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AbstractReactive extraction development was investigated to extract vanadium ions from sulfate solution in the mod-
ified rotating disc column (MRDC). It was found from batch experiments that D2EHPA and TBP concentrations, initial
aqueous phase pH, and the concentration of NH4OH as a stripping agent were optimized equal to 0.3 M, 0.36 M, 2, and
1 M, respectively. In the continuous experiments, the effects of rotor speed, aqueous and organic phase flow rates, and
mass transfer direction were investigated on the dispersed phase holdup, mass transfer coefficients, and vanadium
extraction. The experiment design was based on the response surface design to analyze the dependence of responses
with the input parameters. The uncertainty analysis by the Monte Carlo simulation indicates that the rotor speed, reac-
tion conditions, and phase flow rates affected the dispersed phase holdup. By applying the axial dispersion model, the
performance of mass transfer coefficients in terms of agitation speed, aqueous phase flow rate, organic phase flow rate,
and mass transfer direction was evaluated under the chemical reaction system. A new model by considering the dimen-
sionless numbers has been provided to predict overall mass transfer data based on the dispersed phase.
Keywords: Modified Rotating Disc Column (MRDC), Vanadium (V) Extraction, Axial Dispersion Model, Central Com-

position Approach, Monte Carlo Simulation

INTRODUCTION

The demand for heavy metals due to their significant enhanc-
ing usages has been increased in recent decades. High melting point
and chemical resistance against corrosion for the vanadium element
improve the extraction and separation techniques from minerals
including vanadinite, roscoelite, and carnotite [1]. Recently, research-
ers have been studying separation methods for recovering the
vanadium from various resources, such as oil flies, spent catalysts,
seawater, and stone coal [2]. It is certified that solvent extraction is
an important part of the separation process due to its importance
in separating the heavy metals.

Numerous studies have been published for investigating the
impact of diverse solvents such as 5,8-diethyl-7-hydroxyldodecane-6-
oxime (LIX63) [3,4], 2-ethylexyl hydrogen 2-ethylhexyl phosphonate
(PC 88A) [5,6], bis-2,4,4-trimethylpentyl phosphinic acid (Cya-
nex272) [7,8], trihexyl(tetradecyl)phosphonium chloride (Cyphos
IL 101) [9,10], Di-(2-ethylhexyl)phosphoric acid (D2EHPA) [11,
12], and a mixture of trialkyl phosphine oxides (93%), with n-octyl
and n-hexyl chains (Cyanex923) [13,14] on the separation and puri-
fication of vanadium from acidic and alkaline solutions. The addi-
tion of tributyl phosphate (TBP) extractant into the organic phase
as a phase modifier and synergism effect is intended for reaching

further extraction efficiency and avoid the emulsion formation for
the separation of elements such as zirconium, zinc, cobalt, nickel,
and molybdenum.

Agitated columns are broadly utilized in chemical and hydromet-
allurgical industries [15-17]. The rotating disc column (RDC) is one
kind of mass transfer device in which embraces a number of sec-
tions shaped by an arrangement of stator rings, with a rotation disc
centered in each step and upheld via the single turning shaft. Many
studies have been performed on the RDC column’s hydrodynamic
parameters and mass transfer characteristics. However, the unde-
sirable impacts due to its structure lead to a decline in the RDC col-
umn performance by considering inappropriate drop distribution
and high axial mixing [18,19]. For these reasons, upgraded com-
partments of the RDC column, such as open turbine rotating disc
contactor [20,21], asymmetric rotating disc contactor [22-24], and
perforated rotating disc contactor [25-27] are also extended. The
modified RDC column with the perforated structures leads to ap-
propriate mass transfer performance due to an increase in the liq-
uid-liquid dispersion [28-30].

