows the liquid in the adjacent inner shell. As this occurs repeatedly
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agitator tip is generated. This velocity gradient will be small for small gaps, except right at the wall surface
where most workers believe that the thin layer of liquid adjacent to the wall is stationary.

Vertical velocity gradients between the bottom and top of the reactor may also result from liquid friction
depending on the design of the stirring paddle ‘or blade. If the blade is tall, i.e., extending the full height of the
reactor, there should be no vertical velocity gradient. However, if as is normally the case, the stirrer is short
compared to the height of the reactor, then liquid friction may induce vertical velocity gradients whose
patterns wili depend on whether the biade is at the top of the reactor, the bottom, or some iniermediate
p()smon For example with a bottom-stirred reactor, the liquid at the top will lag the liquid at the bottom,
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droplet size denended on the distance from the center of the cylindrical reactor. Clearly, if the reactor shap
were different than cylindrical, or with height dimensions different than assumed for Eq. 10, the resultlng
equation for a will change. If the reactor were spherical or conical, as is typical of many flasks used in the
laboratory, the equation would be different, but only to the extent of having different constants, not different
variables. These constants may be determined by performing integrations appropriate to the shape of the
reactor. Aiso, most commercial reactors have baffies, which increase shear and turbulence.
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to the same liquid velocity (tip speed), the specific interfacial area generated in two reactors would be
identical. However, this is not the case. Specific interfacial area decreases as the reactor size is increased.’
Chemical engineers have long recognized this unexpected behavior and have used the scale-up rule that
agitation power per unit of liquid volume must be kept constant to achieve equal values of specific interfacial
area. What is the cause of the decreased specific interfacial area with increasing radius?

One clear reason for decreasing interfacial area with reactor size, under the proportionai assumptions

defined above, is that if all the dimensions of the reactor and stirrer are increased in proportion to the reactor
radius, then the can between the stirrer tin and the reactor wall will increase in pronortion with the reactor
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radius. As noted earlier, increasing the size of this gap increases the extent which liquid friction can slow the
velocity of the liquid in this gap, compared to the rotational velocity of the stirrer. Since this gap mostly
affects the outermost liquid, where the most interfacial area is likely to be generated, we can see that liquid
friction in the gap will have a greater slowing action and to decrease interfacial area generation more in large-
radius reactors than in smaller ones. On this basis we expect that specific interfacial area would  vary with the
recnprocai of reactor radius, as indeed appears to be the case when Fernandes and Sharma's data’ are so
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Figure 3: Variation of specific interfacial area generation with reciprocal of reactor radius. Data of ref. * using four-

bladed paddle agitator; system of 2-ethylhexyl formate and 0.2 M NaOH solution.

Agitator size and shape: In accordance with the discussion above about liquid friction, it would be expected



that agitators which extended out almost to the reactor wall would be the most efficient. However,
experimental data of Fernandes and Sharma’ suggest that for the ratio of impeller length to reactor diameter
there is an optimum value, 0.5. This was explained as too much slippage at low ratios, and too much energy
loss due to turbulence at hlgh ratios. Even so, this optimum ratio may change with reactor size and shape
Fernandes and Sharma’ also examined the effect of agitator shape on interfacial area generation in a
system of 2-ethyihexyi formate : 2 M NaOH, at constant agitator tip speed. For various agitator shapes under
otherwise identical conditions they found the following values for specific interfacial areas (cm%cm”®) : six-
bladed straight turbine, 135; six-bladed straight paddle, 103; six-bladed curved paddle, 98; four-bladed
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Mixing and centrifugal separation: In the derivation of Eq. 10 it was assumed that there was little mixing
between the various regions of the reactor, either radially or vertically. Mixing certainly does occur to a
greater or lesser extent and, in fact, many agitators are designed and chosen to facilitate mixing, rather than to
generate interfacial area. Such mixing changes the distribution of droplet sizes within a given volume of
liquid, and therefore would be expected to change the rates of droplet coalescence. However, since so little
experimental data is actually available about coalescence rates, the extent to which mixing affects droplet size
and interfacial area. comnared to the other factors affecting cize and area ic auite unknoum
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Unless the two liquids of the heterogeneous mixture have approximately the same density, there will be
some tendency for the droplets of dispersed liquid to move either toward the walls of the reactor or toward the
center of the reactor because of centrifugal force. This tendency, dependent on the relative densities of the
two liquids and the stirring speed, therefore exerts a centrifugal separation or concentration effect. Because of
droplet velocity, this effect should increase interfacial area if suspended droplets are concentrated toward the
walils (aithoug’h counteracted to some degree by an expected increased coalescence rate due to increased

