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Dynamic Model for Mass Transfer and Reaction in Liquid/Liquid
Phase-Transfer Catalysis

Hung-Ming Yang

Department of Chemical Engineering, National Chung Hsing University, 250 Kuo-Kuang Road,
Taichung 402, Taiwan

In this study, a mathematical model of liquid/liquid phase-transfer catalysis concerning mass
transfer with reaction in a single organic droplet was developed. The diffusion resistance of an
active phase-transfer catalyst in the organic phase and mass-transfer resistance between the
droplet and the bulk aqueous phase were all considered. The film conversion parameter (¢)
and mass Biot number of QY (Bigy) were defined to interpret their relative importance with
respect to the organic reaction rate. Using this model, simulation results were consistent with
the experimental data. From the simulation results, the organic phase reaction of QY with RX
occurs mostly in the region close to the surface of the liquid droplet, depending on the film
conversion parameter and the mass Biot number of QY. The reaction rate is influenced by the
diffusion resistance as ¢ > 2, while the reaction rate is limited mainly by reaction and weakly
by diffusion resistance as ¢ < 1. The amount of QY existing in the organic phase increases
with increasing distribution coefficient of QY and mass-transfer coefficient from aqueous to
organic phase, thus enhancing the overall reaction rate. The liquid/liquid phase-transfer catalysis

can be well demonstrated by the present model.

Introduction

The reaction between two mutually insoluble phases
can be promoted by a phase transfer catalyst (PTC)
under mild operating conditions to give a high yield of
products (Starks and Liotta, 1978; Starks et al., 1994;
Weber and Gokel, 1977). The catalyst first reacts with
the reactant in the aqueous phase to form an active
intermediate that then transfers into the organic phase
to react with the other organic reactant. During such
a process, the organic phase reaction is generally the
rate-determining step under sufficient agitation (Deh-
mlow and Dehmlow, 1983). Phase-transfer catalysis is
usually conducted in an agitated system in which the
main organic reaction generally takes place in the
dispersed phase. Several investigators have been en-
gaged in developing a theory for systems of a two-liquid
phase with chemical reactions. Rietema calculated the
residence time required to obtain a given conversion for
no mixing and complete mixing of the dispersed phase
of a reactor for a zero-order reaction (Rietema, 1968).
Curl studied a zero-order reaction in the dispersed
phase of a well-stirred flow reactor by using a simplified
population method and assuming equal size drops with
equal coalescence and breakage rate (Curl, 1963). Zeit-
lin and Tavlarides analyzed the dispersed-phase volume
concentration distributions to ascertain the effect of the
degree of mixing on conversion and interphase transfer
(Zeitlin et al., 1972). Sada et al. used film theory to
develop the diffusion equation with chemical reaction
in a two-liquid phase (Sada et al., 1977). They obtained
the concentration profiles of reactants in the film on
either side of the flat interface to describe the effect of
mass transfer by directly assuming the chemical reac-
tion occurred in the film.

Inoue et al. investigated mass transfer accompanied
by chemical reaction at the surface of a single droplet.
They studied the mass-transfer effect for both neglecting
and accounting for the mass-transfer resistance in the
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continuous phase (Inoue and Nakashio, 1979). Cruz-
Pinto et al. developed the numerical algorithms for the
simultaneous solutions of mass transfer and hydrody-
namic equations for swarms of liquid drops in a counter
current flow liquid/liquid extraction column including
the changing continuous-phase concentration (Cruz-
Pinto and Korchinsky, 1983). Asai et al. measured the
liquid/liquid mass-transfer coefficients in an agitated
vessel with a flat interface (Asai et al., 1983). In their
later works, the overall reaction rate of phase-transfer
catalysis with mass transfer for the alkaline hydrolysis
of n-butyl acetate and oxidation of benzyl alcohol in an
agitated vessel with a flat interface was analyzed. They
concluded that the observed overall reaction rate was
proportional to the interfacial concentration of the
actual reactant (Asai et al., 1992, 1994). Wang and
Yang investigated the dynamic behavior of phase-
transfer-catalyzed reactions by determining the param-
eters accounting for mass transfer and the Kinetics in
a two-phase system (Wang and Yang, 1991). However,
the analysis for the effects of mass transfer on phase-
transfer catalysis in a dispersed system is still lacking.
The role of diffusion for the active intermediate or the
phase-transfer catalyst in such a system is little under-
stood. Hence, it is useful to realize which parameter
dominates in the overall reaction. In the present study,
a theoretical analysis for phase-transfer catalysis was
developed to investigate the effects of mass transfer and
diffusion for the active catalyst on the conversion of
organic reactant in the dispersed system.

