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ABSTRACT: Experimental data obtained in a pilot-scale Kihni liquid-liquid extraction column
were used to obtain. In this study, volumetric overall mass transfer coefficients were measured
and correlated under different operating variables in a 113 mm diameter Kihni column. Both
mass transfer directions are considered in the experiments. The effect of operating parameters
on the volumetric overall mass transfer coefficients has been investigated. According to obtained results,
mass transfer performance is strongly dependent on rotor speed and mass transfer direction,
although only slightly dependent on phase flow rates. A novel empirical correlation is developed
for prediction of overall continuous phase Sherwood number based on dispersed phase holdup,
Reynolds number and mass transfer direction. The proposed correlations based on dimensionless
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numbers can be considered as a useful tool for the possible scale up of the Kihni column.

KEYWORDS: Kiihni column; Overall mass transfer coefficients; Mass transfer direction;

Sherwood number.

INTRODUCTION

Liquid-liquid extraction or solvent extraction is
a separation process which is based on the different
distribution of the components to be separated between
two liquid phases. It depends on the mass transfer of
the component to be extracted from a first liquid phase
to a second one [1, 2].

Different types of liquid-liquid columns are in use
nowadays, which can be classified into two main

categories: agitated (RDC, ORC & Kihni) and pulsed
(packed, sieve plate & disc and doughnut) columns [3-6].

The Kihni contactor represents a logical development
of the RDC and ORC columns, in which the baffled
impellers of the latter are replaced by the unbaffled
double entry turbines, and the annular partition plates
between stages in the former are replaced by the
perforated stator plates [7].
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In most industrial extraction equipment, one phase
is dispersed as a swarm in a second continuous phase.
This method of contact has the advantage of providing a large
interfacial area per unit volume for the mass transfer [8, 9].

The design and scale up of an extractor needs
the calculation of two independent parameters including
the cross-sectional area and the height of the column.
The first one is required to accommodate the desired flows
without flooding and the second one should be
determined to reach the appropriate performance of
extraction columns [10].

Therefore, knowledge of mass transfer performance
is of fundamental importance for the design and
development of practical extraction columns. Mixing
is often applied to the extraction columns such as RDC,
Kihni, and ORC columns in order to improve the phase
contact. The performance of the apparatus is often
ameliorated by the use of impellers. The agitation
modifies the apparatus hydrodynamics by inducing
turbulence in the flow thus improving the interphase
contact and intensifying the mass transfer [11, 12].

The knowledge of axial mixing in extraction column
is necessary for understanding the fundamental processes
involved in the mass transfer. Failure to account for axial
mixing may lead to large errors in column dimensions.
It has been reported that axial dispersion in extraction columns
lowers the process efficiency as much as 30% [13].

Use axial mixing or backflow model for design and
scale-up is now developed for determination of height of
extraction column. In this method, one parameter is
considered for all deviations from the ideal plug flow
conditions [14].

The investigation has been focused to study the axial
dispersion in continuous phase of liquid—liquid extraction
columns such as spray towers [15-17], reciprocating plate
extraction columns [18, 19] and pulsed sieve plate
extraction columns [20, 21]. Although, a few studies
can be found in which this effect has been taken into account.

Determining mass transfer coefficient in an extractor
is difficult due to significant uncertainty. Although,
the Kihni was applied appropriately for a number
of separation processes, limited experimental data
are available from the literature on the mass transfer
performance of Kihni extraction columns.

This research work examines the ability of an axial
dispersion model with correlations to predict the
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performance of a Kihni column. New correlations
are proposed to describe the effects of agitation conditions,
phase velocities, physical properties of the liquid-liquid
system on the overall mass transfer coefficients.

EXPERIMENTAL SECTION
Description of the Equipment

A pilot scale unit of Kihni extraction column
was constructed. Internal diameter of Kihni contactor is
113 mm and it has 10 stages. Agitation at each stage
is achieved with 50 mm diameter shrouded six-blade
turbine agitator with an accurate speed control.
The interface location of the two phases at the top
of the heavy-phase inlet and under the light-phase outlet
in the upper settler was automatically controlled by an optical
sensor. A solenoid valve (a normally closed type)
was provided at the outlet stream of the heavy phase.
When the interface location was meant to change, the optical
sensor sent a signal to the solenoid valve and the heavy
phase was allowed to leave the column by opening
the diaphragm of the solenoid valve. The light phase
was allowed to leave the column via an overflow.
A schematic diagram of the experimental apparatus
is shown in Fig. 1. The geometrical data of the investigated
extraction column are given in Table 1.