LUIILCIllldllUH), ora UCLIEdSU lll illlCl Id.b'ld.l arca ll bUSpCHUCU (Il'OplClb arc LO“LGD[I’HIC(] IOWBI'G Iﬂe center OI me
reactor (and even more decreased by increased coalescence rate.)

Turhulence While increasing the flow rate of a homogeneous liquid through glass tube or pipe, Osburn
Rcynolds observed that, on reaching a certain critical velocity, small visual discontinuities ("turbulence or
eddy currents") appeared, and the apparent concentration and intensity of these discontintinuties increased on
further increases in flow velocity. Liquid flow is called streamline or laminar below this critical velocity,
and turbulent above this velocity. Reynolds found the critical velocity to be dependent on the pipe diameter,
liquid viscosity, and liquid density, and through the use of the so-calied Reynolds Number, one can
approximately predict the fluid velocity where flow will change from streamline to turbulent. This on-set o
turbulence in liquid flow is very important commercially, since turbulence requires substantially more
pumping energy and higher pipe pressure ratings than in its absence. The theory, mathemancs and science of
turbulence in flowing hqulds has been extensively explored, and is painfully complex. "

Turbulence, as outlined in the previous paragraph, also occurs when a liquid is stirred in a reactor, and it
also occurs when the reactor contains two immiscible liquids. With most liquids in a one- or two-liter flask, it
is roughly estimated (based on Reynolds Number) that onset of turbulence occurs at stirring speeds of about
250-500 rpm. The important point about turbulence in a stirred reactor is that the energy required for
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turbulence formation is taken from the kinetic ene gy f the moving liquids, and is therefore not available for
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energy that would have gone to generating mterfac1al area will instead now be consumed by turbulence. This
reduces the extent of interfacial area generation, compared to where non-turbulent conditions.

Some workers'®> have proposed that the eddy currents in turbulence are themselves mechanically
responsible for at least a part of droplet splitting. That is, the eddy currents of continuous-phase liquid are
believed to interact like tiny cyclones with droplets of dispersed liquid causing the dispersed droplets to break
up into even smaller droplets. Most of the turbulence is initiated at the walls, at baffles, and at the agitator
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blade surfaces where a high level of shear exists between the liquid and solid surfaces. Further

complicating
ur ity et ]
the picture is the non-umformlty of liquid velocities in the reactor. Smce the velocity of the liquid flow
increases from near zero at the center of the reactor to a maximum near the reactor wall, the outer regions

may be turbulent at high enough stirring speed, but in regions near the reactor center liquid flow may not be
turbulent.