Mathematical Model

For a liquid/liquid agitated system, several phenom-
ena appear, i.e., (1) formation of a droplet in the
continuous phase by stirring, (2) free rise or fall of a
droplet through the continuous phase, and (3) coales-
cence of a droplet at the end of the free rise period. In
a liquid/liquid phase-transfer-catalyzed system, the
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extractions of catalyst and active component between
these phases are important because the extracting
agents are the main components conducting the organic
reaction.

Consider the typical phase-transfer-catalytic reaction
system as follows. A reactant KY reacts with a catalyst
QX to form the active intermediate QY reversibly or
irreversibly in the agueous phase, in which the revers-
ibility generally depends on the characteristics of QY
produced. If QY is a more lipophilic compound, the
equilibrium constant of this ion-exchange reaction will
be large, and the reversibility can be neglected. In this
analysis, the aqueous reaction is assumed irreversible.
The produced active intermediate QY then transfers
into the organic phase due to its distribution behavior
between the two phases. The intrinsic reaction of QY
with organic phase reactant RX is conducted to produce
the desired product RY. The catalyst QX is regenerated
and transfers back to the aqueous phase. This system
is shown as the following scheme.

aqueous KY +QX — QY + KX

phase ﬂ U
____________________ -
organic ﬂ U

phase RY +QX <=—— QY +RX

Each step with its appropriate velocity constant is listed
below.

(1) Reaction in the aqueous phase

Kag

KY + QX —> QY + KX 1)

(2) Mass transfer of QY from the agqueous
phase to the organic phase

K Y
QY(aq) — QY(org) (2)
(3) Reaction in the organic phase

org

Rx+QYk—»RY+Qx (3

(4) Mass transfer of QX from the organic
phase to the aqueous phase

QX(org) —2 QX(aq) @)

In the above equations, Ko is the reaction rate constant
in the organic phase, kaq is the reaction rate constant
in the aqueous phase, Kgy is the mass-transfer coef-
ficient of QY from the aqueous phase to the organic
phase, and Kgx is the mass-transfer coefficient of QX
from the organic phase to the aqueous phase. In formu-
lating the equations for diffusion and reaction in a
phase-transfer-catalyzed system, consider the organic
phase to be dispersed. The organic droplet is assumed
as a rigid sphere with equal mean radius R. Since the
molar flux of the organic phase reactant equals that of
the product either in the organic droplet or in the bulk
aqueous phase, the product (RY) is not necessarily taken
into account in the formulation. The rates of change of
RX, QX, and QY in an organic droplet are described by
the combination of diffusion and reaction rate as follows:
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Cpx D dChx
RX _ in(rz RX) - Ry

ot 2 or ar ©)
Cox _Dox ( 2 acgg) +R (6)
ot 2 or or org
0Cq% _ Doy 9 ( ) acgg) ~ -
at 2 or ar org
where R}y denotes the organic phase reaction rate.
Rix = KorgCrx Cov 8)

The diffusion coefficients for RX, QX, and QY are
designated as Dgrx, Dox, and Dqy, respectively, and r is
the spatial coordinate in the radial direction for a
spherical droplet. Initially, only RX exists in the organic
phase; hence, the initial conditions for eqs 5—7 are

att=0, Cx{= Crx.0r COQr$ =0, C"Qr)% =0 9

The boundary conditions at the center of the droplet are

9CRs _ C%Y _ aCqy
or ar ar

atr=0, =0 (20)

At the droplet surface, RX should react with QY that
transfers from the aqueous phase; thus, the diffusion
rate of RX equals its reaction rate in this model. How-
ever, if the droplet is in a situation with high internal
turbulence, the concentration gradient of RX at the
surface may be approximated to zero. For QY and QX,
the flux of mass transfer between the aqueous phase
and the organic droplet should be considered. Thus, the
other boundary conditions for RX, QY, and QX are

