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estigation in a horizontal–vertical
pulsed packed extraction column†

Sajad Khooshechin, ab Mohammad Ali Moosavian,a Jaber Safdari*b

and Mohammad Hassan Mallahb

In this study, hydrodynamic parameters and themass transfer coefficient were investigated in a pilot version

of a horizontal–vertical pulsed packed extraction column using a toluene–acetone–water system. The

effects of the operational parameters on the volumetric overall mass transfer coefficient and

hydrodynamic parameters away from the flooding point were studied, and it was found that the

volumetric overall mass transfer coefficient, mean drop size and disperse phase holdup were significantly

affected by the pulse intensity. However, the dispersed and continuous phase flow rates have a weaker

effect. On the other hand, by increasing the pulse intensity the mean drop size and volumetric overall

mass transfer coefficient were reduced and increased, respectively, in both sections of the column, but

the disperse phase holdup displayed different behavior in the horizontal and vertical sections. By

increasing the pulse intensity, the disperse phase holdup was first reduced and then increased in the

horizontal section; however, an incremental trend was observed in the vertical section. The effect of the

dispersed phase flow rate was significant for all the investigated parameters, but weaker. For instance, all

the investigated parameters were increased by enhancing the dispersed phase flow rate. In contrast, the

continuous phase flow rate has sometimes had no significant effect, for example, on the mean drop size

in both sections of the column. Finally, two empirical correlations for the prediction of the volumetric

overall mass transfer coefficient based on the continuous phase were derived in terms of the Sherwood

number, Reynolds number and other dimensionless numbers. Good agreement between predictions and

experiments was found for all operating conditions that were investigated.
1. Introduction

Liquid–liquid extraction is a useful technique used in various
separation technologies, for example, in the chemical,
biochemical, and petroleum industries, in hydrometallurgy for
the purication of metals and in nuclear fuel reprocessing.1–5

Solvent extraction equipment can be classied into mixer-
settlers and different types of countercurrent extraction
columns. On comparing the performance characteristics of
these devices, columns are found to be highly efficient and
exhibit low costs in respect of their stage numbers, solvent
inventory, settler area, site area and maintenance.6 The effi-
ciency of mass transfer is generally a function of the diffusion
constant, degree of turbulence and interfacial area available for
mass transfer. Factors that can be changed by liquid–liquid
contactors to improve the efficiency of mass transfer include the
ngineering, University of Tehran, Tehran,
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degree of turbulence imparted to the system and the interfacial
area.7 The rate of mass transfer in liquid–liquid extraction can
be increased by mechanical agitation such as pulsations
imparted to the liquids by an external mechanical or electronic
device. Internal mechanical parts are eliminated, leakage is
minimized, and the pulsator can be isolated.7–10

One form of countercurrent extraction equipment that uses
an external mechanical device is the pulsed column. Pulsed
columns have been of interest in the eld of liquid–liquid
extraction because pulsing improves the rate of mass transfer by
reducing the drop size.10 Chantry et al. (1955) showed that the
column height required to achieve a given degree of extraction
is reduced by a factor of three via pulsation. These columns
have an obvious advantage over other mechanical contactors
when processing corrosive or radioactive solutions because the
pulsing unit can be remote from the column. In addition, the
absence of moving mechanical parts in such columns facilitates
repair and servicing. On the basis of the published literature,
pulsed extraction columns can be categorized into the vertical
type (sieve plate, packed, and disc and doughnut), the hori-
zontal type (sieve plate and packed) and the horizontal–vertical
type (sieve plate and packed), of which the horizontal–vertical
pulsed packed column is introduced in this work.
This journal is © The Royal Society of Chemistry 2017
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Table 1 Physical properties of studied system at 20 �C (ref. 21)

Physical property Toluene–acetone–water

rc (kg m�3) 994.5–995.7
rd (kg m�3) 864.4–865.2
mc (mPpa s) 1.059–1.075
md (mPpa s) 0.574–0.584
s (mN m�1) 27.5–30.1
Dc (nm

2 s�1) 1.09–1.14
Dd (nm2 s�1) 2.7–2.8
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Most reported investigations have dealt with the sieve plate
and packing type of vertical structures.9,11,12 However, there are
some reasons why horizontal pulsed columns aremore desirable
than vertical columns, such as their easier maintenance when
throughput is high or higher performance in limited areas.13

However, horizontal pulsed columns have a lower production
capacity than vertical columns in the same conditions. As both
vertical and horizontal columns have their own advantages and
disadvantages, it is important to consider the specic process.
Regarding the third category, better performance is expected
from combining horizontal and vertical columns as a hori-
zontal–vertical structure, in particular when restrictions prevent
the use of vertical columns. Akhgar et al.14 and Amani et al.15

have investigated the hydrodynamic parameters of a horizontal–
vertical pulsed sieve plate column, but no data are published in
the literature regarding the mass transfer performance of this
structure, even that of the sieve plate. An investigation of the
hydrodynamic parameters, as well as the mass transfer perfor-
mance, is therefore necessary for this packing type.

