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Mass Transfer- Fluid Flow Interactions in Perforated Plate Extractive
Reactors

Reem S. Ettouney, Mahmoud A. El-Rifai, Ayat O. Ghallab, and Amira K. Anwar
Department of Chemical Engineering, Faculty of Engineering, Cairo University, Giza, Egypt

Coupling between extraction, reaction, and liquid-liquid con-
tact hydrodynamics have quantitative as well as qualitative impli-
cations on the performance of un-agitated perforated plate
extractive reactors. Models, which take into account the effect of
flow dynamics on mass transfer performance, are developed to
analyze the steady state behavior of such columns when conduct-
ing a chemical reaction in the continuous extract phase. New
expressions are derived for the composition profiles in the cases
of physical extraction, slow, and infinitely fast reactions. Typical
results show that the raffinate purity may either increase or
decrease on increasing the solvent rate depending on the interac-
tion between column fluid dynamics, mass transfer, and reaction
kinetics.

Keywords extractive reactions; mass transfer; modeling; perforated
plate columns

INTRODUCTION
Extraction intensified by a chemical reaction is resorted to in

applications covering the petroleum, petrochemicals, nuclear,
and pharmaceutical industries (1). Typical examples include
desulphurization of hydrocarbons by aqueous caustic solutions
(2), extraction of uranyl nitrate by tributyl phosphate (3),
extraction of phosphorus from waste water (4), extraction of
hexavalent chromium from aqueous solutions (5), and removal
of arsenic from natural gas condensate (6). Rigorous modeling
of the performance of heterogeneous fluid-fluid reactors has to
consider the interaction between the inter-phase transfer on one
hand and the kinetics (7) and stoichiometry of the enhancing
reaction on the other. The presence of an enhancing chemical
reaction provides for higher selectivity (8) with respect to the
solute to be removed and may enable a considerable reduction
in the size of the equipment required to achieve a given
purification duty.

Figure 1 outlines the basic scheme required for the formula-
tion of the conservation equations, constitutive relations, and
boundary conditions in extractive reactors. The driving forces
and resistances governing mass transfer and the effective reac-
tion volumes within the contactor depend on flow dynamics of
the two liquid phases. The hydrodynamic pattern obtained in
the extractive reactor (9) affects relevant system characteristics
such as dispersed phase volume fraction, slip velocity, inter-
facial area per unit volume of dispersed phase, and interfacial
area per unit volume of the contactor. The physical properties
of the handled fluids which affect the transport within the
phases have also to be computed under the expected operating
temperature range.

A wide variety of contacting equipment which differ con-
siderably in the obtained fluid-fluid interaction pattern are in
commercial use. Non ideal flow patterns in mixer-settlers can
be modeled by a combination of arrangements involving
back-mix and plug flow volumes (10) while plug flow and
axial dispersion models may be used for describing spray
(11) and packed (12) extractive reactors. Mixing cells with
recycle (13) and forward mixing arising from drop size dis-
tribution and axial mixing of the continuous phase (14) have
been considered for modeling spray, agitated, and pulsed
extractors (15) which feature strong dispersed phase interac-
tions with the turbulent continuous phase. Droplets breakage
(16) and coalescence (17) result in distributed droplet popu-
lation size and concentration (18). Recent dynamic models
(19) rely on simultaneous application of computational fluid
dynamics and population balance equations (1, 20). Owing to
the relative complexity of such models, reduced order models
have been suggested for process control studies of agitated
columns (21).

Un-agitated perforated plate liquid-liquid extraction col-
umns (22) are particularly efficient for their high liquid hand-
ling capacity and for providing good separation efficiency
especially for systems with low interfacial tension which are
easily dispersed and do not require mechanical agitation. Reli-
able empirical correlations (23) are available for describing the
hydrodynamic performance of these columns and have been
used to validate a computational fluid dynamic model (24).
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Such correlations have been also integrated in models of un-
agitated perforated plate extractors conducting dispersed phase
reactions (25), and used to study the composition dynamics
(26) and flow transients (27) in such columns. The developed
models have been also simplified to reduced order linearized
models.

The purpose of the present paper is to elucidate the effect of
interaction between fluid flow, mass transfer, and chemical
reaction on the performance of un-agitated perforated plate
extractive reactors. The cases of physical extraction, a slow
first order reaction in the continuous extract phase, and a very
fast reaction at the interface are to be considered. Simple
analytical equations derived from first principles are developed
to model the system performance. The dependence of the
parameters characterizing the column behavior on phase flow
rates are generated on the basis of existing hydrodynamics and
mass transfer coefficient correlations. A comparison of the
distribution of the driving force along the column is undertaken
to address the effect of phase flow rates on the concentration

profiles of the extract and raffinate products in the above three
cases.