3D A0 _

atr =R, R T Rorg

org
3Dgqy 9Cqy _ 3KQY/ aq 1 Corg) R
R or R {79 mg, @ org

3Dgy ICOY 3Kox

R o =T R G MeCH) + Ry (11)

In eq 11, Kox and Kqy represent the mass-transfer
coefficients of QX and QY, respectively. mgy and mox
are the distribution coefficients of QY and QX, repre-
senting the equilibrium partition between the two
phases, and are defined as the ratio of concentration in
the organic phase side to that in the aqueous phase side
at the interface.

ng(s) Cer)%(s)
Mo = caqs) and Moy = ) (12)
QY QX

In the aqueous phase, the rates of change of QY, QX,
and KY are expressed by the following equations:

dc¥ V
QY __ ag ~aq _ org ag __ 1 org(s)
_dt = kanKY CQX KQY(I(—Vaq)(CQY CQY )

Mgy
(13)
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dC%(;( Vorg org(s) aq ag (~aq
T Kox® v (Cox = MoxCo%) — KaqCky Cox
" (14)
dci,
dt = _kachfcgqx (15)

In egs 13 and 14, the rate of change of QY or QX
equals the difference of the reaction rate and the
interphase mass-transfer rate. The interfacial area per
unit volume between the droplet and the aqueous bulk
phase is designated as a and equals to 3/R. Initially,
only KY and QX exist. The initial conditions for eqs
13—-15 are

att=20, Cgc{( =0,Cd = Ciy.or Cgﬁ( = Coxo (16)

The average concentration of component i within the
droplet is

oo =2 [Rrce dr (7)

1 R3

The conversion of RX in the organic phase is then
calculated from its average concentration in a droplet
as

X'=1— CaRICryyo (18)

The conservation of phase-transfer catalyst Q is the sum
of QX and QY in both phases at any reaction time.

Noxo = N& + N9 + N2, + N28 (19)

VanQX,O = Vaq(Cg(l( + Cé(i() + Vorg(ég\g( + ég)%)(zo)

Equations 5—20 characterize the phenomena of phase
transfer catalysis with the organic phase reaction oc-
curring in a rigid droplet. These equations can be
further rendered dimensionless by defining appropriate
dimensionless groups as follows.

_DRXt _Vorg _r _ Rag _
__’(S_V uzj_ﬁ,ﬁ_k y¢_
D

T
R? ag

Ci org(s) Corg(s)

QX forg(s) _ ~QOX forg(s) _ ~Qvy f i

1 X - ) Y - ) Y —

Q CQX,O Q CQx,o Q

i org aq

CQY f org __ CRX f aq __ CKY

s TRX T r LKY T
CRX,O

CQx,o

(21)
CKY,O

When the above dimensionless groups are used, the
dimensionless equations (5)—(7) are

af%"g_li Zafg;g _ 2forgf0rg 22
or - 285 g ag ¢ RX ' QY ( )

afg’g:@i(gzafgg

2

f ox _ Yox 9 (2 9 ox
o= aE\E A ) TROTRIE @)

The initial and boundary conditions are

atr=0, f0=1f=F2=0 (25)

FOT GFOY pforg
_ _ oy dfox _

at=0, =" ="F=0 (26)
aforg

atg=1, —8§X=—%¢Zf%§f$ﬁ

aforg

QY 1 Orx 2¢ 0rg gori . al 1 .or

Tov_ _ LRzt org gorg (f o - Ly 9) 27

oE 3VQY¢ rRX 1oy ov|T oy Moy av| (27)

of 8;% 1 9rx 2¢ 0rg ¢ org : org aq
3E = g)}_@f frx Fovy = Bigx(f ox — Moxf o%)

In eqs 22—24, the dimensionless group ¢ is defined
as a film conversion parameter, indicating the ratio of
diffusion resistance to kinetic resistance, which is
similar to the Thiele modulus in a fluid—solid reaction.
When ¢ is greater than 2, the organic phase reaction
proceeds mainly in the region near the droplet surface.
The rate of reaction is limited by the internal diffusion.
The parameters Bigy and Bigx represent the relative
importance of diffusion resistance and mass-transfer
resistance between phases for QY and QX, respectively.