Materials Used

All  experiments were conducted at ambient
temperature, using a liquid-liquid system according to
the recommendations of the European Federation of
Chemical Engineering [22]. The system was toluene—
acetone-water. The experiments were carried out in both
mass transfer directions. In all of the experiments, dilute
solutions were investigated with approximately 3.5 wt%
acetone as transferred solute in the organic or aqueous
phase.

The physical properties of these systems are listed in
Table 2. Technical-grade solvents of at least 99.5 wt%
purity were used as the dispersed phase and distilled
water was used as the continuous phase.

Analytic Procedure

In each experiment the following variables were
measured:

(1) Before starting each run, the aqueous and organic
phases were first mutually saturated, after which acetone
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Table 1: The geometrical data of the investigated extraction column.

f Column diameter (m) 0.117 \
Shrouded six-bladed turbine diameter (m) 0.05
Column working height (m) 0.7
Stator plate fractional free area 0.212
K No. of compartments (-) 10 j

Table 2: Physical properties of liquid systems at 20 °C [22].

4 Physical property Toluene/acetone/water I
pe [kg/m?] 994.4-995.7
pa [kg/m?] 864.4-865.2
1t [mPa.s] 1.059-1.075
e [MPa.s] 0.574-0.584
6 [mN/m] 27.5-30.1
D. [m?s] 1.09-1.14x10°
\_ Dy [m?/s] 2.7-2.8x10° J

I:I
12

Organic
phase

Aqueous
phase

Aqueous

phase

Fig. 1: A schematic diagram of the experimental apparatus.

151



Iran. J. Chem. Chem. Eng.

was added to the dispersed (organic) phase to give
a concentration of about 3.5 wt% acetone.

(2) Samples of each phase were taken at their inlets
to the column and used for determination of the initial solute
concentration.

(3) The rotor speed and the continuous phase flow
rate were set at the desired valves and the dispersed phase
gradually admitted into the column up to the desired
volumetric flow rate.

(4) The interface location was then maintained at the
desired height, and the system was allowed to reach
steady-state.

(5) For all experiments, the steady-state condition
could be achieved after three times the residence times.

(6) At the end of each run, samples of the aqueous
and organic phases were taken at their respective outlet.

(7) The solute concentrations were then determined
by UV-visible spectroscopy.

(8) Dispersed phase holdup (@) along the column
using shutdown procedure, when the operation became
steady state, the dispersed phase and continuous phase
inlet and outlet valves were quickly closed. The dispersed
phase was allowed to settle and the difference
in the interface level location was used to measure the total
holdup. The holdup was defined as the ratio of the displaced
dispersed phase volume to the total volume
of the extraction region.

(9) Sauter mean diameter of droplets (ds2), in the way
that pictures of four different heights of the column have
been captured in each experiment by means of a very
high-resolution Nikon D5000 camera and have been
compared with the stators thickness served as
the reference for the drop size measurements. The Sauter
mean diameter was calculated from the following
equation:

N
Znidf’

d32=':11— (D)
Znidiz
i1

where n; denotes the number of drops of diameter d;.
The specific interfacial area was obtained by
the following equation:
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All experiments were performed far from flooding
conditions. For each liquid-liquid system the operating
variables were systematically varied to determine
their influence on the volumetric overall mass transfer
coefficient.