A More Sophisticated Equation?: From the factors outlined above, we can expect that in interfacial area
gencration, a will be proportional to the square of velocity at low speeds but will fall away from a simple
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q“arnd Cdr\v/e as Sumng speed is increased due to friction, turbulence and slipnage. This kind of
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iocity-

h_ vior was seen in the data of Vermeulen et al in Fig. 2, since experimental droplet diameters do not
decrease as rapld y as expccted at stirring speeds greater than about 300 rpm. Deviation from Eq. 10 is even
more clearly seen in the results of Fernandes and Sharma® as in Fig. 4, where a falls away from a second
order dependence on stirring rate at about 300 - 400 rpm, to a more-or-less linear dependence at 500-1500
rpm, then falling off even more at higher stirring speeds.
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We can go through the factors discussed above, and perhaps others, and for each we can probably find
some physical or cmp'rcal equations to approximate the effect of each, and therefore could modify the

simple equation, Eq. 10 to match a particular set of data. In general, however, this approach will require the
use of one or more arbitrary or adjustable parameters, as has been done in most of the prior work on
understanding and prediction of 1nterfac1al area generatnon % While this level of sophistication is often
desirable, it does not seem appropriate at the present time for PTC reactions because of the lack of theoretical
understanding and too little experimental data. Since most PTC reactions are run at stirring speeds of 500 rpm

or less, we are assuming, at least for the present time that Eq. 10, although imperfect, is adequate for the
kinetic simulations next described.

iii. inierfaciai Area Generation and Phase Transfer Catalysis Kinetics
As outlined in the introduction, the kinetics of phase transfer catalysis minimally involve two steps, (1) a
transfer step and (2) a reaction step. For the example of PTC acetate displacement on an alkyl chloride the
differential equations 11 and 12 are assumed to describe the process kinetics:
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In these equations, [I] represents interfacial area. [I] may be replaced by a Vo, where Vo is the total liquid
volume in the reactor, and a is the specific interfacial area, calculated from Eq. 10. The mathematical
simulation technique pioneered by Liotta' for numerical integration of the PTC kinetic equations, now with
an added mathematical term to represent interfacial area, allows one to examine calculated kinetic behavior
of PTC reactions such as acetate displacement at various stirring speeds. Responses of the kinetics,
particularly to stirring speed and interfacial tension effects are important, and this mathematical procedure
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The procedure used herc was to select: (1) all the reaction parameters such as volumes, moles of reactants
used, reactor size, etc, which are to be the same for all simulated kinetic experiments, (2) range of values for
the rate constants k, and k,, ignoring for the moment the value of k_4, and (3) the range of stirring speeds that
will be used for calculations. Using the computer software Mathematica, and a given pair of values of k, and
k,, at a given stirring speed, the concentration of reagents and products as a function of time was computed
by numerical integration. From the calculated product concentrations after a short reaction time (1 to 5
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minutes), an apparent first order reaction rate constant, k_ was calculated by the usual first-order kinetic
equations. The reason for using apparent first-order rate constants is to allow comparison with literature-
reported data, most always given as apparent first-order, or pseudo first-order, rate constants. After such
computations over the whole range of stirring speeds of interest, usually at ten or more stirring speeds, the
apparent rate constants as a function of stirring speed were plotted by Mathematica for each k/k, ratio.
Combining the data of several such plots gives the family of curves shown in Figure 5. Note that in this
figure and the next the values of &, are normalized as a percentage or fraction of the maximum rate to allow
convenient comparison of the curves.

The resulting curves all show the expected behavior. At low stirring speeds, the rate of the transfer step is
always either the rate determining step, or at least is an important component of the overall rate, so apparent
rates rise rapidly with increased stirring rates. At higher stirring speeds, for k,/k, ratios less than ca. 10° the
transfer step becomes faster and faster, until at some speed, the apparent rate no longer increases with
increasing stirring speeds, but reaches a maximum level or plateau. At this point the rate of the whole process
depends only on the reaction step rate, becoming independent of the rate of the transfer step, and therefore
independent of stirring speed. At higher values of the k,/k,ratio, i.e., greater than about 107, the reaction
rate is so fast that any transferred reagent is virtually instantaneously consumed at the interface, so these
reactions are clearly rate-limited by the rate of the transfer step. Such reactions with very high k, /k, ratios
would not show the plateau-effect commonly observed with lower values of this ratio, and apparent rates

would continually increase with increasing stirring speed, at least within the speed restrictions of Eq. 10. A

plot of experimental data for reactions of this type, at stirring speeds over 500 rpm, may appear to be more or
less linear.