In the aqueous phase, the governing dimensionless
equations and initial conditions for QY, QX, and KY are

dfd
Qv _ , 1 corg,
e = P13 18~ 3Bioyond(18 — 1 13Y)
(28)
df gqx . org,s aq 2¢aq faq
a9 3BigyYoxO(f ox~ = Maxf ox) = BAkv® T v T ox
(29)
df
d:Y = —B’f i T Ok (30)
att=0, fgl,=0,f3 =11 = (31)

The dimensionless average concentration for component
i within droplets and the conversion of RX become

fo =3/ & d (32)
X=1—-f3y (33)

Results and Discussion

Equations 22—33 were solved simultaneously by finite
difference and Runge—Kutta fourth-order methods for
different values of parameters. The molar concentra-
tions of reactants and phase-transfer catalyst are all set
at Coxo = 0.01 M, Crxo = 0.1 M, and Ckyo = 0.2 M
with the same volume of organic and aqueous phases.
The simulation results shown in Figure 1 are the
profiles of average dimensionless concentrations for RX
and QY in the organic phase and QX and KY in the
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Figure 1. Variation for concentrations of QY and RX in the
organic phase as well as those of QX and KY in the aqueous
phase: BiQY =100, ¢ = 0.816, qulDRx =5, DQ)(/DQV =10, kaq/
kgrg =10, korg =1.0M71 min*l, Mgy = 10, Meox = 0.05, CQX,O =
0.01 M, CRX,O =0.1 M, CKY,O =0.2 M.
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Figure 2. Dimensionless concentration profile of QY in the
organic droplet at different reaction times: Bigy = 100, ¢ =
0.816, DQ\(/DRX =5, DQx/DQY =10, kaq/korg =10, korg =1.0M71
min*l, Mgy = 10, Mox = 0.05, Cvao =0.01 M, CRX,O =0.1M, CKY,O
=0.2M.

aqueous phase at various t for Bigy = 100, ¢ = 0.816,
Dgov/Drx = 5, and Dox/Dgy = 10. The average dimen-
sionless concentration of QY in the droplet rises from
zero to a value of about 0.8 during early reaction time
and then gradually increases to its equilibrium due to
higher mass-transfer rate. The early reaction time after
which QY accumulates sharply from zero to some value
of concentration in the organic phase can be designated
as the induction period. After the induction period, a
sufficient amount of QY can conduct the intrinsic
organic reaction. In such cases, the main resistance of
the reaction occurs within the droplet. However, since
the film conversion parameter is less than unity (¢ =
0.816), the reaction is only weakly influenced by the
internal diffusion. Thus, the chemical reaction within
the droplet dominates as the rate-determining step. It
is seen that the profile of QY along the radial direction
does not drop sharply after the induction period as
shown in Figure 2. The highest value of f¢? is ap-
proaching 0.95 and is located at the surface of the
droplet in the induction period.
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Figure 3. Dimensionless concentration profile of QY in the
organic droplet at different reaction times: Bigy = 100, ¢ = 2.582,
DQY/DRX =5, DQx/DQY =10, kaq/korg = 10, korg =10M1 min*l,
Mqy = 10, Mox = 005, CQX,O = 0.01 M, CRX,O = 0.1 M, CKY,O =
0.2 M.

Figure 3 shows the dimensionless concentration pro-
file of QY at a higher value of the film conversion
parameter (¢ = 2.582), with the other conditions the
same as in Figure 2. For this condition, the fraction of
phase-transfer catalyst in the form of QY in the organic
phase rises up to about 0.6 after the induction period.
The total amount of QY within the droplet for ¢ = 2.582
is about 25% less than that for ¢ = 0.816. This will
cause the overall reaction rate to be reduced. The
diffusion resistance within the droplet indeed influences
the overall reaction rate. This effect can be demon-
strated from the profile of QY along the radial direction
at various 7 as shown in Figure 3. It is seen that QY
mainly exists within the zone close to the interface.
Surprisingly, at small 7 (less than 0.01 as the induction
period), the dimensionless concentration of QY at the
droplet surface can be as high as 1.6 times the initial
concentration of catalyst, although the average QY
concentration in the organic phase is about 0.6 times
the initial catalyst concentration. This exhibits that QY
will concentrate near the droplet surface for larger ¢.
It also demonstrates that the reaction is mainly con-
ducted near the surface of the droplet for ¢ > 2.
Moreover, the fraction of phase transfer catalyst QX in
the agueous phase is less than 0.1 after the induction
period for both higher and lower ¢ and is affected by
the distribution coefficient.