Model for mass transfer coefficient

According to the axial diffusion model and material
balance in the extraction column, over the differential
elements of the extraction column with a total effective
height, H, the equation set for steady state process
is established using following equation, under the constant
superficial velocities V¢ and Vd at any given agitation
rate [8]:

0 1 ox *
—| X———|+N X—X )=0 3
62( PC 6ZJ OC( ) @)
0 1 ox V .
— Z 22N S (x=X)= 4
6Z[y+Pd 6ZJ+ oc v, (x-x)=0 (4)

It should be noted that in Egs. (3) and (4)
Noc= KocaH/V¢ represents (NTU)oe= H/(HTU)oc. Pec and Peg
are Peclet numbers and may be represent as Egs. (5) and (6):

Pe _Ave (5)
c EC
HV

Pe,=—2 6

= (6)

d

The axial mixing in the dispersed phase is generally
less pronounced than that in the continuous phase.
In the present work, dispersed phase axial dispersion is assumed
to be negligible. The following boundary conditions
can be used for the extraction column:

dy

—==0, 7
iz ()
dy=y° (atthebottomof theextractor), Z=1

- ope, (), @

(atthetopof theextractor), Z=0

By using the continuous phase axial dispersion
coefficient, the measured dispersed and continuous phase
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concentrations, together with the equilibrium data,
and the boundary conditions, the experimental values
of volumetric overall mass transfer coefficients
are calculated from Egs. (3) and (4).

In the current study, dispersed phase axial dispersion
is taken to be negligible, with the continuous phase axial
mixing coefficient calculated by the following equation
given by Kumar and Hartland [23]:

E V
€ -0.42+0.29| 4 |+ (9)
VChC VC

ND
1.05><10_2[ VRJ+ 13'?\18[) x
3.18+(RJ
VC
-0.08 0.16 0.1
1’]c DR hc

RESULTS AND DISCUSSION

The influence of agitation rate on the volumetric
overall mass transfer coefficient, mean drop size and
holdup are shown in Fig. 2 (a, b and c). and the pictures
of drop sizes for dispersed to continuous transfer
with different rotor speed are shown in Fig 3.

As expected, a higher rotor speed leads to a lower value
of the mean drop size and a higher value of the holdup.
The interfacial area for mass transfer increases with both
effects. However, the reduction of drop diameter results
in a reduction of the overall mass transfer coefficient
due to the reduction of internal circulations inside the drop.
The experimental findings indicate that the effect of
the interfacial area is larger than that of the overall mass
transfer coefficient and, consequently, the mass transfer
performance increases with an increase in rotor speed.

Fig. 2 also reveals that the extraction column
performance changes with the mass transfer direction.
When the mass transfer carries out from the continuous to
the dispersed phase, acetone concentration in the top of
drop is lower than the bottom of the drop. This interfacial
tension driving force results in interface moves in
opposition to the direction of the inner circulation
generated in the droplet. So, interface deformation can be
happened when the direction of mass transfer is ¢ — d.
Drop deformation such as the break-up process leads
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Fig. 2: Effect of agitation rate on (a) Volumetric overall mass
transfer (b) Sauter mean drop diameter and (c) Holdup
(Ve= Vg= 0.62 mm/s).
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Fig. 3: Pictures of drop sizes with different rotor speeds for dispersed to continuous transfer (a) 135, (b) 175, (c) 195, (d) 235 rpm.

to the enhancement of mass transfer. For d — ¢ mass
transfer,the interfacial tension driving force is opposite.
The interface motion and the inner circulation are
in the same direction. Consequently, the droplets can be more
stable than in the ¢ — d direction. Therefore, drops tend
to be smaller in ¢ — d mass transfer than opposite
direction (see Fig. 2 (b)). In addition, the dispersed phase
holdup is larger for ¢ — d acetone transfer because
of the smaller droplets formation (see Fig. 2 (c)). Finally,
in the case of ¢ — d direction, the interfacial area is higher
than that of in the d — c because of the lower drop size and
higher holdup.

The higher mass transfer coefficient in the d — ¢
direction than ¢ — d direction for acetone transfer can be
explained via the interfacial turbulence induction of local
differences in the acetone concentration. The interfacial
tension driving force is occurred due to interfacial
movement and internal circulation generated in the drop.
The latter mentioned phenomena are in the same direction
in ¢ — d acetone transfer, while in d — ¢ acetone transfer,
they are in the opposing directions. For mentioned reason,
internal agitation within the drop would carries out ind — ¢
transfer systems which results in higher mass transfer
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coefficient than that realized for ¢ — d transfer systems.
It is seen that the influence of interfacial area on the mass
transfer performance of extraction column is lower than
that of the overall mass transfer coefficient.

