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Abstract

A simple but general mathematical model has been developed for analysing the rate data for displacement type liquid—liquid
PTC reactions in laboratory reactors. The present model accounts for interphase mass transfer effects when present in a
regime-independerhanner. The model has been validated against published experimental rate data obtained by several
workers in a number of reaction systems and in two different laboratory apparatus.

The model predicts the time variation of the concentration of all the concerned species in either phase, given the initial
composition of the two-phase reaction mixture, the type and the design of the reactor. The model can be used to study the
sensitivity of the reaction rate towards the initial charge composition (PTC, organic/aqueous phase reactants, base, salt, if any),
agitation speed, and phase hold-up ratio. It can also help to decide if mass transfer effect, in a given reaction under specified
experimental conditions, is relevant and if so identify the regime. Finally, the model can be used to estimate the kinetic and
distribution equilibria parameters that are of practical importance. This should be a useful tool for the design/scale-up of
reactors for industrial PTC-based processes with a displacement reaction as the key step. © 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction the PTC techniques. It is estimated by Starks et al.
[1] that PTCs are perhaps used in over 500 commer-
The use of phase transfer catalysed (PTC) reactionscial processes, with sales of products manufactured by
has made a major impact in the area of organic synthe- processes consisting of at least one major PTC step
sis for facilitating reactions between reactants occur- being at least $ 10 billion a year, and with applications
ring in two different immiscible liquid phases. Large in the pharmaceuticals, agro-based chemicals and the
number of reactions of varied categories, such as dis- polymer industries.
placement, alkylation, arylation, condensation, elimi-  Many biphasic reactions involving displacement of
nation, polymerisation, etc., have seen application of a functional group from an organic reactant by a nu-
cleophile from the aqueous phase have been carried
out under phase transfer conditions. Quite often in
_ _ _ : such reactions transport of various species, especially
at the National Chemical Laboratory, Pune, India, during 23-25 . . L .
January 2001, th_e quaternary ammonium cation bearing ion-pair con-
* Corresponding author. Fax:91-020-5893041. taining the key reactant anion from the aqueous phase
E-mail addressabhattacharya@che.ncl.res.in (A. Bhattacharya). as well as the one having the displaced or the leaving

* Presented at the CATSYMP-15 and IPCAT-2 Symposium held

1381-1169/02/$ — see front matter © 2002 Elsevier Science B.V. All rights reserved.
PIl: S1381-1169(01)00369-7



244

A. Bhattacharya, A. Mungikar/Journal of Molecular Catalysis A: Chemical 181 (2002) 243-256

Nomenclature

|

cd, c°
c

D
EQJ

ki, ko

Kaqi
Kqso
mgy
Naion
jion

NO

t
X

liquid—liquid interfacial area per unit
volume of dispersion (mt)

bulk phase concentration (kmolfin
concentration at liquid—liquid
interface (kmol/rd)

diffusivity (m?/s)

extraction constant for species @,
as defined in Eq. (9) (Atkmol)
second order rate constant for
displacement reaction in organic
phase (rd/(kmol s))

dissociation constant for species
Q*J~ (kmol/md)

interaction parameter as defined in
Eqg. (10)

distribution coefficient for species
Q*J, as defined in Eqg. (2)
number of all anions in the aqueous
phase

number of anions-Jtaking part in
phase transfer process

number of reaction steps in the
organic phase

net rate of a reaction step within a
given PTC reaction scheme
(kmol/(m?3s))

specific reaction rate (kmol/(s))
selectivity constants as defined in
Egs. (11) and (12)

time (s)

diffusion length co-ordinate (m)

Greek letters

3 diffusion film thickness (m)

g fractional phase hold-up

v stoichiometric coefficient for a given
PTC reaction scheme

Subscripts

i ith reaction step

j jth species

jo specieg atr =0

J anion specie€l=X", Y, Z7)

N anion J atr =0

QJ ion-pair ¢ J-

Qr quaternary cation (e.g., BN™)
Q¢  quaternary cation at= 0
RX organic phase reactant

Superscripts

a aqueous phase
o] organic phase
w pure water

group in the reverse direction, are involved. Typically,
these transport steps are followed, in either phase, by
one or more irreversible or reversible reactions, some
of them are equilibrium reactions (such as the ionic
equilibria in the aqueous phase).

In the past, a number of the so-called ‘faster
PTC-mediated displacement reactions (e.g., alkaline
hydrolysis of formates and acetates [2,3], synthesis of
esters such as triphenyl phosphate (TPP) and benzyl
benzoate [4], oxidation using hypochlorite ion, e.g.,
that of benzyl alcohol to benzaldehyde [5]) have been
carried out, in the batch mode, in stirred cells. These
studies have provided evidence indicating that the con-
cerned reactions were controlled mainly by the rate
of interphase transfer of the active form of the PTC
(bearing the reacting anion) from the aqueous to the
organic side of the interface.