Comparison ofcurves with literature data: In F igure 6 are piotted a selection of normalized apparent-rate:
bumng rate prOIlle I()l" seven (]lIICl'Cl'lI pnabc IrdanCl' Latalyzeu TBHCIIOHS wnerem me sumng speeas WwWere
mostly below 1000 rpm. (See ref.'* for the sources of these data.) These experimental rate data show the

same behavior nattern as illustrated for the calculated curves of Fig. S. Even the somewhat complicated
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Figure 6: Experimental apparent rates -stirring rate profiles for seven PTC reactions.
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alkylations with NaOH generally fit the expected patterns, although tending toward a plateau rather than
curving upward, but in a stirring-rate region well beyond Eq. 10's capability.

A particularly interesting item in Fig. 6 is the 50-300 rpm section of the cyanide displacement curve. If
the first four points of this curve are plotted in a log-log manner with stirring speed, the points fall reasonably
well on a straight iine with a siope of about 2, indicating for this region of this reaction the mass transfer rate,

AAAAAAAAAAA & LL‘ -A,A,_A A Al

and therefore interfacial arca, is proporuonal 10 In€ square o1 ine surnng SPCCG in agr eement with Eq i0.
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One other point of general interest is the questicn of how the rate constant of the reverse part of the mass

transfer step, i.e., k,, affects PTC kinetics. When k ; is allowed to assume significant values then its effect on

100}
P S, d— "

Y A —&

E 80* P 1 2

3 / _ _ & ki/ki=10

E ége ,-.&/‘E}_-B 8 = 58 e LTY/LY __ nng

g * K-I/KI= LUl

§ 401 | * k-1/kl = 0.1
2 = kI/k =10

Oz i 1 ) i !

0 200 400 600 800 1000 1200

Stirring speed, rpm

Figure 7: Effect of increasing k-1/k1 ratio on stirring profile
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apparent rates can be calculated, as shown in Fig. 7. Here it is seen that increasing the reversibility of the mass
transfer rate by increasing the k /K, ratio does not significantly affect the general shape of the curve, but only
lowers the overall apparent rate and it moves the point where the rate reaches a plateau back to lower stirring

JL‘A_ ars sercalbe 18 o L MR R

rates. The caiculation proceaure usea above can be extenu for use with all types of complicated phase

autocatalysns or auto-mhlbmon (i.e. reactions with in situ generatlo n of quatemary sal
decomposition of quaternary salt catalysts.)

This calculation procedure is not yet useful for liquid-liquid PTC reactions at high stirring speeds. Nor is it
applicable to liquid-solid PTC reactions, where interfacial surface area is apparently controlled by
mechanisms different than those discussed here. Experimentally, rates of liquid-solid PTC reactions, at least
at high stirring rates,'® seem to follow simple linear relationships with stirring speed,
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1t , Y, is a significant variable in Eq. 10, like stirring speed, affecting the extent of
interfacial area generatlon in liquid-liquid systems. Therefore we expect that for reactions where the rate is
primari'v dependent on the rate of the transfer step, apparent rates will be reciprocally dependent on
intarfr 3l tension. The rates of reactions which are primarily dependent on the rate of the reaction step, and
not the - ansfer step, will not be affected by interfacial tension.

Interfacial tension is itself dependent on several factors including, (1) the nature of the two liquid

phases, the more nonpolar the organic phase, the higher is v, (2) the presence of any material, including
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stirring speed gives a near-linear plot, indicating that in this system the transfer step is rate-lumtmg.
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Figure 8: Reaction rate variation with interfacial tension in PTC ethylation of desoxybenzoin with
50% NaOH and various tetraalkylammonium salt catalysts. Data from Ref. 16.
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