In order to design or scale up a pulsed column for a desired
extraction process, it is essential to predict the mass transfer
behavior using a suitable model. There are many approaches for
dealing with mass transfer, e.g., the plug ow model (PFM),
axial dispersion model (ADM), drop population balance model
(DPBM) and forward mixing model (FM). The rst two models
(PFM and ADM) are widely used for extraction columns.12

However, the development of the other models has been rather
limited owing to the complexity of the problems involved.

In the present work, for the rst time the mass transfer
performance and hydrodynamic parameters of a horizontal–
vertical pulsed packed extraction column were investigated. The
volumetric overall mass transfer coefficient was measured using
the axial dispersion model to evaluate the performance of the
column. The effects of the pulse intensity and the ow rates of the
disperse and continuous phases on the hydrodynamic parameters
and the volumetric overall mass transfer coefficient were investi-
gated using a toluene–acetone–water system. This is a standard
system for evaluating the performance of a liquid–liquid extrac-
tion column that has been used by many researchers.9,16–20

2. Experimental
2.1. Liquid–liquid system

Three different liquid–liquid systems have been proposed by
the European Federation of Chemical Engineering for evalu-
ating the characteristics of a liquid–liquid extraction column.21

These systems comprise butanol–water, toluene–water and
butyl acetate–water, which cover a wide range of interfacial
tensions. Acetone can be used as the solute in mass transfer
experiments. Among these systems, toluene–acetone–water is
commonly used by many investigators for evaluating liquid–
liquid extractors, in particular pulsed columns.9,16–20 The liquid–
liquid system that was studied in this work was therefore
toluene–acetone–water. The direction of mass transfer was from
the aqueous to the organic phase (continuous to disperse
phase). In all experiments, dilute solutions were investigated
with approximately 3.5 wt% acetone in the aqueous phase.
This journal is © The Royal Society of Chemistry 2017
Distilled water was used as the continuous phase, and a tech-
nical grade of toluene with a purity of at least 99.5 wt% was used
as the disperse phase. The physical properties of the liquid–
liquid system at the laboratory temperature are listed in Table 1.
All experiments were carried out at a temperature of 20 � 1 �C.

2.2. Description of equipment

A schematic diagram of the experimental apparatus is shown in
Fig. 1. The active part of the column in both horizontal and
vertical sections, which was lled with packing to a height of 1.3
m, had an internal diameter of 0.06 m and was made of glass.
Ceramic rushing rings with a diameter of 0.63 cm and a porosity
of 60% were used as packing. Five pairs of samplers were
arranged at equal intervals along the effective zones of the hori-
zontal and vertical sections of the column. The location of the
interface of the two phases at the top of the column was auto-
matically controlled by an optical sensor. A solenoid valve that
was normally kept closed was positioned in the outlet stream of
the continuous phase. This valve received electronic signals from
the optical sensor. When the location of the interface was about
to change, the optical sensor sent a signal to the solenoid valve
and the aqueous phase was allowed to leave the column. The
organic phase was allowed to leave the column via an overow.
The contents of the column were pulsed at the desired amplitude
and frequency using compressed air that was frequently forced
into an air leg joined to the bottom settling zone of the column.

2.3. Procedure

Before the experiments were carried out, both phases were
saturated, aer which the solute was added to the continuous
phase to give an acetone concentration of about 3.5 wt%. The
amplitude and frequency of the pulsations were next adjusted
to the desired values and, aer the column had been lled with
the continuous phase, the disperse phase was introduced. In
the steady-state condition samples were withdrawn from
sampling valves installed on the horizontal and vertical
sections. Aer a sample was taken, up to 5 mL of the aqueous
phase was immediately separated, and the solute concentration
was determined using a UV/vis spectrophotometer analyzer.