THE MODEL SYSTEM
The mechanism of enhancing mass transfer through a simul-

taneous extract phase chemical reaction A + f B→ D involves
either lowering the mass transfer resistance and/or increasing
the driving force. A comprehensive analysis of the mechanism
of interaction between the rates of mass transfer and chemical
kinetics (28, 29) enables identification of different regimes.
The different regimes correspond to different aspects of the
concentration profiles in the two film representation of inter-
phase transfer between a raffinate donor phase and a sink
extract phase. Figure 2 depicts four possible regimes for the
mass transfer-kinetics interaction. In Fig. 2a, the solute A is
extracted from the dispersed organic phase into a continuous
aqueous phase where it undergoes a slow reaction with an
excess of reactant B present in the aqueous phase. The A
concentration profile is akin to the case of purely physical
extraction; however, the interfacial solute concentration yi and
its concentration in the bulk of the extract phase x are lower
than in the case of physical extraction. This corresponds to an
increase of the driving force. It is obvious that the faster the
reaction, the higher the improvement of the driving force. If the
reaction is instantaneous, maximum enhancement occurs when
the reaction takes place at the interface. This condition occurs
when the rate of mass transfer of B to the interface is sufficient
to react with the available reactant A, that is, the rate of transfer
of B in the extract phase should be f times the rate of transfer of
A to the interface in the raffinate phase. Figure 2b depicts the
solute and extract phase reactant profiles for this case, the
driving force in the raffinate phase is increased and the con-
tinuous extract phase resistance for solute A is eliminated. Two
other intermediate cases are shown in Fig. 2c and Fig. 2d.
Figure 2c depicts the profile in the case of an instantaneous
reaction when the rate of mass transfer of reactant B to the
interface is relatively slow. This condition occurs when the
bulk concentration of B is relatively small. In this case the
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FIG. 1. Model development scheme.
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FIG. 2. Two film representation of concentration profiles, (a) slow reaction in extract phase, (b) infinitely fast reaction at interface (c) infinitely fast reaction in
extract film, (d) moderately fast reaction in extract film.
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reaction plane lies within the extract film where the concentra-
tion of both A and B vanish. When the reaction is moderately
fast both reactants A and B can co-exist in a reaction zone
rather than a reaction plane. Figure 2d illustrates this situation.
The models developed in the following sections are based on
the cases shown in Fig. 2a for a slow extract phase reaction and
Fig. 2b for an infinitely fast interfacial reaction.

Figure 3a outlines the nomenclature of the stream composi-
tions in a perforated plate extractive reaction column. The
dispersed feed phase, containing solute A, is in plug flow in
the contact height above a plate while the solvent phase con-
taining excess reactant B, which is insoluble in the raffinate
feed phase, is completely mixed on each plate. The concentra-
tion of the dispersed phase does not change in the coalesced
layer and that of the continuous phase also remains unchanged
along the downspout. Figure 3b presents a qualitative visuali-
zation of the concentration profiles of A in the dispersed phase
and of B in the continuous phase within a plate.

Slow Reaction in Extract Phase
Assuming a reasonable degree of mobility and internal

circulation within the droplets, the drop mass transfer resis-
tance may be assumed to be lumped in an internal convective
film. In this case, the two film representation of the mass
transfer driving forces corresponds to the diagram of Fig. 2a.

A steady state mass balance on solute A transferred from the
dispersed phase drops in an increment of height dz above plate
n gives

Vy � KAa
0φAa y � y�

� �
dz ¼ V y þ dyð Þ (1)

If the distribution of A between the two phases follows a linear
equilibrium relation, then

y� ¼ mx (2)

Considering a plate n, combination of Eqs. (1) and (2) gives

dy
y �mxn

¼ � β

h
dz (3)

which integrates between yn�1 and yn to

xn ¼ yn � αyn�1

m 1� αð Þ (4)

Assuming the reaction in the extract phase to follow first order
kinetics with respect to A, the overall mass balance on solute A
in the active plate volume gives

Lxnþ1 þ Vyn�1 ¼ Lxn þ Vyn þ 1� φð ÞAahk xn (5)

The combination of Eqs. (1) to (5) gives

ynþ1 � byn þ cyn�1 ¼ 0 (6)

The boundary conditions at the feed and at the solute free
solvent ends are respectively given by

yo ¼ yf (7)

xNþ1 ¼ 0 (8)

The solution of the second order difference Eq. (6) subject to
boundary conditions (7) and (8) enables to obtain the ratio
between the raffinate concentration leaving any plate, n, and
the feed concentration as

yn
yf

¼ cn
aN�n
1 a1 � αð Þ � aN�n

2 a2 � αð Þ
aN1 a1 � αð Þ � aN2 a2 � αð Þ (9)

xn
yf

¼ 1
m 1� αð Þ

cn�1 a1 � αð Þ a2 � αð Þ aN�nþ1
1 � aN�nþ1

2

� �
aN1 a1 � αð Þ � aN2 a2 � αð Þ

(10)