The influence of continuous phase velocity on
volumetric overall mass transfer coefficient, mean drop
size and holdup are shown in Fig. 4 (a, b and c). It can be seen
that the volumetric overall mass transfer coefficient
and interfacial area increase with an increase in continuous
phase velocity in the range of velocities studied.

The dispersed phase holdup increases with the
increase in continuous phase velocity due to a reduction
of the relative velocity between the drops and continuous
phase. Moreover, this effect is not appreciable on the size
of the dispersed drops (Fig.4b). Therefore, the interfacial
area increases with the increase in holdup. The overall
mass transfer coefficient increases with Vc due to
an increase in drag forces arising from the relative velocity
between a drop and the continuous phase. Consequently,
the mass transfer performance increases with the increase
in the interfacial area and overall mass transfer coefficient.

It is also observed that the overall mass transfer
coefficient slightly increases with an increase in the
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continuous phase velocity. Therefore, the column
performance increases with the both effects.

Fig. 5 (a, b and c) shows the influence of dispersed
phase velocity on volumetric overall mass transfer
coefficient, mean drop size and holdup respectively.
As it can be seen from Figs. 5(b) and (c), the Sauter mean drop
diameter and dispersed phase holdup increase with the
enhancement of dispersed phase velocity in the ¢ — d
and d — ¢ mass transfer directions, although,
the influence of the dispersed phase holdup on the interfacial
area is dominant than that of the mean drop size. Thus,
there is an increase in the interfacial area with increasing
of dispersed phase velocity. As it is also seen, the overall
mass transfer coefficient increases with the enhancement
of the dispersed phase velocity for d — ¢ and ¢ — d
direction. For both mass transfer directions, the mass
transfer performance in the extraction column would
enhance with an increase in both overall mass transfer
coefficient and the interfacial area.

Several studies have reported that mass transfer is
an important parameter in liquid—liquid columns and
has to be taken into account to design industrial columns.
Mass transfer in the continuous phase is commonly changed
by a combination of molecular diffusion, and natural
or forced convection within the drop [24].

A number of empirical equations to predict mass
transfer in a single drop and different types of extraction
columns are available. Table 3 briefly gives a list
of the published related correlations.

Table 4 is provided for comparison of experimental
results of overall mass transfer coefficient with the results
of previous studies. Average Absolute Relative Error
(AARE) is used to determine the accuracy of current
work. According to the Table 4, it can be resulted that
none of the previous correlations are suitable for
determination of mass transfer coefficient in the
perforated rotating disc contactor.

The calculated values of the overall mass transfer
coefficients (Koc) are then compared with those provided
from single-drop correlations (Egs. (10) to (17) in Table 1).
This is affected by using one of the following expressions

relating the overall to individual mass transfer
coefficients:

1 1,1 (23)
Koe k. mk,
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Fig. 4: Effect of continuous phase velocity on (a) Volumetric
overall mass transfer the (b) Sauter mean drop diameter and
(c) Hold-up (V4= 0.62 mm/s).
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The Grober equation (Eq. (24)) [36] concerns rigid
drops which do not have any internal circulation and
where mass transfer is more controlled by a transient
molecular diffusion.

d © 42D, t
K =——In|6Y B exp| ——2 -9 24

The Kronig-Brink model (Eg. (25)) [37] assumes
a laminar diffusion with an inner circulation inside
the drop, induced by its relative motion, with respect
to the continuous phase.

d, [32 ., 641, D,t
K,g=——=In| =Y Blexp| -—3>— 25

The Handlos-Baron model (Eg. (26)) [38] deals
with the case of drops with internal turbulent circulation
and where mass transfer is controlled by turbulent diffusion.

d ® A Vit
K,y=——In|6Y BZexp| ———"t — 26
°od 6t Lz_l " p( 128d(1+1<)ﬂ (20)

Although mass transfer into or out of drops have been
investigated for many years, it is still not fully
understood, since it depends on several factors. These
factors include the fact that the dispersed phase mass
transfer coefficient depends upon the nature, size and
behavior of the drop. The presently available equations
for calculation of the dispersed phase mass transfer
coefficient are not usually valid over a range of drop sizes
and behavior in a typical extraction column. The above
equation is used for calculation of kd for circulating drop
(Egs. (14) to (17)).