Analytical approximations were derived and used
[3-5] for calculating the rate of interphase mass trans-
port for a number of PTC reactions. While for the
specific experimental data generated in stirred cells
this analytical approximation seemed satisfactory, the
treatment had focussed almost exclusively to prove the
fast-pseudo-first order reaction regime for the stud-
ied reactions. As such, the method does not lead to a
model for a batch reactor (conducting a PTC reaction
such as above) that can predict the time variation of
the measured concentrations of both the ionic species
and the ion-pairs apart from the organic reactant or
the product.

There has been other published works generating
rate data in laboratory scale mechanically agitated re-
actors (MARS) [6,7], using synthesis of TPP, benzyl
alcohol oxidation as model systems. Importance of
mass transfer effects in these reactions has been clearly
demonstrated. However, there has been no effort to
develop a model suitable for interpreting kinetic data
from these reactors.
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Onthe other hand, in an earlier communication from and the substrate concentrations, phase hold-up and
this laboratory [8], a simple but generalised model the stirring.
framework of wider applicability for analysing the The applicability of the model has been tested by
batch kinetic data for liquid—liquid PTC reactions was comparing the predicted indicators of the reactor per-
provided. This model also included the mass trans- formance against the published data for a number of
fer resistances, though in a lumped fashion effectively experimental studies on PTC-mediated reactions such
ignoring the reactions close to the interface region, as mentioned above. The comparison shows ttiat
if any. model can be used for interpreting laboratory batch
In this paper, it is shown that it is possible to achieve kinetic data and for estimating the key model param-
a suitable generalisation of the treatment of interphase eters It is hoped that the model will be found to
transport (coupled as it is with the displacement reac- be a useful component in an integrated and rational
tion along with the associated ionic equilibria) as well methodology of process development, reactor design
as an explicit variation of the bulk (measurable) liquid and scale-up for PTC-based processes with a displace-
composition in both phases. This has provided a gen- ment reaction as the key step.
eral enough model for analysing kinetic data obtained
from a batch reactor carrying out a PTC-based dis-
placement reaction including the mass transfer effects 2. Mathematical model
in a rigorous way.
The model is equally applicable to both stirred cells 2.1. Generalised reaction network
and MARs. Furthermore, for the model to handle vari-
ous (experimentally achievable) combinations of PTC,  The displacement type PTC reactions being con-
inorganic salts, base, etc., there are built-in provisions sidered here, despite apparent variations follow the
to calculate (using appropriate estimation methods on Starks mechanism, which can be generally represented
a consistent basis) the necessary transport and hydro-as shown in Fig. 1.
dynamic parameters as functions of physicochemical ~ With reference to the above network; @~ is the
parameters apart from the process and operating vari-original form of PTC added in the initial charge. By
ables. This has allowed prediction of the sensitivity virtue of its distributability to both phases and fur-
of the reaction rate with respect to PTC, salt, base, thermore, due to its partial dissociation in the aqueous

Aqueous Phase
OH +M* = M*OH-
X-+M*= M*X-
QZ =Q+Z-
Y- +tM'&=M'Y-

QY S QY- QX" S QX
al all
‘L ‘L Organic Phase ‘ L
Qz QY-+RX —* QX -+ RY

Solvent : 1,2 Dichloroethane / Chloroform
PTC : Aliquat 336/

Tetrabutylammonium bromide

Fig. 1. Reaction network for PTC-based displacement reactions.



246 A. Bhattacharya, A. Mungikar/Journal of Molecular Catalysis A: Chemical 181 (2002) 243-256

phase, the PTC may provide the quaternary cations to 3.

associate with the reactive anion available therein
(generated in situ or supplied as a salt). This new and
active form of the quaternary ion-pair {Q =) then
distributes to the organic phase and causes substitution
on the organic substrate RX, while producing )X,
another ion-pair (with the leaving group). The latter
partitions back to the aqueous phase and dissociates
therein generating ©to complete the catalytic cycle.
As we shall see later in this paper, the specific reactions
considered are instantiations of this general scheme.
In a well-designed catalytic system, the relative
distributability of all the three quaternary ion pairs
(Q*Z~, QTY~, Q" X™) are such that this cycle oper-

ates smoothly. Apart from the distribution equilibria, 4.

the interphase transport of the ion pairs between the
two phases may in general, have an important bearing
on the overall rate of reaction. It may be noted that
in the common experimental protocols, the aqueous
phase may sometimes contain alkalis and inorganic
salts, the latter often being added to maintain a spec-
ified ionic strength or to alter it. All these species
concentrations in the two-phase reaction mixture have
shown, in some cases, remarkable influence on the
observed reaction rate.