The concentration profile of B in the extract phase may be
obtained by a mass balance on reactant B on plate n to give

L xBnþ1 � xBnð Þ ¼ f 1� φð ÞAahk xn (11)

xBn ¼ xBnþ1 � fδxn (12)

The concentration of B in the bottom extract effluent may be
obtained by an overall balance to give

xB1 ¼ xBNþ1 � f
ðyo � yNÞV � Lx1

L
(13)

(a) (b)

FIG. 3. (a) nomenclature of extract x and raffinate y stream compositions; (b)
concentration profiles of A in raffinate and B in extract within a plate.
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Physical Extraction
For the special case of physical extraction, k = 0, δ = 0, a

simpler form of the analytical solution of the above system of
equations is possible. This gives the concentrations of solute
A leaving different plates as

yn
yf

¼ 1� α� 1ð Þ 1� cnð Þ
cNþ1 � αcN þ α� 1

(14)

xn
yf

¼ 1
m

c� αð Þ cN � cn�1ð Þ
cNþ1 � αcN þ α� 1

(15)

Infinitely Fast Reactions
As mentioned above, maximum intensification is obtain-

able when the reaction between A and B takes place at the
interface. If the reaction A + f B → D is very fast, the
reaction will take place and remain at the interface when the
ratio of the molar concentrations of the reactants in their
respective phases is greater or equal to the inverse ratio of
their mass transfer coefficients multiplied by the stoichio-
metric reaction factor (29). This condition will be satisfied
in all plates when

xB1=yf � f kA=kBð Þ (16)

where kA is the dispersed phase mass transfer coefficient for
solute A and kB is the continuous phase mass transfer coeffi-
cient for reactant B.

In this case, the two film representation of the concentration
gradients at any one level within the active contact height on
any plate may be represented as shown in Fig. 2b. Since
reactant A is immediately consumed as it reacts with reactant
B at the interface, yi = 0, and a simplified form of Eq. (1) is
obtained

V dy ¼ �kAa
0φAay dz (17)

which integrates to

yn ¼ e�β0yn�1 ¼ α0yn�1 (18)

The terminal raffinate composition reduces to

ðyN=yf Þ ¼ α
0N (19)

For the above reaction stoichiometry, the rates of transfer of
A and B are related by

kBa
0φAah xBn � xBi

� � ¼ fkA�yna
0
φAah (20)

�yn may be deduced from Eqs. (17) and (18) as

�yn ¼ 1
h

ðh
0
y dz ¼ ðeβ0 � 1Þ

β0
yn (21)

The concentration of B on two successive plates may be
related by overall and continuous phase balances on a plate,
this gives

xBn ¼ xBnþ1 � fV
L

1
α0
� 1

� �
yn (22)

The concentration of B in the final extract bottom product
reduces to

xB1 ¼ xBNþ1 � yf
fV
L

1� α
0N

� �
(23)

ESTIMATION OF MODEL PARAMETERS
It is clear from the above that the three dimensionless model

parameters b, c, and α determine the static characteristics of
perforated plate columns conducting a chemical reaction in the
continuous extract phase. The parameters b and c are combina-
tions of the dimensionless parameters α, δ, and g which are
functions of the system physical properties, column design
dimensions, and the phase flow rates. These are summarized
in Table 1.

The values of the hydrodynamic and mass transfer para-
meters figuring in the above definitions in Table 1 have been
obtained from available and comprehensively compiled corre-
lations in the literature (23, 30, 31). A summary of the used
hydrodynamic correlations is given in Table 2. For an existing
column the allowable range within which the flow rates of the
two phases may be varied is constrained by the hydrodynamic
stability and the mass transfer surface area. The hydrodynamic
stability range of phase flow rates is determined by the perfo-
rated plate column design dimensions. The maximum contin-
uous phase downspout velocity should be smaller than the
terminal falling velocity of the fine 0.6-0.8 mm droplets to
avoid flooding, that is, entrainment of dispersed phase droplets
to the plate below through the downspout. The depth of the
coalesced layer which is the sum of the head losses of both
phases should not extend beyond the length of the downspout
lest the dispersed phase liquid should flow up the downspout to

TABLE 1
Model dimensionless parameters

Symbol Definition Symbol Definition

α e�β δ 1� φð ÞAahk=L
α0 e�β0 b 1þ αþ 1� αð Þg þ δ

β KAa
0
Aaφh=V c 1� αð Þg þ αþ αδ

β kAa
0
Aaφh=V a1;2 ðb� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b2 � 4c
p Þ=2
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the plate above. Another constraint on the dispersed phase flow
rate is that the perforation velocity vo should lie between 0.1
and 0.15 m s−1 in order to ensure uniformity of the drop size
and maximization of interfacial surface.