The values of error in the correlations related to these
columns are rather unsatisfactory for a kihni column.
A comparison between these correlations and
the experimental data is shown in Fig. 6.

In the present study, the possibility of using
these correlations for prediction of overall continuous
mass transfer coefficient.

The predictive correlation for mass transfer
coefficient in conjunction with holdup, drop size and
physical properties are proposed to predict the
performance of the columns as expressed by the
following equations:
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Table 3: Previous correlations for estimation of mass transfer coefficient in single drop systems and extraction columns.

\
Reference Correlations
Stagnant Drops
Lochiel and _ 1/2 13 :
Calderbank [25] Sh,=0.7Re"“Sc, high Reynolds numbers (10)
7
Brauer [26] Sh, =2+ 0.66 SG OZ?G Peé 5 1<Re<100 (11)
1+Sc,  2.4+Sc | S 1+ Pel
Skelland [24] Sh, =2+C; Ret/2 sc.t/® (12)
Cliftetal. [27] Sh, =1+0.724Re%48 5 /3 (13)
Circulating Drops
Garner et al.
[26] Sh, =-126+1.8Re%°5c24?  8<Re <800 (14)
Brauer [26] Sh, =2+0.0511Re®"245c?7 4 <Re <1000 130< Sc < 23600 (15)
p 1/2 1 1/2
Weber [29] Sh, = 2[—e°j [ - —15(289+ 2.15K°-64)} k<2 and pglp.<4 (16)
r Re
She — She rigi
_She~SMerigia exp[-4.18x10°Pe,24?]
. Shc,circ - Shc,rigid
Steiner [30] 10<Re <1200 190< Sc, < 241000 17)

She rigia = 2.43+0.775Re*'? Sc'/% +0.0103Re Sc,M'*

Extraction Columns

Kumar and
Hartland [31]

S
E_Shc,rigid

_ x|[1+Cy Z(&j
Sheoo =S /L-9) glgo

C1=4.33, 2.44, 7.5 and 0 for Pulsed, Karr, Kithni and Rotating Disc Column, respectively.

1/3
2 oall4 a3V
—5.26x10-2 Rel/2+6:5910° Re"*xSc; ( sHc j —

(e 1+«

1/4)1/3
} (18)

and Safdari [33]

Torab-Mostaedi Shy, =12.34+0.116Re™3%®  Re>10 9
etal. [32] Shye =2.586+ 0.000217Re*86 Re <10 Hanson Mixer Settler
Torab-Mostaedi | Shoc =—49.76+148Re%®*  10<Re <150 (d to c) 0

Shy, =-5935+ 27.27Re%% Pulsed Pa&ed Extragion Colurm

9<Re<105 (c to d)

Torab-Mostaedi
et al. [34]

Shy, = -12156+10362Re%6 (1-¢p) 11.73<Re<69.43 (d to c)

Shy, =-11950+11330Re®!?(1-¢) 9.45<Re<57.08 (c to d)
Colum

21

pulsed Dis and Doudnut Extration

Torab-Mostaedi

and
Asadollahzadeh
\___[38]

Shye =-37.31+2294Re%* (1-¢)  (d to ©)
ARDC Extration

Sh,. =-12072+117.01Re’*?(1-¢) (c to d
Foc (-¢) ctod) -

(22)
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Table 4: The values of AARE in the predicted values of Overall Sherwood number obtained by previous correlations.