2.2. Model assumptions

The model to be presented is subject to the following
assumptions:

1. The reaction steps in the above network are
represented by bimolecular irreversible reactions
governed by rate equations such as

ri =ki| e 1)
J

2. The quaternary ammonium/phosphonium cation
bearing species, denoted as @y, QTY~ and
QT X~ are assumed to be distributed between the
organic and the aqueous phases as

6

-
a a a
€oz oy Cox
moz =%, mov=-o, mox=-o
oz cov cox
(2

The distribution coefficientm is, in general, a
complex function of the ionic composition of the

5.

The ion pairs are assumed to be dissociated in the
aqueous phase as

(?+Z—> (g+'+_z—1 (g+\/— (Q+'+‘{_,
Q"X~ Qt+x~ (3a)

The ionic equilibria are characterised by the corre-
sponding dissociation constants as follows:

cg+cg, cg+c$,
Kqoz=— , Kqvy = —% ,
Corz- CQry-
a a
Co+Cx -
Kox = > (3b)
Co+x-

The interphase transport of the quaternary ion-pair
species can be considered in terms of the film the-
ory [9]. According to this theory, species transport
from the liquid-liquid interface to the bulk liquid
inside is mediated through a stagnant film of the
concerned liquid, and that this passage may, in gen-
eral, be accompanied by the pertinent liquid phase
reaction(s). Use of this theory allows one to calcu-
late the net rates of transport of the ion pairs across
the interface into or out of the organic phase after
accounting for the organic phase (substitution) re-
action that may take place in both the film and the
bulk region of the organic phase. For the present
development, the transport resistance is considered
significant only on the organic side of the inter-
face. The ion pairs, alkali, and the salt, if any,
in the aqueous phase are at equilibrium with the
corresponding dissociated species.

The diffusivity, mass transfer coefficient and the
interfacial area are calculated within the model us-
ing appropriate and consistent correlations with the
pertinent physicochemical process and operating
parameters.

. Atotal of two liquid phases—one organic and one

aqueous—are considered. The phase volumes re-
main unchanged during the reaction.

. The reaction is assumed to be carried out in a stan-

dard laboratory reactor such as a stirred cell or an
MAR.

2.3. Model equations

With reference to the generalised reaction network

agueous phase. shown earlier and based on the assumptions listed
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above, the following mathematical development is in
order. Following the formalism used by Bhattacharya

247

In developing these equations, one has to consider
diffusional transport of all the species involved in the

[8], mass balances pertinent to the bulk organic phaseinterphase transfer and/or those participating in the
(denoted by the superscript ‘0’) and the aqueous phaseorganic phase reaction (QZ, QY, QX and RX) across

(denoted by the superscript ‘a’) can be written as
shown below.

1. Bulk organic phase equations
For any specieg(e.g., QY, RX, QX and QZ2):

c© N°
(ef — a||5)d—t] = (s’ — aM)Zvij rp
i=1
dc;
DS (=L 4a
+ai D (dx >x:a (4a)
subject to initial conditions:
t =0, c;’ = C?o (4b)
2. Bulk aqueous phase equations
For any anionJ (e.g., Z, Y, X7):
dc? deo+ -
a’‘ryr _ o Q*J
€| 9 a DQ+J— < dx >x=0 (5a)
subject to initial conditions:
t =0, a =2 5b
=5 (5b)
For the quaternary cation'Q
dCa Nion d
a_ QF 0 cQtI-
€| = an D+ 3- (—> (6a)
dt l:Zl Q J dx x=0
subject to initial conditions:
t= O, C%+ == Cga_ (Gb)

In the above equatiorls® denotes the total number of
reaction(s) in the organic phase aNd" the number
of anions in the aqueous phase directly involved in
the phase transfer process (e.g-;, &~ and X).
v;; is the stoichiometric coefficient (negative for the
consumption and positive for the production of {tte
species by théth reaction). If any specigsdoes not
take part in any reactioin v;; is zero (as in the case of
Q™Z7). N° for the reaction network under discussion
is 1. However, the generality of the model would allow
consideration of more complex reactions.

an intervening film region separating the bulk organic
phase from the liquid—liquid interface. This entails
accounting of mass balances for the above species
simultaneously diffusing and reacting in the film
region.