The drop size was measured during steady-state conditions
and determined using a photographic technique. Digital photos
were taken using a Nikon D5000 digital camera. The drop size
was measured at three positions in the active zones of the
column in both horizontal and vertical sections. The drop
RSC Adv., 2017, 7, 55326–55335 | 55327

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07999k


Fig. 1 Schematic diagram of the horizontal–vertical pulsed packed extraction column.
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dimensions were then analyzed by AutoCAD soware. More
than 1500 drops were selected for each set of experimental
conditions at six points in the active zones (three points in each
section) to guarantee that the Sauter mean drop diameter that
was determined had statistical signicance. The Sauter mean
diameter d32 was calculated using the following equation:

d32 ¼

Xn

i¼0

nidi
3

Xn

i¼0

nidi
2

(1)
55328 | RSC Adv., 2017, 7, 55326–55335
where ni is the number of droplets with a mean diameter of di
within the narrow size range i.

The disperse phase holdup (4) is dened as the volume
fraction of the extraction column that is occupied by the
disperse phase:

4 ¼ vd

vc þ vd
(2)

where vd and vc are the volumes of the disperse and continuous
phases, respectively.

In the present work, three operational parameters, namely,
the pulse intensity and the volumetric ow rates of both phases,
This journal is © The Royal Society of Chemistry 2017
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were examined. Twenty experiments were carried out according
to the central composite design method (CCDM), whereby the
parameters were systematically varied in 15 experiments with
the central data point repeated six times in order to determine
the accuracy of the system in question and check the repro-
ducibility of the experiments, which proved to be good. The
error of the system was found to be about 4.3%. The intervals of
the pulse intensity and the volumetric ow rates of the
continuous and disperse phases were set to 1.2–1.6 cm s�1,
1.0–4.0 L h�1, and 1.0–4.0 L h�1, respectively.

The average absolute relative deviation (AARD) was used to
compare the predicted results with the experimental data, and
is dened as follows:

AARD ¼
�

1

NDP

�XNDP

i¼1

jexperimental value� predicted valuej
experimental value

(3)

where NDP is the number of data points.
Fig. 2 (a) Effect of the pulse intensity on the mean drop size at
constant dispersed and continuous phase flow rates of 2.5 L h�1. (b)
Effect of the dispersed phase flow rates on the mean drop size at
a constant continuous phase flow rate and pulse intensity of 2.5 L h�1

and 1.4 cm s�1, respectively.
3. Modelling

As mentioned before, there are many different approaches for
dealing with mass transfer in liquid–liquid extraction columns.
Among these models, the axial dispersion model combines
relative ease of implementation with the achievement of rela-
tively accurate results.11 Therefore, this model was selected for
the present study.

The simplest approach for dealing with mass transfer is
based on the ideal assumption that each phase moves in perfect
plug ow and all elements of both phases have the same resi-
dence time in the column. The column wall and internals cause
uids to ow in all directions, which invalidates the above
assumption. To overcome this defect, Danckwerts (1953) for the
rst time proposed that for each phase all the known and
unknown inuencing parameters that cause deviations from
ideal ow could be amalgamated into one parameter, which is
named the axial dispersion coefficient (E), for the ow of each
phase.22 On the basis of the axial dispersion model and the
mass balance in the column, the equation set for steady-state
processes under constant boundary conditions for both phase
velocities was established as follows:

1

Pec

d2x

dZ2
� dx

dZ
�Nocðx� x*Þ ¼ 0 (4)

1

Ped

d2y

dZ2
þ dy

dZ
þNoc

uc

ud
ðx� x*Þ ¼ 0 (5)

where Noc ¼ KocaH/uc, which represents the number of mass
transfer units, and Pec and Ped are the respective Peclet numbers,
which can be dened as Pec¼Huc/Ec and Ped¼Hud/Ed. Ec and Ed
represent the axial dispersion coefficients for the ow of the
continuous and disperse phases, respectively. Koca is the volu-
metric overall mass transfer coefficient based on the continuous
phase. The following open–open boundary conditions were used
for the boundary condition, which required the solution of sets
of second-order equations:12,16,23
This journal is © The Royal Society of Chemistry 2017
Z ¼ 0, / x ¼ xin and y ¼ yout (6)

Z ¼ 1, / x ¼ xout and y ¼ yin (7)