The effective diffusivity ratio of QY to that of RX also
affects the overall reaction rate. Figure 4 shows the
profiles of QY in the organic phase and conversion of
RX at various 7. From the plot, QY increases as the
diffusivity ratio of QY to RX increases, which thus
increases the overall reaction rate. As Dqy/Drx raises
from 0.5 to 5.0, the fraction of QY increases from 0.2 to
about 0.6. At a higher value of Dgy/Drx, the diffusion
rate of QY is faster than its reaction rate during the
induction period.

Figure 5 compares the effect of ¢ on the fraction of
QY in the organic phase with an equal effective diffu-
sivity of QY and RX. There is no doubt that the fraction
of QY increases as ¢ decreases. This indicates that the
operating conditions of phase-transfer catalysis are
better set on the situation of as low diffusion resistance
as possible. From the results in Figure 5, the higher
film conversion parameter provides the more concen-
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Figure 4. Concentration profile of QY and conversion of RX vs ¢
at different DQ\(/DRxI BiQY =100, DQX/DRX =5, kaq/kgrg =10, korg
= 1.0 M~ min7%, Drx = 6.0 x 10~° m%min, mgy = 10, mgx =
0.05, CQX,O =0.01 M, CRX,O =0.1 M, CKY,O =0.2 M.
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Figure 5. Dependence of QY concentration in the radial direction
of the droplet on ¢ and t: Bigy = 100, Dox/Drx = 5, Kag/Korg =
10, korg = 1.0 M7 min~%, Drx = 6.0 x 107° m?/min, mgy = 10,
Mox = 0.05, Cvao =0.01 M, DQ\(/DRX =1, CRXVO =0.1M, CKY,O =
0.2 M.

trated QY near the droplet surface. When ¢ is smaller
than 2, a near flat profile of QY is obtained as the
reaction proceeds.

External mass-transfer resistance also affects the
overall reaction rate. A higher value of Bigy exhibits a
lower transfer resistance of QY into the organic phase.
Figure 6 depicts the effect of mass transfer at various
Bigy for ¢ = 0.816. A higher stirring speed leads to
higher mass-transfer rates of QX and QY, thus enhanc-
ing the reaction rate. However, the mass-transfer rate
of QY does not influence the shape of the profile with-
in the droplet, as shown in Figure 6 for different
values of Bigy at various 7. The only difference is the
amount of QY in the organic phase. The distribution
of QX and QY between the two phases is important in
evaluating suitable catalysts. The effect of the distri-
bution coefficient on QY concentration in the organic
phase is revealed in Figure 7. From the results, one
can see that a lower distribution coefficient of QX and
a higher one of QY would lead to more of QY in the
organic phase, thus enhancing the intrinsic organic
reaction.

Dimensionless
conc.of QY

Figure 6. Dependence of QY concentration in the radial direction
of the droplet on Bigy: Dox/Drx = 1, Kag/Korg = 10, Korg = 1.0 M2
min‘l, Dgrx = 6.0 x 10-8 mZ/min, ¢= 0.816, Mgy = 10, DQy/DRx =
1, Mox = 0.05, CQX,O =0.01 M, CRX,O =0.1M, CKY,O =0.2 M.
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Figure 7. Dependence of distribution coefficients of QX and QY
on the variation of QY concentration in the organic phase: Bigy
=50, DQ)(/DRX =1, kaq/kcrg =10, kcrg =10M1 min’l, Drx = 6.0
x 1078 m2/min, ¢ = 0.816, CQX,O =0.01 M, DleDRx =1, CRX,O =
0.1 M, CKY,O =0.2 M.

In order to compare the simulation results with the
experimental data, the data of 2,4,6-tribromophenol
reacted with allyl bromide in an alkaline solution/
chlorobenzene under the action of various amounts of
tetrabutylammonium bromide in a batch reactor (Wang
and Yang, 1991) were used. The comparison is shown
in Figure 8. The necessary parameters for simulation,
such as reaction rate constants and mass-transfer
coefficients were obtained from the literature (Wang and
Yang, 1991). By adjusting the effective diffusivity of
the components within the droplet, the estimated
concentration of QY can be quite consistent with the
experimental data for cases A—D.