Organic side liquid film equations

odzcj Z

i de2 ; — Vi (7a)
subject to the boundary conditions:
x =0, cj = cgw_ (fordJ=2Z, YandX) (7b)
% =0 (forthe organic substrateslike RX (7c¢)
x =24, cj= C? (7d)

Solution of these equations requires specifications of
the bulk organic phase species concentrations and
the interfacial concentrations of the ion pairs. The

former are obtained as solutions of the bulk phase
equations and the latter are determined from the
equations such as

cory = EQuedicy  (ford=2Z,YandX) ®)

whereEqg, are the so-called composite extraction con-
stants defined as

oty 1
g+ ¢y mQiKqu

©)

Eqy=

Thus for the given reaction network, a set of Egs. (4a),
(5a) and (6a) can be solved simultaneously by provid-
ing the initial values (Egs. (4b), (5b) and (6b)) for all
the species, namely,

(0] (0] (0] (0] a a a a
CRX> CQY’ CQX’ CQZ’ CY_, Cx_, CZ_, CQ+

The requisite interphase transport rate terms are ob-
tained at each step of the integration by simultaneously
solving the set of Eq. (7a) with the corresponding set
of boundary conditions (Egs. (7b)—(7d)). When all the
physicochemical, thermodynamic, kinetic, transport,
and the hydrodynamic parameters are specified or de-
termined through estimation, the above model can be
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completely solved. In this work, the ODEs are solved in the literature, one suitable for the small sized lab-
using standard solvers (IVPAG with the Gear method oratory reactors, namely, the Van Heuven-Beek cor-
option and BVPFD) from the IMSL library. relation [12] to estimate the interfacial area. Table 1
This means that from an initially specified compo- summarises the estimated values of all these parame-

sition of the two-phase mixture in a specified agitated ters used in performing the computations reported in
vessel (stirred cell or an MAR), the model would this work.

enable one to predict the time variation of the concen-  All the above correlations involve, in turn, a num-
trations of the organic and the aqueous phase speciesder of physicochemical parameters like density and
of interest (including the ions, ion pairs, substrates, viscosity of one or both the phases, more importantly,

etc.). the interfacial tension. For the given organic sol-
vent/substrate and the composition of the two-phase
2.3.1. Model parameter estimation mixture these properties are sometimes reported in the

As mentioned above, the solution of the above equa- literature as experimentally measured values. In this
tions for the purpose of predicting the concentration work, we have used reported values when available,
profiles, a number of parameters will have to be spec- in other instances standard estimation procedures
ified. This often requires estimating them by using for both pure component and the mixture properties
well-known published correlations when experimen- [13,14] were used. For the interfacial tension, the
tally measured values are not available which is more estimation procedure suggested by Yarranton and
often than not the case. As a part of the above devel- Masliyah [15] was found useful.
opmental effort, we have tested several correlations By far the most important among the model param-
and tried to incorporate appropriate correlations in the eters are the extraction constants. As defined (Eq. (9)),
model and to use them consistently for all the example Egqj, in turn, depends on both the partition coefficient
systems considered in this paper. mgj denoting the equilibrium distribution of @~ be-

The diffusivities of the ion pairs @J~ in the or- tween the two phases and the dissociation equilibrium
ganic phase are estimated in this work by using the constantKqy. While in the PTC literature [1,16], ex-
Wilke—Chang correlation, wherever measured values traction constants for a number of pairs of anion and
are not available. As noted rightly by Asai et al. [3,4], quaternary cation are reported, these are often avail-
the estimated values are usually somewhat underpre-able for a solvent and quaternary cation combination
dicted by this method. Thmass transfer coefficients not immediately relevant to the particular chemical
in the stirred cell apparatus (SCR) are computed by system at hand. Also these values refer to equilibrium
the correlations of Asai et al. [10], whereas for the distribution of a quaternary ion-pair between a pure
MAR, Calderbank’s correlation [11] is used. The solvent and water. In typical PTC reaction investiga-
terfacial areais generally considered known for a tions, the aqueous phase contains several ionic species.
well-designed SCR, while for an MAR, we have cho- The concentrations of the latter are widely variable due
sen, from among a number of correlations available to different concentrations of the base (say, NaOH),

Table 1

Parameter values used in the simulatfons

Process (apparatus) Solvent/PTC Doz~ Do+x- Doy~ k (x10°m/s)  a(x1072m™1)
(x1Pm?s)  (x1Pm?/s)  (x10°m?/s)

TPP synthesis (SCR) 1,2-DCE/TBAB 1.8203 1.8783 1.336 1.697 0.125

TPP synthesis (MAR) Chloroform/aliquot 336 - 3.847 2.736 2.262 80-320

BA oxidation (SCR) Toluene/CTMAB 2.847 2.855 2.823 0.443 0.125

BA oxidation (MAR) DCM/TBAC — 2.842 2.804 7.0 169.3

BB synthesis (SCR) 1,2-DCE/TBAB 1.8203 1.8783 1.239 0.118 0.125

n-BA hydrolysis (SCR) n-BA/aliquot 336 3.74 3.61 3.784 0.169 0.125

21,2-DCE: 1,2-dichloroethane; DCM: dichloromethaneBA: n-butyl acetate; TBAB: tetrabutyl ammonium bromide; TBAC: tetrabutyl
ammonium chloride; CTMAB: cetyltrimethyl ammonium bromide.
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Table 2