4. Results and discussion
4.1. Hydrodynamics

As mentioned in most reference works, a pulsed column can
operate in three different ow regimes, i.e., mixer-settler,
dispersion and emulsion, which depend on the pulse inten-
sity (Af ¼ amplitude � frequency).10 The mixer-settler regime is
characterized by the separation of light and heavy phases into
discrete and clear layers during the quiescent period of the
pulse cycle. The dispersion regime is the next in sequence and is
found upon a further increase in the pulse intensity. This
regime is characterized by a non-uniform drop size distribution
RSC Adv., 2017, 7, 55326–55335 | 55329

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07999k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/2
5/

20
25

 5
:3

7:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and no coalescence of drops of the disperse phase. With an
increase in the pulse velocity, the drop size decreases and thus
an emulsion is formed. All these ow regimes can be observed
in the vertical and horizontal types of pulsed sieve plate column.
However, on the basis of our knowledge and practical obser-
vations, only the dispersion and emulsion regimes are found in
a vertical pulsed packed column, in contrast to the horizontal
type. Regarding the structure of the pulsed column used in this
work, we should determine the transitional pulse intensity
required to work in the dispersion regime. This is usually the
recommended regime, as it combines high ux and good mass
transfer.24 Therefore, as was described above, it was possible to
identify visually different ow regimes by applying different
pulse velocities. Thus, values of A and f that led to the dispersion
regime were selected. Aer a few tests, the minimum and
maximum pulse intensities for working in the dispersion
regime were found to be 1.2 and 1.6 cm s�1, respectively. The
maximum intensity was chosen to prevent ooding.

4.1.1. Sauter mean diameter. The drop size has an impor-
tant effect on the disperse phase holdup and the maximum
throughput. Furthermore, the interfacial mass transfer area can
be determined using a combination of drop size and holdup.25

The drop size obviously depends on the rates of drop breakage
and coalescence. On the basis of the experiments conducted in
this research, the main operational parameters that affect the
mean drop size are the pulse intensity and the ow rates of the
disperse phase. The effect of the pulse intensity on the Sauter
mean drop size is shown in Fig. 2a. As can be seen, the Sauter
mean drop size decreased with an increase in the pulse inten-
sity, because drop breakage is enhanced with an increase in
Fig. 3 Contours of the mean drop size versus the pulse intensity and d
2.5 L h�1: (a) horizontal section; (b) vertical section.

55330 | RSC Adv., 2017, 7, 55326–55335
pulse intensity owing to an increase in collisions between
dispersed liquid drops and the internal wall.26 Another impor-
tant point that can be seen from Fig. 2a is that the Sauter mean
drop size in the vertical section is larger than in the horizontal
section. However, this difference was reduced by increasing the
pulse intensity.

The experimental results revealed that the volumetric ow
rates had a weaker effect than the pulse intensity on the drop
size. As seen in Fig. 2b, the mean drop size slightly increased
with the increase in the dispersed phase ow rate. The coales-
cence rate of drops increased owing to the increase in the ow
rate of the disperse phase so that the mean drop size increased.
Moreover, in this research, a change in the ow rate of the
continuous phase had no signicant effect on the mean drop
size. It should be noted that the dotted lines in the gures are
only guides to the eye. As shown above, the mean drop size is
mostly affected by the pulse intensity and ow rate of the
disperse phase, and contours of the mean drop size upon
changes in the pulse intensity and ow rate of the disperse
phase are shown in Fig. 3.

4.1.2. Dispersed phase holdup. As well as the mean drop
size, the disperse phase holdup is another essential parameter
for the design and scale-up of columns. Values of the holdup
can be used to determine the ooding velocity, and it is entirely
related to the interfacial area available for mass transfer. The
effect of the pulse intensity on the disperse phase holdup is
illustrated in Fig. 4a. As can be seen, in the vertical section the
disperse phase holdup increased on an increase in the pulse
intensity; however, it exhibited two different behaviors in the
horizontal section. The velocity of moving drops has three
ispersed phase flow rate at a constant continuous phase flow rate of