-

Averaged absolute values of the relative error (AARE) \

Equation
d to c direct c to d direct
She (Lochiel and Calderbank, Eq.10) and kg (Newman, Eq.24) 78.4% 76.7%
Sh¢ (Brauer, Eq.11) and kg (Newman, Eq.24) 77.1% 75.2%
She (Skelland, Eq.12) and kg (Newman, Eq.24) 77.8% 76.0%
She (Clift et al., Eq.13) and kq (Newman, Eq.24) 77.9% 76.0%
Sh¢ (Garner et al., Eq.14) and kg (Kronig and Brink, Eq.25) 144.2% 124.5%
She (Brauer, Eq.15) and kg4 (Kronig and Brink, Eq.25) 59.4% 56.8%
She (Weber, Eq.16) and kg (Kronig and Brink, Eq.25) 39.4% 34.9%
She (Steiner, Eq.17) and kq (Kronig and Brink, Eq.25) 57.1% 54.0%
Shee (Kumar and Hartland, RDC Column, Eq. 18) 18.9% 12.6%
Shee (Kumar and Hartland, Kiihni Column, Eq. 18) 19.0% 12.7%
Shec (Torab-Mostaedi et al., Eq. 19) 48.3% 44.5%
Shyc (Torab-Mostaedi and Safdari, Eq.20) 61.8% 75.9%
Shyc (Torab-Mostaedi et al., Eq.21) 52.2% 60.7%
\ She. (Torab-Mostaedi and Asadollahzadeh, Eq. 22) 52.5% 60.3% /
60 55
@ Kumar and Hartand, Kubni Column £q. 18 (.) @ Kumar and Hartlang, Kuhni Column Eq. 18 (b)
554 ® Torab Mestaed! ot i Eq. 19 50 * Torab-Mostaed ot 3l , Eq. 19
* Torab-Mostaed! and Safdari, Eg 20 3 o Torab-Mastaed and Safdari Eq 20
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B 204 o:.- 0 s 2 ° o:.""o
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She. (Experimental)
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Fig. 6: Comparison of the values calculated previous models with experimental results (a) d to ¢ direction and (b) ¢ to d direction.

Sh,, =4.89+2.19Re(1-¢) *®® (d to ¢) (27)
Sh,,=-5.19+5.39Re®78(1-¢) " (c to d)

The experimental data are compared with the
calculated results from the above equations in Fig. 7. This
figure indicates that the suggested equation can estimate
the overall continuous phase Sherwood number with high
accuracy. These correlations predict the results with
a reduced average error of 3.75%.
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CONCLUSIONS

(1) The experimental findings show that the mass
transfer performance is strongly dependent on rotor speed
and interfacial tension. Improved column performance
is observed for the system of lower interfacial tension.

(2) The results show that the continuous phase
velocity has little influenced on the value of Kqca, while
Koca increases with an increase in dispersed phase
velocity.
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Fig. 7: Comparison between experimental data and the
estimated values using equation (27).

(3) Continuous phase overall mass transfer
coefficients are predicted using new correlations
which is developed in this study. The proposed correlations
can be applied to determine the extraction column height
for various extraction processes.

(4) These correlations can be used to calculate
the column height for different extraction processes.
the present study is of use to those desiring to use kiihni
extraction column.

NOMENCLATURE
a Interfacial area, m?%/m?
Bn nt" coefficient in equations
ds Sauter mean drop diameter, m
D Column diameter, m
Dr Rotor diameter, m
D Molecular diffusivity, m?/s
E Axial mixing coefficient, m?/s
g Acceleration due to gravity, m/s?
H Effective height of the column, m
K Overall mass transfer coefficient, m/s
N Rotor speed, s*
Nox Number of ‘true' transfer unit
P Péclet number=HV/E
Pec Continuous-phase Péclet number = d3;Vs/Dc
Q Flow rate of the continuous or dispersed phase, [m3/s]
Re Reynolds number = daz2Vspe/pic
Sc Schmidt number =p/(pD)
Sh Sherwood number =kds2/D
Shec Overall continuous-phase Sherwood number
=Kocls2/D
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t Time, s
\% Superficial velocity, m/s
Vs Slip velocity, m/s
Vi Terminal velocity, m/s
X Mass fraction of acetone in continuous phase
X* Equilibrium mass fraction
y Mass fraction of acetone in dispersed phase

Greek Letters

An n' coefficient in equations (24 and 25)
p Density, kg/m?®
Ap Density difference between phases, kg/m?
K Viscosity ratio (pa/ pic)
c Interfacial tension
n Viscosity
[0} Dispersed phase holdup
\V Power dissipated per unit mass
Subscripts

c Continuous phase
d Dispersed phase
0 Overall value
X x-phase (continuous phase in present case)
y y-phase (dispersed phase in present case)

Superscripts
* Equilibrium value
° Inlet to column
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