Estimated values of extraction constants and rate constants

Process (apparatus) Solvent/PTC Eg+x- (m3/kmol) Eg+y- (m3/kmol) k2 (303K) (mP/kmol/s)
TPP synthesis (SCR) 1,2-DCE/TBAB 3.551=1) 43851 =1 2.33x10°

TPP synthesis (MAR) Chloroform/aliquot 336 20=0.5) 1.7 =0.5) 2x10°

BA oxidation (SCR) Toluene/CTMAB 0.44 1.75 22.7

BB synthesis (SCR) 1,2-DCE/TBAB 3.55 8.45 2.56

the anionic reactant (Y) used in practice. Inorganic  this work were comparedqy's are determined based
salts are sometimes used to alter the ionic strength of on the initial charge composition and held constant
the aqueous phase keeping identical base and/or re-over the batch time.

actant concentrations. Under such conditions, the ex- The model application to various cases simultane-
traction constants are known to vary depending on the ously generated very good estimates of the second or-
ionic composition. For a limited number of systems der substrate consuming reaction in the organic phase
that they investigated, Asai et al. [17,18] used exper- (see Table 2) that came close to the values published
imentally determined (in separate static experiments) in the literature.

values ofmg; andKqj and correlated these with the

ion concentrations.

Considering the degree of uncertainty in estimat- 3- Results and discussion
ing all these parameters related to equilibria from a
separate experiment it was felt that often a better al- The above model was applied systematically to
ternative (in the absence of data) would be a direct four different PTC-based displacement reactions car-
estimation of the extraction constants, as relevant to rfied outin the past by different research groups in two
the batch PTC experiments, using the initial rate data, common forms of laboratory reactors (namely, SCR
when available, from these runs themselves and theand MAR). The model predictions of the experimen-
integral conversion—time behaviour predicted by the tally observed initial rates and the conversion—time
model. Table 2 presents values Ex and Eqy es- data (where available) under a variety of experimental
timated for a number of systems dealt with in this conditions have been successfully made. In what fol-
work. As we shall see from the results later, these esti- lows, selected results of the applications are presented
mates are generally consistent with otiretfependent ~ and discussed.
and reported estimates. Wherever ionic composition is
known to affect the extraction constants, the following 3-1. Synthesis of triphenyl phosphate
correlation [17] was used to represent this feature:

The reaction which has been projected as a typi-
cal example of an alternative, cheap, environmentally
benign PTC-based route for making aryl esters hav-
ing diverse uses [4,6], can be represented as shown in
in which the superscript w refers to the extraction con- Fig. 2.
stant value in pure water. The summation in the above The PTC denoted as '@r~ (tetrabutyl ammo-
equation extends over all the anions, including the, nium bromide or TBAB) at first distributes itself into
often present, OH ion that may or may not directly  both the phases. In the aqueous phastBQ par-
participate in the phase transfer process. The modeltially dissociates. The free phenoxide ionsts0™),
thus allows, if required, the possible variation of the sourced from the initially charged sodium phenox-
distribution coefficients with the changes in the ionic ide in the aqueous phase, then associates with the
concentratior(c§.), if any, over the batch time period.  quaternary cation (B{N* or Q") as a new ion-pair
However, for the initial rate measurements made by QTCgHsO™ that has a reasonably high lipophilicity.
various workers in the past with which the results in When transferred to the organic phase the latter

aion

Eqy= E§;exp ZKQJ—J,-’C} (10)
i=1
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Aqueous Phase
OH- +Na*+= Na*OH-

Q'Br- = Q" +Br- CH0"+Na* =Na*CH,0"
Q*CH,0-= Q*+CH,0- Q*Cl- = Q*+ Cl-
1] 1]
‘ L ‘ L Organic Phase ‘ L
QBr Q C4H,0 - + (C4H,0),POCI —* Q*Cl- + (C,H;0),PO

Solvent : 1,2 Dichloroethane / Chloroform
PTC : Tetrabutylammonium bromide /
Aliquat 336

Fig. 2. Reaction mechanism for the synthesis of TPP.

ion-pair causes substitution on the organic substrate, well the case under which their data were generated.
namely, diphenylphosphoryl chloride (DPPC) to pro- The model presented here does not make any such
duce TPP. On the other hand;@ssociates with the ~ assumption about the regimelowever, when it was
leaving group to form another ion-pair*@I— that applied to this case under varied experimental condi-
distributes more favourably to the aqueous phase, tions used, based on the model calculations a charac-
where it again dissociates to make™ Qvailable for teristic regime 3 (linear) plot such as shown in Fig. 3
the catalytic cycle to complete. wasindependentlybtained in this work.