The safe operating range of flow rates is narrower than that
called for by hydrodynamic stability. Owing to possible small
deviations in plate horizontality in large diameter columns,
the depth of the coalesced layer, hc should not be less than
about 0.05 m to avoid mal-distribution of flow through all
perforations. A restriction of smaller area, AR, is introduced in
the downspout to increase the continuous phase pressure drop
at low flow rates to ensure that the low hc constraint is not
violated. On the other hand, it should not exceed about 0.15
m to avoid encroachment on the effective mass transfer
height, h.

Correlations for estimation of the dispersed and continuous
phase mass transfer coefficients are reported in the literature for

three different droplet flow patterns namely quasi-rigid, circu-
lating, and oscillating droplets. These correlations are reported
for the dispersed and continuous phase mass transfer coeffi-
cients in Table 3. The numerical values of the coefficients used
in the model calculations were taken as the arithmetic average
of the predictions of the correlations for the three flow patterns.
The diffusion coefficients were calculated from Wilke-Lee (40)
and Hayduk and Laudie (41) correlations. The values of the
physico-chemical parameters used in the above hydrodynamic
and mass transfer correlations are given in Table 4. The above
correlations have been applied to a 0.96 m internal diameter
column containing 25 plates. The numerical values of the
design parameters used with the above correlations are given
in Table 5.

Since the application of the hydrodynamic correlations is
rather laborious and involves iterative calculations, MatLab
programs have been developed for the repetitive

TABLE 2
Used hydrodynamic correlations

Parameter Correlation Reference Definitions in correlations

Drop diameter, dp dp ¼ Fðv2o ; ρD;Δρ; σ; do; μCÞ Chart in [23] and [32] vo: Perforations velocity = V=Ap

Ap: Perforations area
do: Perforation’s diameter

Holdup, φ vs 1� φð Þ ¼ F μC; ρC;Δρ; dp
� �

Chart in [23] and [33] vn: net velocity = V=ðAT � AdÞ
Slip velocity, vs vsφ ¼ vn AT : Tower cross section

Ad: downspout cross section
a0 6φ=dp
Dispersed phase pressure drop, hD hD ¼ v2o�v2nð ÞρD

2g 0:672Δρð Þ þ 6σgc
dpsΔρg

[23] and [34] dps: drop diameters at vo = 0.03m/s

Continuous phase pressure drop, hC hC ¼ 4:5v2dð ÞρC
2gΔρ þ v2R�v2dð ÞρC

2g 0:672Δρð Þ
vd: downspout velocity = L=Ad

vR: Restriction velocity = L=AR

AR: downspout cross section
Depth of coalesced layer, hc hc ¼ hD þ hCð Þ Mass transfer height, h ¼ ðS� hcÞ

TABLE 3
Mass transfer correlations

Mass Transfer Coefficient Correlation Reference Remarks

Inside droplets kA ¼ 0:083d=te þ 6:58Dd=d (35) Viscous quasi rigid droplets
kA ¼ 0:079d=te þ 17:66Dd=d (36) Droplet inner circulation
kA ¼ 0:00375þ u= 1þ μD=μC

� �� �
(37) Oscillating droplet

Outside droplets kA ¼ DC
d 2þ 0:67

ffiffiffiffiffiffiffiffiffiffiffiffi
Rep:Sc

p� �
(38) Viscous quasi rigid droplets

kA ¼ DC
d 0:6

ffiffiffiffiffiffiffiffiffiffiffiffi
Rep:Sc

p� �
(36) Droplet inner circulation

kA ¼ 1:2D0:5
C

48σ
π2d3 2ρCþ3ρDð Þ

� �0:25 (39) Oscillating droplet
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computation of the relevant system characteristic parameters
for the studied range of phase flow rates. Data available in
chart form have been converted to equations to enable their
use in the programs.

The developed programs have been used to generate the
effects of changing the phase flow rates, within the stable
column operating range. Figure 4 presents the typical outputs
for the contact height, h, and the dimensionless parameters g, δ,
α, c, and a2 based on the numerical values of the physico-
chemical and column design parameters reported in Tables 4
and 5, respectively. For systems involving different values of
the above parameters, different numerical values would be
obtained for the dimensionless quantities but the trends of
variation of all the above quantities are expected to be the
same.

The results show that on increasing the dispersed phase flow
rate, the drop diameter and holdup increase while the slip
velocity and interfacial area per unit volume decrease. This is
also reflected as a reduction in the individual and overall
volumetric film mass transfer coefficients. Increase in either
of the phase flow rates corresponds to an increase of the height

of the coalesced layer beneath a plate which means a decrease
of the effective mass transfer height.