Conclusion

In the present study, a dynamic model concerning the
mass transfer and reaction in a single droplet for a
liquid/liquid phase-transfer-catalyzed system was de-
veloped. The role of active intermediate was investi-
gated to interpret its effects on the overall reaction
rate. The solutions of system equations were solved by
the finite difference and Runge—Kutta fourth-order
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Figure 8. Comparison of the estimated concentration of QY in
the organic phase with the experimental data (**Wang and Yang,
1991). Experimental conditions: 3.0 g of 2,4,6-tribromophenol; 0.7
g of allyl bromide; 1.0 g of KOH; 50 mL of chlorobenzene; 50 mL
of water; temperature 50 °C; BusNBr: (A) 0.0062 M, (B) 0.0124
M, (C) 0.0186 M, (D) 0.0248 M. Simulation conditions: Kag/Korg =
8.281, korg = 1.194 M~ min~%, Drx = 1.5 x 1070 m2/min, Doy =
9.0 x 1078 m?/min, Dgx = 1.5 x 1077 m?/min, Bigy = 125, mqgy =
12.8, mox = 0.07, R = 2.2 mm.

methods. The simulation results can successfully de-
scribe the two-phase system in a batch reactor. Film
conversion parameter ¢ was used to describe the rela-
tive importance of diffusion and chemical reaction in a
single droplet. The effect of external mass-transfer
resistance of a phase-transfer catalyst was also consid-
ered. The key reacting component for phase-transfer
catalysis is the active intermediate. It is found that the
concentration and profile of the active intermediate in
organic droplets depend on the film conversion param-
eter, mass Biot number, and kinetics. A higher film
conversion parameter would lead to a lower reaction
rate, with the active intermediate concentrated in the
interface. The present study provides an analysis to
understand the behavior of phase-transfer catalysis.
Therefore, the selection of catalysts and reactor design
for the liquid/liquid system can be more properly
obtained.

Nomenclature

a = interfacial area per unit volume

Bigy = mass Biot number of QY

Biox = mass Biot number of QX

C! = concentration of component i in phase j (j = org, aq)

Crx,0 = initial concentration of RX in the organic phase, M

Cky,0 = initial concentration of KY in the agueous phase,
M

Cox,0 = initial concentration of QX in the aqueous phase,
M

C{" = average concentration of component i in the drop-
let, M

D; = diffusion coefficient of component i in the droplet, m?%/

~min
f1 = dimensionless concentration of component i in phase

frx 0 = dimensionless concentration of RX at initial condi-
tion

fcy,0 = dimensionless concentration of KY at initial condi-
tion

fox,0 = dimensionless concentration of QX at initial condi-
tion
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"9 = average dimensionless concentration of component
i in an organic droplet, M

kag = reaction rate constant in the aqueous phase, 1/(M
min)

korg = reaction rate constant in the organic phase, 1/(M min)

Kox = mass-transfer coefficient of QX in the aqueous phase,
m/min

Kqv = mass-transfer coefficient of QY in the organic phase,
m/min

Mex = distribution constant of QX between the organic and
aqueous phases

mqy = distribution constant of QY between the organic and
aqueous phases

grx = initial concentration ratio of RX to QX

gky = initial concentration ratio of KY to QX

r = spatial coordinate in the radial direction

R = mean radius of the organic droplet, m

t = time, min

Vaq = volume of the aqueous phase, |

Vorg = Volume of the organic phase, |

X = conversion of RX in the organic phase

Greek Symbols

B = ratio of Kag/Korg

yi = ratio of Di/Dgrx

0 = volume ratio of the organic phase to the aqueous phase

& = dimensionless spatial coordinate in the radial direction

¢rx = Thiele modulus of RX in the two-liquid phase system,
defined as R(KorgCox.0)2/DH2

7 = dimensionless time, defined as Dgrxt/R?

Superscripts

aq = aqueous phase

J =] phase (j = org, aq)

org = organic phase

s = surface of liquid droplet

Subscripts

RX = organic phase reactant

KY = aqueous phase reactant

QX = phase transfer catalyst

QY = active phase-transfer intermediate
i = component i
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