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Effect of the pulse intensity on the disperse phase holdup at
constant continuous and dispersed phase flow rates of 2.5 L h�1. (b)
Effect of the dispersed phase flow rate on the dispersed phase holdup
at a constant continuous phase flow rate and pulse intensity of
2.5 L h�1 and 1.4 cm s�1, respectively. (c) Effect of the continuous phase
flow rate on the dispersed phase holdup at a constant dispersed phase
flow rate and pulse intensity of 2.5 L h�1 and 1.4 cm s�1, respectively.
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components: a permanent component due to the ow rate,
a pulse component due to the pulsations and a buoyancy
component.27 The third component is only important in the
vertical section. When the pulse intensity increases the pulse
This journal is © The Royal Society of Chemistry 2017
component of the drop velocity increases and the buoyancy
component decreases because the drop size is smaller. Experi-
mental results revealed that the impact of the buoyancy
component was greater than that of the pulse component in the
vertical section, because the holdup was increased by increasing
the pulse intensity, which implies that the drop velocity in the
vertical section decreased. However, an increase in the pulse
intensity caused an increase in the velocity of drops in the
horizontal section, and therefore the disperse phase holdup
decreased. With a further increase in the pulse intensity, the
holdup declined and reached a minimum value. As the upper
ooding limit was approached, the holdup signicantly
increased and the smallest drop fractions were washed out by
the continuous phase.

The effects of the ow rates of the disperse and continuous
phases on the holdup are shown in Fig. 4b and c. It is clearly
observed from these gures that the disperse phase holdup
increased upon increasing the ow rate of the disperse phase in
both horizontal and vertical sections. However, the ow rate of
the continuous phase had a slight effect on the holdup. As with
the mean drop size, the disperse phase holdup is also mostly
affected by the pulse intensity and ow rate of the disperse
phase, and contours of the disperse phase holdup upon
changes in the pulse intensity and ow rate of the disperse
phase are shown in Fig. 5.
4.2. Mass transfer

According to work carried out by other investigators,9,12,16 the
main operational parameters that affect the mass transfer
performance of a column are the pulse intensity and ow rate of
the disperse phase. Fig. 6a illustrates the effect of the pulse
intensity on the volumetric overall mass transfer coefficient. It is
seen from Fig. 6a that the mass transfer performance was
improved by increasing the pulse intensity in both horizontal
and vertical sections. By increasing the pulse intensity, the
degree of turbulence imparted to the system is greatly increased.
Furthermore, the specic area available for mass transfer is
increased because the drop size is smaller, and therefore the
overall mass transfer coefficient is increased. As can be seen from
Fig. 6a, the overall mass transfer coefficient was higher in the
horizontal section. Thismay relate to themass transfer direction.
The solvent in this extraction research was the disperse phase.
Furthermore, the maximum driving force of mass transfer and
hence the maximum performance are found where the solvent is
pure, because the solvent enters the horizontal section, which
has the maximum driving force, and this section thus has the
highest mass transfer coefficient. The effect of the ow rate of the
disperse phase on the volumetric overall mass transfer coeffi-
cient is shown in Fig. 6b. As can be seen, the volumetric overall
mass transfer coefficient was slightly increased by increasing the
ow rate of the disperse phase. An increase in the velocity of the
disperse phase causes an increase in the disperse phase holdup,
as well as the drop size, and it is therefore expected that the
interfacial area is not changed, but, as demonstrated by Asa-
dollahzadeh et al.,28 the effect of the disperse phase holdup is
RSC Adv., 2017, 7, 55326–55335 | 55331
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Fig. 5 Contours of the disperse phase holdup versus the pulse intensity and dispersed phase flow rate at a constant continuous phase flow rate
of 2.5 L h�1: (a) horizontal section; (b) vertical section.
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more profound and consequently the interfacial area is slightly
increased by increasing the velocity of the disperse phase.
4.3. Predictive correlation of the overall mass transfer
coefficient based on the continuous phase

The development of a new correlation for predicting the overall
mass transfer coefficient based on the continuous phase in
a horizontal–vertical pulsed packed extraction column is one of
the main purposes of the present work. Most correlations that
have been proposed for predicting the mass transfer coefficient in
an extraction column relate to columns other than pulsed packed
columns such as pulsed sieve plate, Kühni, rotating disc and spray
columns. However, Torab-mostaedi and Safdari9 proposed semi-
empirical correlations for predicting the Sherwood number of
the continuous phase in a pulsed packed extraction column. For
the mass transfer direction from the continuous to the disperse
phase, they presented the following equation for 10 < Re < 150:9

Shoc ¼ �49.76 + 14.8Re0.64 (8)

It should be noted that the overall mass transfer coefficient
can be expressed as a dimensionless Sherwood number (see the
abovementioned correlation) based on the continuous phase,
which is dened as follows:

Shoc ¼ Kocd32

Dc

(9)

In addition, Safari et al. have investigated the mass transfer
performance in a pulsed packed column and proposed the
following correlation for predicting the overall mass transfer
coefficient:12
55332 | RSC Adv., 2017, 7, 55326–55335
Kocad32

rcuslip
¼ 1:9� 10�8 Re1:78

ð1� 4Þ2
�
Af

uslip

�0:09�
ud

uc

�1:62

(10)

Fig. 7 shows a comparison of the experimental value of the
Sherwood number in the horizontal section with those calcu-
lated by eqn (8) and (10) in the same experimental conditions.
As can be seen, the data predicted by both correlations display
remarkable deviations from the experimental values, and
furthermore a greater deviation is seen for the vertical section.
This deviation is mostly due to the structure used in this study.
In addition, experimental data for the overall mass transfer
coefficient were compared with those obtained by the correla-
tions that were proposed for other types of extraction column,
which are presented in Table S1†.9,12,16,19,29–35 A reliable correla-
tion for predicting the mass transfer coefficient in a horizontal–
vertical pulsed packed extraction column is therefore required.

Consequently, the experimental data for the overall mass
transfer coefficient based on the continuous phase are corre-
lated in terms of dimensionless numbers. The signicance of
each dimensionless number for the overall mass transfer coef-
cient has been investigated using statistical methods. Finally,
the following equations were obtained for predicting the overall
mass transfer coefficients in the horizontal and vertical
sections, respectively:

ShocðHÞ ¼ 0:00224ReH
3:44

�
Af

Uslip

�1:35�
uc

ud

�1:31

(11)

ShocðVÞ ¼ 2� 10�5ReV
5:29

�
Af

Uslip

�4:95�
uc

ud

�1:19

(12)
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Fig. 6 (a) Effect of the pulse intensity on the volumetric overall mass
transfer coefficient at constant continuous and dispersed phase flow
rates of 2.5 L h�1. (b) Effect of the dispersed phase flow rate on the
volumetric overall mass transfer coefficient at a constant continuous
phase flow rate and pulse intensity of 2.5 L h�1 and 1.4 cm s�1,
respectively.

Fig. 7 Comparison of experimental values of the Sherwood number
with values calculated using the equations proposed by Torab-mos-
taedi and Safdari9 and Safari et al.12 for the water–acetone–toluene
system.

Fig. 8 Comparison of experimental data with values calculated using
eqn (11) and (12).
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where Re is the well-known Reynolds number, Af is the pulse
intensity, uc and ud are the supercial velocities of the contin-
uous and disperse phases, respectively, and Uslip is the slip (or
relative) velocity between two phases through the column. Re
and Uslip are calculated as follows:

Re ¼ rcUslipd32

mc

(13)

Uslip ¼ Qc

3Að1� 4Þ þ
Qd

3A4
(14)

where d32 is the Sauter mean diameter, rc and mc are the density
and viscosity of the continuous phase, respectively, 4, 3 and A
are the disperse phase holdup, packing porosity and cross-
sectional area of the column, and nally Qc and Qd are the
volumetric ow rates of the continuous and disperse phases,
respectively.
This journal is © The Royal Society of Chemistry 2017
In order to evaluate the overall mass transfer coefficients
predicted using eqn (11) and (12), experimental data were
compared with those predicted by eqn (11) and (12). The
average relative deviations (ARDs) of the values of Shoc(H) and
Shoc(V) predicted using eqn (11) and (12) from experimental
data were 12.1% and 15.5%, respectively.

A comparison of the experimental data with values calcu-
lated by eqn (11) and (12) is illustrated in Fig. 8. It can be seen
that most of the predicted values have an error of less than 20%,
except at two and three points in the horizontal and vertical
RSC Adv., 2017, 7, 55326–55335 | 55333
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Table 2 Axial dispersion coefficients of the continuous and disperse phases on an increase in the pulse intensitya

Af
(cm s�1) Qc (L h�1) Qd (L h�1)

Koca � 104 (L s�1) Ec (m
2 s�1) Ed (m2 s�1)

H V H V H V

1.2 2.5 2.5 0.866 0.419 7.71 � 10�6 5.43 � 10�5 4.66 � 10�7 6.76 � 10�7

1.4 2.5 2.5 1.708 0.483 1.33 � 10�5 1.99 � 10�4 1.20 � 10�6 8.50 � 10�7

1.5 2.5 2.5 2.191 0.815 9.67 � 10�5 3.36 � 10�4 4.92 � 10�6 9.38 � 10�7

1.6 2.5 2.5 3.73 1.753 8.48 � 10�5 5.6 � 10�4 7.21 � 10�6 5.54 � 10�6

a H: horizontal section, V: vertical section.
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sections, respectively. According to Fig. 8, there is good agree-
ment between the experimental and calculated data.