MODEL RESULTS
The steady state behavior of a column with a given number

of plates may be studied by integrating the computations of the
dimensionless parameters b, c, and g at different phase flow
rates together with the application of the model equations
pertaining to the prevailing reaction kinetic regime. In this
section, a 25 plate neutralization column where a solute acid
at a concentration of 0.024 kmole m−3 is removed from the
dispersed organic phase by contact with an aqueous phase
containing 0.25 kmole m−3 of an alkali reagent is considered.
The three cases of physical extraction, slow extract phase
reaction, and very fast interfacial reaction are investigated for
a range of phase flow rates lying between the limits of hydro-
dynamic stability.

TABLE 4
Numerical values of physico-chemical parameters

Physical property

Dispersed phase
benzene

containing HCl

Continuous
phase aqueous

NaOH

Density, kg m−3 877 1000
Viscosity, kg m−1 s−1 0.0006 0.001
Surface tension, N m−1 0.03 0.07
Interfacial tension, N m−1 0.04
Diffusivity of HCl in
benzene, cm2 s−1

4.21 × 10−5 —

Diffusivity of NaOH in
water, cm2 s−1

— 1.1×10−5

Reaction rate constant, s−1 — 0.0015

TABLE 5
Plate design parameters

Parameter Value Parameter Value

AT, m
2 0.7286 do, m 0.006

Aa, m
2 0.4649 Pitch, m 0.015

An, m
2 0.6083 S, m 0.5

Ad, m
2 0.1202 Perf. /plate 2386

AR, m
2 0.0157 Ap, m

2 0.0675

0.36

0.4

0.44

C
on

ta
ct

 h
ei

gh
t,

 h
,m

0.9

0.91

0.92

α

0.6

0.8

1

1.2

1.4

1.6

1.8

2

g

1

1.04

1.08

1.12

1.16

c

0.003 0.004 0.005
0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.003 0.004 0.005
0.948

0.952

0.956

0.96

0.964

δ a 2

V = 0.0092 m3s–1

V = 0.0067 m3s–1

V = 0.0077 m3s–1

V = 0.0067 m3s–1

V = 0.0092 m3s–1

V = 0.0077 m3s–1

V = 0.0092 m3s–1

V = 0.0077 m3s–1

V = 0.0067 m3s–1

V = 0.0092 m3 s–1

V = 0.0077 m3s–1

V = 0.0067 m3s–1

V = 0.0067 m3s–1

V = 0.0082 m3s –1

V = 0.0092 m3s–1

V = 0.0092 m3s –1

V = 0.0077 m3s–1

V = 0.0072 m3s –1

V = 0.0067 m3s–1

Solvent Rate, L, m3s–1

V = 0.0087 m3s–1

V = 0.0077 m3s –1

FIG. 4. Effect of continuous and dispersed phase flow rates on relevant
performance parameters of an extractive reaction column.
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Concentration Profiles
The extract and raffinate composition profiles for the

studied column are presented in Fig. 5. It is clear that the
presence of a chemical reaction enhances the purification of
the raffinate phase giving rise to smaller values of yn
throughout the column, maximum enhancement being
obtained for the case of the very fast reaction (curve III)
as shown in Fig. 5a. The concentration profile of A (xn) in
the extract is shown in Fig. 5b. Curve I corresponding to
physical extraction is higher than curve II pertaining to the
case of a slow reaction, while solute A in the extract phase
is completely transformed into product D and does not
appear in the extract phase in the case of the infinitely fast
reaction. Figure 5c shows that the concentrations of reactant
B in the extract phase, in the case of very fast reaction
(curve III), are lower than those pertaining to the slow
reaction. Reactant B is not present in the case of physical
extraction.

Mass Transfer Driving Force
The distribution of the mass transfer driving force along the

column may be derived by considering the mean mass transfer
driving force on each plate which may be expressed in raffinate
concentration units as

Driving Force ¼ �yn �mxn (24)

where �yn is the mean raffinate composition in the active
plate height. In the cases of physical extraction and slow
reaction,

�yn ¼ 1
h

ðh
0
y dz ¼ � 1

β

ðyn
yn�1

y dy
y �mxn

(25)

�yn ¼ 1
β

yn�1 � ynð Þ þmxnln
yn�1 �mxn
yn �mxn

	 

(26)

In the case of infinitely fast reaction,xn = 0 and �yn is given
by Eq. (21).