While in terms of Starks’ original mechanism, the This plot combines a range of variations in the con-
operation of the cycle can be represented as an extrac-centrations of DPPC,£HsO~, Q*Br~ and also OH
tion equilibrium, it has been shown by Bhattacharya at various ionic strengths. The model predictions seem
[8] that it is more appropriate to interpret the observed to fit the data very well. The value of the slope of
results, in general, in terms of a dynamic balancing of this straight line, B x 10° m3/(kmol's), is very close
several kinetic and transport steps occurring in both to the estimate of the rate constaks)(for the sec-
the phases. It is quite another matter that under prac- ond order substitution reaction in the organic phase as
tical process and operating conditions, in some cases,reported by Asai et al. [4].
one or the other among these rate processes turns out More significantly, it was observed that the ratios of

to be predominant. the estimated extraction constants are relatively invari-
ant for constant ionic strengths. These ratios termed
3.1.1. Stirred cell reactor data as the selectivity constants and defined as
For instance, Asai et al. [4] generated initial rate 0 A
data for this system in an SCR. They had also in- g_, o-jor = _Q"GeHsO” "CI” (11)
terpreted their data in terms of an a priori assumed o Cg+c|—chHso—
fast-pseudo-first order film reaction regime (so-called o a
‘regime 3’ in the parlance common in the literature on Co+Br-‘cI-
. . . i« SBrjor =% —a (12)
mass transfer with chemical reaction). In effect, this / Q, . cd_
means that the overall rate of the displacement reaction Qe e
is governed by the rate of transport of" QgHs0~ in the PTC literature have been reported for many

across the organic side film, which was perhaps very ions with CI~ as the reference ion. We made some
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9
. 8 1:1 Water/1,2-Dichloroethane System
?"’.
s 7 Tonic Strength = 0.2 -3.0 kmol/m®
i DPPC =0.048 - 0.24 kmol/m’
S 6 C¢HsONa=0.1-0.5 kmol/m’
NE, S TBAB = 0.005 - 0.08 kmol/m’
— NaOH =0.1-2.9 kmol/m’
]
. 4 -
2,
e
=
(=4
g 2
<z
1
0
0 1 2
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80 cm i.d. stirred cell
— MODEL

B EXPERIMENT
(Asai et. al. , 1994)

QY : Q'C¢HsO
RX : DPPC

3 4 5 6

[Q'CeH50T x 10°, kmol/m®

Fig. 3. Regime 3 plot for the synthesis of TPP.

comparison of these quantities as estimated in our dichloroethane turns out to be 10.25. From the esti-

work with those reported in the literature. Asai et al.
[17] has tabulated values forg+cghso-, marci-»

mq+g—~ (With 1,2-dichloroethane as the solvent and
BusN* as Q) as a function of the ionic strength of

mates in the present work, the same constant is found
to have a value of 6.3.

The same reaction system (TPP synthesis) was
studied earlier by Krishnakumar and Sharma [6] in an

the aqueous phase. Using these values and the correSCR, but with chloroform as the organic solvent and

sponding dissociation constansg+ -, the selectiv-

aliquot 336 as the PTC. The predicted values of the

ity constants can be evaluated at a given ionic strength specific reaction rateRg+c,H,0- (Roy) have been

pertinent to the experimental conditions in [4]. For the
cases with the ionic strength of 1 kmofrextraction
constants for QCgHs0~ and Q" ClI~ estimated in this

compared with the experimental data in Fig. 4. The fit
seems excellent. The estimated values of the rate con-
stantk, turns out to be 2 10° m3/(kmol's). For the

work are 4.385 and 3.551, respectively. This leads to a conditions of the experiment, slightly different values

value of 1.2348 foS¢, .0~ i~ Which is very close to
the one calculated from the valuesmg+cyns0- and
Kq+cgHs0- reported in [17] at the same ionic strength.
The value of the selectivity constant for the same
CsHsO~ ion with (the chloride reference ion) has also
been reported elsewhere as 1.19 [1] foy Bt as the
quaternary cation and in chloroform solvent. With the
ionic strength falling to 0.5 and 0.2, the above selec-
tivity constant fell to 0.853 and 0.635, respectively, as
the distribution coefficientn() increased [17].

As for the other ion-pair, ®@Br—, which is known
to be distinctly more lipophilic, from the data re-
ported by Asai et al. [17]SBr*/CI* in pure water/1,2

for Eqy's had to be used than in the previous case,
though it was found thac o- ¢~ is still 0.85 at

an ionic strength of 0.5. For the different solvent (1,2-
dichloroethane/chloroform) and PTC (TBAB/aliquot
336) combinations the value kf can be different due
to the difference in the structure of the active catalytic
species @Y~ and the nature of their solvation.