4.4. Axial dispersion coefficients of continuous and disperse
phases

The axial dispersion coefficient represents all the known and
unknown inuencing parameters that cause deviations from
plug ow.22 Therefore, a lower axial dispersion coefficient is
more favorable, because non-ideal terms reach a minimum and
the mass transfer performance can be improved.36 As shown by
Amani et al.23 and other investigators, the pulse intensity has
the greatest impact on axial dispersion, and the effects of the
two other operational parameters are negligible.9,16,23,37 Table 2
shows the effect of the pulse intensity on the axial dispersion
coefficients of the continuous and disperse phases. It is seen
that the axial dispersion coefficients of both the disperse and
the continuous phase increase with the pulse intensity, which is
not suitable for mass transfer performance. In contrast, an
increase in pulse intensity leads to an increase in the mass
transfer coefficient, and it can be concluded that the axial
dispersion effect is not dominant. Thus, the overall result of an
increase in pulse intensity is an improvement in the mass
transfer performance. Another point observed from Table 2 is
that the axial dispersion coefficient of the disperse phase is
lower than that of the continuous phase in each section.

5. Conclusions

This paper presents an experimental investigation of the mass
transfer performance and hydrodynamic parameters of the
toluene–acetone–water system in a pilot version of a horizontal–
vertical pulsed packed extraction column. The investigation of
mass transfer was performed using the axial dispersion model.
The effects of operational variables, such as the ow rates of the
disperse and continuous phases and pulse intensity, on the
volumetric overall mass transfer coefficients and hydrodynamic
parameters were studied. It was found that the pulse intensity is
the most important operational parameter. By increasing the
pulse intensity the hydrodynamic parameters changed in such
a way that the mass transfer coefficient increased. In addition,
the mass transfer coefficient was inuenced by the ow rate of
the disperse phase. Finally, this work has provided two valuable
correlations for the prediction of the volumetric overall mass
transfer coefficient in a horizontal–vertical pulsed packed
extraction column. Good agreement between predictions and
55334 | RSC Adv., 2017, 7, 55326–55335
experimental data causes these correlations to be recom-
mended for the calculation of mass transfer coefficients and
consequently for the nal selection of the column height.

Conflicts of interest

There are no conicts to declare.

Nomenclature
a
 Interfacial area (m2 m�3)

A
 Amplitude of pulsations (m) or cross-sectional area of

the column (m2)

f
 Frequency of pulsations (s�1)

D
 Molecular diffusivity (m2 s�1)

d
 Drop diameter

d32
 Sauter mean drop diameter (m)

v
 Phase volume

E
 Axial mixing coefficient (m2 s�1)

H
 Effective height of the column (m)

K
 Overall mass transfer coefficient (m s�1)

Pe
 Peclet number (Pe ¼ Hu/E) �

d V
�

Pec
 Peclet number of the continuous phase Pec ¼ 32 s

Dc

Noc
 Number of ‘true’ transfer units (Noc ¼ KocaH/uc)

Q
 Flow rate of the continuous or dispersed phase

(m3 s�1)

Re
 Reynolds number (rusdp/m)

Shoc
 Sherwood number based on overall mass transfer

coefficient of the continuous phase

u
 Supercial velocity (m s�1)

Uslip
 Slip velocity (m s�1)

x
 Mass fraction of acetone in the continuous phase

x*
 Equilibrium mass fraction of acetone in the

continuous phase corresponding to the disperse phase

y
 Mass fraction of acetone in the disperse phase
Greek symbols
r
 Density (kg m�3)

4
 Disperse phase holdup

m
 Viscosity (kg m�1.s)

3
 Void fraction

s
 Interfacial tension between two phases (N m�1)
This journal is © The Royal Society of Chemistry 2017
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Subscripts/superscripts
c

This journa
Continuous phase or column

d
 Disperse phase

o
 Overall value

*
 Equilibrium value

in
 Inlet to the column

out
 Outlet from the column
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