Figure 6 depicts the distribution of the mass transfer driv-
ing force along the column. It is seen that the plate concen-
tration driving forces decrease from the bottom to the top of
the column in the cases of fast and slow reactions while they
increase slightly in the case of physical extraction. The aver-
age driving force along the column in solute A concentration
units for the three studied cases of physical extraction, slow
reaction, and instantaneous reaction are respectively 0.0068,
0.0077, and 0.0095 kmoles.m−3. It is recalled that the pre-
sence of a chemical reaction reduces mass transfer resistance.
In the case of infinitely fast reaction (curve III), the resistance
in the extract phase is eliminated. In this case, the decrease in
the driving force as we move up the column is equivalent to
the decrease of the raffinate concentration. In the case of
physical extraction (curve I), the driving force is higher in
the upper plates where the solvent is still lean (mxn is small in
Eq. 24) and the concentration driving force drops as we move
down the column. For relatively slow chemical reactions
(curve II), the trend of the drop in the driving force as we
move up the column observed for the fast reaction is still
maintained but to a lesser extent. As the reaction rate constant
decreases, the driving force profile approaches that of physi-
cal extraction.
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Effect of Phase Flow Rates
Consideration of the effect of interaction between the flow

conditions and the mass transfer conditions in extractive reactors
is important at the phases of preliminary design of the column
and anticipation of the expected range of fluctuations in operat-
ing flow rates and compositions of the contacted liquids. It is
also important for the study of column control and the scheme of
counteracting disturbances in feed flow rate or composition by
manipulation of the phase flow rates in order to ensure that the
allowable maximum and minimum phase flow rates are not
surpassed for the column under consideration.

The effects of changing the feed and solvent flow rates,
within the safe operating window of the studied column, on
the terminal stream concentrations are depicted in Figs. 7, 8,
and 9 for the cases of physical extraction, instantaneous
interfacial reaction, and slow extract phase reaction, respec-
tively. It is seen that the raffinate stream composition in all of
the above cases increases as the feed flow rate is increased,
that is, the higher the feed rate V, the higher the curves giving
the raffinate product concentration y25 versus L in all cases.
Also, the final extract compositions x1 in the cases of physical
extraction and slow reaction, increase as the feed rate
increases and decrease as the solvent rate is increased. The
above two trends are expected since they are common to
counter current separation processes in general. In the case
of instantaneous reactions, the solute is not present in the
extract and the composition of reactant B in the extract
increases with the solvent rate and decreases with the feed
rate, which is also expected. In any case, increased solubility
or presence of an enhancing reaction results in improved
purification, that is, lower raffinate concentrations. The
observed trends of raffinate composition change with solvent

flow rate in the various cases are not obvious and will be
analyzed below.

Analysis of Raffinate Composition Trends
Figure 7a presents the case of a moderately soluble

solute, m = 0.6. It shows that as the solvent rate increases

Driving force, kmol m–3

0 0.008 0.016 0.024

5

10

15

20

25

5

10

15

20

25

III

II

I

P
la

te
 N

um
be

r

1

FIG. 6. Distribution of mass transfer driving force along the column.

0.0032

0.0036

0.004

0.0044

0.0048

0.0052

R
af

fi
na

te
, y

25
, k

m
ol

e 
m

–3

0.003
0.02

0.03

0.04

0.05

0.06

E
xt

ra
ct

, x
1, 

km
ol

e 
m

–3

0.006

0.008

0.01

0.012

0.02

0.024

0.028

0.032

0.036

0.0092

0.0077

0.0067

V, m3 s –1

0.0092
0.0077
0.0067

V, m3 s –1

0.0092
0.0077
0.0067

V, m3 s–1

0.0092
0.0077
0.0067

V, m3 s–1

Solvent Rate, L, m3s–1

0.0072

0.0082
0.0087

R
af

fi
na

te
, y

25
, k

m
ol

e 
m

–3

E
xt

ra
ct

, x
1, 

km
ol

e 
m

–3

Solvent Rate, L, m3s–1 Solvent Rate, L, m3s–1

Solvent Rate, L, m3s–1

(a) moderate solubility, m = 0.6

(b) high solubility, m = 0.2

0.0050.0040.003 0.0050.004

0.003 0.0050.004 0.003 0.0050.004

FIG. 7. Effect of phase flow rates on raffinate and extract phase compositions
in physical extraction (k = 0). (a) m = 0.6 (b) m = 0.2.

FIG. 8. Effect of phase flow rates on raffinate and extract phase compositions
in the case of infinitely fast reaction.

MASS TRANSFER- FLUID FLOW INTERACTIONS IN PERFORATED PLATE EXTRACTIVE REACTORS 1801



the solute concentration in the raffinate product decreases.
This trend is similar to that obtained when the effect of the
flow rate on the mass transfer resistance is neglected (42)
either by assuming theoretical stages or by lumping the
mass transfer efficiency effect into a pseudo-equilibrium
line.