The important aspect about the results in Fig. 4
is that this demonstrates the apparent linear rela-
tion between the reaction rate and the initial PTC
loading, despite strong mass transfer effect. Similar
observations have been routinely made with many
PTC reactions following the extraction mechanism.
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18
16 50 ml Water / 50 ml Chloroform
14 (C¢H50),POC1 = 0.2293 M
- C¢HsONa=0.4563 M
d
& 12
E
=
g 10
E 5.5 cm i.d. stirred cell
= g - stirring speed 60 rev/min
—
e
5 6 MODEL
£ m  EXPERIMENT
4 (Krishnakumar & Sharma, 1985)
2 QY : Q'C¢HsO
0 1
0 0.02 0.04 0.06 0.08 0.1 0.12
Aliquat 336, kmol/m’

Fig. 4. Effect of initial PTC loading on the reaction rate in the synthesis of TPP.

However, it has been pointed out by us, elsewhere port of the hypochlorite ion to the organic phase in

[19] by using the present model, that for casdwere
mass transfer limitation is presenthere are pitfalls
in using this linear relationship in estimating the true
value ofks. A consistent and safe way is to use the
regime 3 plot as we have shown above.

3.1.2. Mechanically agitated reactor data

pursuance of the objective of oxidation of organic
substrates with this and other such oxidising inorganic
ions. The reaction scheme proposed in the literature
[5] can be represented as in the generalised network
shown earlier in Fig. 1, with ®Z~ as cetyltrimethyl
ammonium bromide (CTMAB) or TBAB and the
anions Z, Y~ and X~ being Br-, OCI~ (supplied

In the same paper, Sharma and coworkers [6] also in the aqueous phase, say, as calcium hypochlorite)
studied the TPP synthesis reaction in an MAR using and CI, respectively. Experimental protocols [5] do
the same solvent and the PTC combination as in their not suggest separate addition of alkalis. The same

SCR experiment. The model was applied to this case oxidation reaction had been studied in SCR [5] with

using substantially the same set of parameters(d
EqJ's) as used in interpreting their SCR data. The
comparison of the model predictions with the experi-

toluene as the solvent and CTMAB as the PTC, as
well as in an MAR [7] with dichloromethane as the
solvent and TBAB as the PTC. In what follows, we

mental rate data is shown in Fig. 5. The model seems present the results of the model application to both the

to simulate the data trends fairly well. This is a char-
acteristic plot for MAR, where the volumetric rate of

cases.

reaction is directly proportional to the agitation speed 3.2.1. Stirred cell reactor data

over quite a wide range, showing the clear evidence

of the mass transfer effect.

3.2. Oxidation of benzyl alcohol using
hypochlorite ion

Fig. 6 shows the model prediction of the effect of
the hypochlorite concentration on the specific rate
of oxidation at two levels of initial PTC loading.
The model seems to have predicted both the qualita-
tive and the quantitative trends of the experimental
data rather well. Fig. 7 presents the regime 3 plot

This has been a model reaction used by many for all the dozen odd data sets representing various

workers demonstrating the facilitation of the trans-

experimental conditions. The linearity of the plot
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1.5 |
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8 — MODEL
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05 (Krishnakumar & Sharma, 1985)
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0 400 800 1200
Speed of Agitation, rev/min
Fig. 5. Effect of agitation on the reaction rate in the synthesis of TPP.
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Fig. 6. Effect of bulk concentration of OClion in agueous phase on the benzyl alcohol oxidation rate.
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1:1 Water/Toluene System

6 | CeH;CH,OH=0.194 - 1.94 kmol/m’
OCI'=0.025 - 0.5 kmol/m®
CTMAB =0.002 - 0.02 kmol/m’

80 cm i.d. stirred cell

Roy/(Doyx[RX]%)"* x 107, kmol"*.m .5

4
— MODEL
®  EXPERIMENT
5 (Asai et. al. , 1994a)
QY :Q'ocCr
RX : C¢<Hs;CH,0H
0

0 5 10 15
[Q*ocCTT x 10°, kmol/m®

Fig. 7. Regime 3 plot for benzyl alcohol oxidation with hypochlorite.

strongly suggests the importance of the mass transfer3.2.2. Mechanically agitated reactor data

effect on the rate. The slope of the plot provides a Do and Chou [7] had systematically carried out the

value of 22.7m/(kmols) (at 303.2K) for the rate  same reaction in an MAR and presented, among many
constantk, for the oxidation step in the organic interesting and useful results, the conversion—time data
phase. at various PTC loadings. Fig. 8 shows a comparison

1:1 Water / Dichloromethane System

= 0.8 _ 3 -
E C¢H;CH,OH = 0.134 kmol/m
i L OCl'=0.14 kmol/m’ EXPERIMENT
= Temperature = 0 °C (Do et. al. , 1990)
S 0.6 Reaction time,
& ~ MODEL (min)
= . A 10
£ 04 e 20
E = 30
»
g
O 0.2 4
5.5 cm i. d. mechanically agitated reactor
0
0 0.01 0.02 0.03 0.04 0.05 0.06

[Bu,N*CI'], kmol/m®

Fig. 8. Effect of PTC concentration on the conversion of benzyl alcohol in the oxidation by hypochlorite ion.
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0 |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
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Fig. 9. Effect of bulk concentration of PTC and alkali loading on the reaction rate in the hydrolysibuif/l acetate.

between the experimental data and the model predic-4. Conclusions
tions of the benzyl alcohol conversion as a function
of the PTC loading at various batch times. The model A simple but general mathematical model has been
has not only predicted the observed initial rate data developed for analysing the rate data for PTC-based
but the integral conversion—time behaviour as well for displacement reactions in MARs or stirred cells. The
an MAR. model has been validated by comparing the predicted
indicators of the laboratory reactor performances
against published experimental data in a number of
reaction systems, in two different apparatus and by
various workers. The values of the key parameters
The model was also applied to two other systems like the extraction constants and the displacement
such as the alkaline hydrolysis af-butyl acetate reaction rate constants estimated by the model match
using aliquot 336 as the PTC and the synthesis of very well with those published in the literature.
benzyl benzoate by reacting benzyl chloride with  The point of departure of this model is that the
sodium benzoate with TBAB as the PTC, both the effects of interphase mass transfer in PTC reac-
reactions conducted in an SCR. In order to con- tions, when present, has been accounted for in a
serve space, the results for the second system will regime-independent manner, thus allowing the pos-
be skipped, as these are similar to those for the TPP sibility to apply the model to wider set of reactions
synthesis. However, from a similar regime 3 plot ob- and/or the process/operating conditions than so far
tained by using the model, the rate constant for the studied. The model can essentially predict the time
displacement reaction was estimated to be about six variation of the concentrations of various species in
orders of magnitude less than that for the TPP syn- either phase, once the starting composition of the
thesis (Table 2). For the hydrolysisbutyl acetate, two-phase reaction mixture and the type/design of the
the model predictions of the initial rate as a func- agitated reaction apparatus are specified.
tion of the initial alkali and the PTC loading were The model can be used to predict the effect of
compared with the published experimental data [3] in the initial concentration of PTC, organic and aqueous
Fig. 9. phase reactants, alkali and the salt, if any, agitation

3.3. Additional applications
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speed, phase hold-up ratio, etc. on the reaction rate. [3] S. Asai, H. Nakamura, Y. Furuichi, AIChE J. 38 (1992)
In particular, it can help to decide if for a particular 397.
reaction under a given set of experimental conditions 4] S: Asai. H. Nakamura, M. Tanabe, K. Sakamoto, Ind. Eng.

wansfer offoct | . dominant and if . Chem- Res. 33 (1994) 1687.
mass transter efiect Is present or predominant and It (g, 5 asai, H. Nakamura, T. Sumita, AIChE J. 40 (1994) 2028.

so identify the regime (rate controlling step). Last but (] v.k. krishnakumar, M.M. Sharma, Ind. Eng. Chem. Res. 24
not the least, the model can also be used to estimate  (1985) 1293.
the kinetic and the distribution equilibria parameters [7] J.-S. Do, T.-C. Chou, Ind. Eng. Chem. Res. 29 (1990) 1095.
from a limited but well designed set of batch kinetic ~ [8] A- Bhattacharya, ind. Eng. Chem. Res. 35 (1996) 645.

. [9] M.M. Sharma, in: T.C. Lo, M.H.l. Baird, C. Hanson (Eds.),
experiments.

- Handbook of Solvent Extraction, Wiley, New York, 1983.
Itis hoped that the model presented here would be [10] 5. Asai, J. Hatanaka, T. Uekawa, J. Chem. Eng. Jpn. 16

found to be a useful and practical tool by the prac- (1983) 463.

titioners of PTC-based processes using displacement[11] H. van Landeghem, Chem. Eng. Sci. 35 (1980) 1912.

reaction as a key step. [12] L.L. Tavlarides, M. Stamatoudis, Advances in Chemical
Engineering, Vol. 11, Academic Press, New York, 1981,
p. 199.

[13] R.C. Reid, J.M. Prausnitz, T.K. Sherwood, J.J. Carberry,
M.S. Peters, W.R. Schowalter, J. Wei, Properties of Gas and
Liquids, 3rd Edition, McGraw-Hill, New York, 1977, p. 391
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