In the case of physical extraction, the assumption of equili-
brium implies that KA.a’→∞, then β→∞, α→0, and c = g, in
this case Eq. (14) is reduced to a form obtainable from the
classical Kremser equation (43).

yN
yf

¼ 1� �1ð Þ 1� cNð Þ
cNþ1 � 1

¼ gNþ1 � gN

gNþ1 � 1
(27)

d yN=yf
� �
dL

¼ d yN=yf
� �
dg

� dg
dL

(28)

Differentiation of Eq. (27) gives

d yN=yf
� �
dg

¼
PN

i¼0 ig
� iþ1ð Þ

PN
i¼0 g

�iÞ� �2 (29)

which is always positive. On the other hand, dg/dL = -mV/L2,

is always negative, therefore
d yN=yfð Þ

dL given by Eq. (28) will be
always negative regardless the value of m.

When the mass transfer resistance is not neglected, the
above simplifying assumptions do not apply to Eq. (14), and
the obtained trend depends on the value of m. Figure 7b shows
that for the higher solute solubility case, m = 0.2 rather than
0.6, the raffinate composition increases rather than continuing
to decrease at high flow rates, exhibiting a minimum at some
intermediate flow rate.

For the limiting condition when m = 0, the separation factor
g = 0, and c = α. Also when m = 0, KA→ kA, β→β’ and α→ α’.
Eq. (14) may be thus simplified to

yN
yf

¼ 1� α0 � 1ð Þ 1� α
0N

� �
α0 � 1ð Þ ¼ α

0N ¼ e�Nβ0 (30)

which is Eq. (19) derived for the infinitely fast reaction.

d yN=yf
� �
dL

¼ d yN=yf
� �
dβ0

� dβ0

dL
(31)

Since h decreases as the continuous phase flow rate L
increases, as explained in section (3), dβ0=dL is always negative.

Also, d yN=yf
� �

=dβ0 ¼ �Ne�Nβ0 is always negative. Therefore,
yN=yf increases with the increase of the solvent flow rate L as
shown in Fig. 8, which depicts the trends obtained for a very fast
reaction. An increase of the solvent rate results in an increase in
raffinate concentration, that is, impairment of obtainable product
purity. In such cases, increase in either the feed composition, or
flow rate cannot be compensated by an increase in the solvent
rate. The concentration of B in the extract phase follows the
expected trend of increasing with the solvent rate and decreasing
with the feed rate.

At the other limiting condition of infinite solvent to feed
ratio, V/ L = 0, then g = 0, c = α, β→∞ and α→0. Substituting
c=α=0 in Eq. (14) gives yN=yf ¼ 0 which means that the
solute in the raffinate product is completely eliminated irre-
spective of the presence of a chemical reaction. The same result
could be obtained from Eq. (27) which is based on neglecting
the mass transfer resistance.

FIG. 9. Effect of phase flow rates in the case of a slow extract phase reaction,
k = 0.0015 s−1 (a) m = 1.2, (b) m = 0.6, (c) m = 0.2.
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Effect of Solubility and Reaction Rate
Figure 9 reports the results of presence of a slow extract

phase chemical reaction. The effect of a chemical reaction is
similar to that of increased solubility. It is seen from Fig. 9a,
that for a rate constant of (0.0015 s−1), the raffinate concentra-
tion follows the expected trend of decreasing with increased
solvent rate for low solute solubility (m = 1.2). It is character-
ized by a minimum in the case of moderate solubility (m = 0.6)
as shown in Fig. 9b and it increases monotonically with the
solvent rate for the high solubility case (m = 0.2) as shown in
Fig. 9c.

The trend of variation of raffinate composition with chan-
ging flow rates arises from two opposing tendencies. The
increase in either flow rate is associated with a negative effect
on raffinate purity owing to decrease of the effective mass
transfer contact height on a plate, while the increase in solvent
rate has a positive effect because of the increased mass transfer
driving force. In the cases of pure physical extraction or slow
extract phase reaction, raffinate purity is improved with
increasing solvent rate up to the limit where the reduction in
mass transfer rate counter balances the effect of the increased
driving force arising from dilution.

The solvent rate at which the hydrodynamic impairment of
purity starts to prevail depends on the equilibrium solubility
and the reaction rate. Since the increase of the above two
factors is associated with an improvement in driving force,
the flow rate at which purity starts to deteriorate is higher the
higher the solubility or reaction rate or both. Considering the
case of physical extraction, the solvent rate at which yN=yf is
minimum may be obtained by differentiating Eq. (14) and
setting dðyN=yf Þ=dL ¼ 0. This gives

dc=dL
dα=dL

� cNþ1 � cNð Þ cN � 1ð Þ
α� 1ð Þðc2N � N þ 1ð ÞcN þ NcN�1Þ ¼ 0 (32)

For given values of system physical properties, column dimen-
sions, feed flow rate, and solubility (m), all of c, α, dc/dL, and
dα/dL are functions of L alone. For m = 0.2, Eq. (32) is
satisfied at intermediate values of L corresponding to the
minima shown in Fig. 7b. For values of m, corresponding to
relatively low or high solubility, Eq. (32) is not satisfied.

For the case of infinitely fast reactions or infinite solute
solubility, no further improvement of the driving force is pos-
sible on increasing the solvent rate, it is already at its maximum
because the solute concentration in the extract is zero. The
raffinate purity therefore decreases monotonically with the
increase of the solvent rate.

CONCLUSIONS
Steady state models have been developed for analyzing the

performance of un-agitated perforated plate liquid-liquid
extraction columns conducting an extract phase reaction.
Three modes of interaction between mass transfer and chemical

kinetics have been considered. These include the cases of
physical extraction, slow extract phase reaction, and infinitely
fast interfacial reaction. The derived models consider the effect
of flow dynamics on the mass transfer taking place along the
effective contact height on each plate. They are characterized
by three dimensionless parameters α, g, and δ which reflect the
column hydrodynamic behavior and transport properties of the
handled liquids. Existing correlations relating phase flow rates
to hydrodynamic and mass transfer performance variables of
the system have been integrated into the computations of the
model dimensionless parameters.

The effect of the reaction rate is illustrated by generating
typical steady state composition profiles of the solute in the
extract and raffinate phases and of the solvent phase reactant
along a column in which an acid is removed from an aromatic
hydrocarbon by an aqueous alkalized solvent. Different trends
are observed for the distribution of the composition driving
forces along the column in the studied cases.

In un-agitated perforated plate columns, the effect of chan-
ging flow rates on the obtained compositions of the final
raffinate and extract products depends on the interaction
between the kinetic regime, solute solubility, mass transfer
conditions, and hydrodynamic performance of the system.
Interesting trends have been observed for the effect of increas-
ing the continuous solvent phase flow rate on the obtained
raffinate purity for the studied cases. The trends have been
analyzed in terms of the limiting conditions of infinite solubi-
lity and infinite solvent to feed ratio. They have been also
compared with predictions of models based on neglecting the
mass transfer fluid dynamic interactions in multi-stage separa-
tion cascades.

Increasing the continuous solvent flow rate in cases of
limited solute solubility and slow reactions, results in improve-
ment of the raffinate product purity. It is therefore possible in
this case to keep the raffinate concentration despite feed com-
position disturbances by manipulation of the solvent rate. This
is not the case for systems with high solute solubility and rather
fast reactions where increasing the solvent rate is associated
with deterioration of the final raffinate purity. In such cases
feed composition disturbances would call for manipulation of
the feed rate rather than the solvent rate.

NOMENCLATURE

a0: interfacial area per unit volume of dispersed phase,
m2 m−3

a1,2: ðb�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 � 4c

p
Þ=2

Aa: active plate area, m2

b: 1 + α + (1 − α) g + δ
c: (1 − α) g + α + α δ
f : reaction stoichiometric coefficient
g: separation factor, g = mV/L
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h: active contact height above a plate, h = S-hc, m
hc: depth of coalesced layer beneath a plate, m
KA: overall mass transfer coefficient of reactant A, m s−1

k: first order reaction rate constant, s−1

kA: mass transfer coefficient of reactant A in raffinate
phase, m s−1

kB: mass transfer coefficient of reactant B in extract
phase, m s−1

L: volumetric flow rate of the continuous solvent
phase, m3 s−1

m: slope of the equilibrium relation
n: plate number
N: total number of plates
S: tray spacing, m
V: dispersed phase feed flow rate, m3 s−1

xB: reactant B concentration in continuous extract phase,
kmol.m−3

xn: reactant A concentration in extract entering plate
(n-1), kmol.m−3

xBn: reactant B concentration in extract entering plate
(n-1), kmol.m−3

xBNþ1: reactant B concentration in the solvent feed phase,
kmol.m−3

y�n: raffinate composition in equilibrium with xn,
kmol.m−3

yf : reactant A concentration in the dispersed phase feed,
kmol.m−3

�yn: mean dispersed phase reactant A concentration on
plate n, kmol.m−3

yn: reactant A concentration in the dispersed phase
entering plate (n+1), kmol.m−3

z: elevation above tray level, m

Greek Symbols

α: dimensionless parameter, α ¼ e�β

α0: dimensionless parameter, α0 ¼ e�β0

β: dimensionless parameter, β ¼ KAa0Aaφh=V
β0: dimensionless parameter, β0 ¼ kAa0Aaφh=V
δ: dimensionless parameter, δ ¼ 1� φð ÞAahk=L
φ: dispersed phase holdup volume fraction
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