The equipment design of the columns for chemical processes is
far from consent by considering the reactive systems. The precise
expectations of mass transfer evaluation optimize the design of the
solvent extraction columns. The hydrodynamic characteristics, drop-
let behavior, interface versatility, slip velocity of drops, chemical resis-
tance to mass transfer, and physical properties affect the mass transfer
coefficients [31-35]. In previous studies, several investigators have
studied the reactive systems for solvent extraction of metals such
as cobalt, gadolinium, lanthanum, tellurium, and cerium in the pulsed
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or rotation columns. At present, limited information has been re-
ported to evaluate the mass transfer data of the modified rotating
disc column (MRDC) under reactive extraction conditions. There-
fore, the novelty of this study is the extraction of vanadium ions by
using a new extractor column (MRDC). Also, the direct extraction
of vanadium from sulfate solution by a mixture of D2EHPA and
TBP was studied to evaluate the dispersed phase holdup and mass
transfer data by the coupling effects of the central composition
approach and Monte Carlo simulation in the MRDC column. The
effect of operating variables, reaction conditions, physical proper-
ties, geometric term, and mass transfer direction on the holdup of
the dispersed phase in the mentioned column was investigated.
The feasibility of the axial dispersion model was examined with
equations to predict the reactive mass transfer, and the applicabil-
ity of available models to this column was reviewed. Eventually, a
novel model is suggested to determine the dispersed phase mass
transfer coefficients by considering the chemical resistance to mass
transfer in the MRDC column.

AVAILABLE MATHEMATICAL MODELS

The outer coefficient is required for chemical reaction systems
in which ions are exchanged between the interface of dispersed
phase droplets and the bulk aqueous phase to determine the over-
all mass transfer data. Forced or normal convection, as well as
molecular dissemination, are generally classified for modeling the

dispersed phase mass transfer performance. The different semi-
empirical and theoretical models to calculate the mass transfer data
are described in the available literature based on the droplet move-
ment into or out of droplets in the aqueous phase. Gröber proposed
the following equation to investigate the mass transfer coefficients
by considering the atomic diffusivity within the rigid spherical drop-
lets [36]:

(1)

The negligibility of external resistance to mass transfer and lower
values than units for Reynold number leads to calculating the cir-
culation motions inside of drops with the relative velocity of drop-
lets in the aqueous phase. By considering the laminar condition,
the internal streamlines of the droplets can be obtained by this equa-
tion. The output result for the laminar internal circulation owing
to smaller drop size is given by Kronig and Brink as below [37]:

(2)

Handlos and Baron proposed the following relation based on inter-
nal circulation patterns, which is utilized for resistance in both phases
at higher Reynolds number [38]:

(3)
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Table 1. Published models for calculating the enhancement factor in different mass transfer devices
Equation Comment Investigator

(5) Single drop system Boyadzhiev et al. [48]

(6) Single drop system Steiner [49]

(7) Kühni column Hemmati at al. [50]
(8) Oldshue Rushton column Asadollazadeh et al. [51]

(9) Pulsed perforated plate column Bahmanyar et al. [52]

(10) Pulsed disc and doughnut column Torab-Mostaedi et al. [53]

(11) Spray column Steiner et al. [54]

(12) Regular packed column Rahbar-Kelishami et al. [55]
(13) Oldshue Rushton column Shakib et al. [56]
(14) Asymmetric rotating disc contactor column Torab-Mostaedi et al. [57]

(15) Pulsed disc and doughnut column Torkaman et al. [58]

(16) Rotating disc contactor column Amanabadi et al. [59]

(17) Perforated rotating disc contactor column Hemmati et al. [60]
(18) Hanson mixer-settler column Torab-Mostaedi et al. [61]
(19) Pulsed packed column Torab-Mostaedi and Safdari [62]
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The oscillating motion in the solvent phase drops happens by en-
hancing the flow patterns in which the development of compre-
hensive relation for determining the mass transfer data inside oscillat-
ing drops was expanded. The effective diffusivity instead of molecular
diffusivity was recommended to remove the errors of the previ-
ous equations in order to develop the equation for mass transfer
evaluation. The calculation of mass transfer performance in the sol-
vent extraction column based on the extensive range of drop dis-
tribution is unreliable based on the variations in the transfer mech-
anisms inside dispersed phase droplets. The mentioned equation
to calculate the dispersed phase mass transfer of dispersed phase
was proposed by Johnson and Hamielec as follows [39]:

(4)

Several authors have published variant equations for calculating
the enhancement factor by applying the effective diffusivity in var-
ious mass transfer devices. It is found that applying this enhance-
ment factor plays a critical role in determining the values of mass
transfer data. The published models for obtaining the overall mass
transfer coefficients of the dispersed phase in different agitated and
pulsed columns are presented in Table 1. Also, the mass transfer
coefficient of the dispersed phase for different extraction columns
was proposed by Kumar and Hartland that the semi-empirical
equation for RDC column represented as below [40]:

(20)

(21)

(22)

(23)

(24)

EXPERIMENTAL

Herein, the solvent extraction experiments were conducted in
batch and continuous mode. The achievement of the batch study
is for the optimization of the operating variables for vanadium sepa-
ration from sulfate solution by synergistic effects of D2EHPA and
TBP for obtaining the maximum efficiency. Then, the feasibility of
the modified RDC column in the field of heavy metal extraction
was studied. The effect of the operational variables, hydrodynamic
parameters, and mass transfer direction was investigated on the mass
transfer data under the chemical reaction system.
1. Materials

The used extractants were D2EHPA and TBP produced by Sigma-
Aldrich and Merck companies, respectively, which were mixed in
kerosene supplied in the Tehran refinery for preparing the needed
concentration. The synthetic aqueous solution was obtained by dis-

solving 200mg/L of generated NaVO3 by Sigma-Aldrich Company
in distilled water. Sulfuric acid (Merck, 98%), and sodium hydrox-
ide (Sigma-Aldrich, 97%) were used as the initial pH adjuster of
the aqueous phase.
2. Apparatus

The collected samples of the aqueous phase were analyzed for
determining the vanadium concentration by a UV/Vis spectro-
photometer (UNICO model). The vanadium concentration of the
organic phase was calculated by the mass balance approach. The
experiments in order to mix the aqueous and organic phases were
carried out by a mechanical shaker (CH-4103Bottmingen). The
acidity of aqueous phase was measured with the digital pH meter
(Sartorius PB-11 model) for analytical purposes.
3. Physical Properties

In this study, densities of the continuous and the dispersed phases
were calculated by the pycnometer methodology. The viscosities of
both fluids were also determined via DVI-Prime viscometer. The
interfacial tension in extraction and stripping stages was obtained
with a Krüss tensiometer. Wilke and Chang equation was applied
to calculate the vanadium diffusivity coefficients in the aqueous
and organic phases [41]. The mean concentrations of vanadium
ions in both different immiscible fluids at the inlet and outlet of
the extractor were obtained to eliminate the measurement errors
of interfacial tension due to the uncertainty in physical properties.
4. Batch Experiments Method

Extraction and stripping tests were carried out in a 100 cc screw
cap bottle using a mechanical shaker for 30 min. Equal volumes of
aqueous and organic phases (10 mL) were introduced into the con-
tainer and thoroughly mixed. After mixing, the solution was decanted
into a separator funnel for phase separation. Vanadium content in
the organic phase and aqueous phase was obtained by applying a
mass balance and UV spectrometry, respectively. The extraction
and stripping percentages in the equal volumes and the synergis-
tic enhancement factor based on the synergism theory are defined
as follows:

(25)

(26)

(27)

5. Continuous Experiments Method
The solvent extraction experiments were performed in the MRDC

column with perforated structures; this equipment was constructed
by the internal diameter and active height equal to 113 mm and
1,430 mm, respectively. Mixing of fluids was accomplished by the
discs of 70 mm diameter located at the center of the column, and
these discs were moved by an electric stimulant by applying the
variable gearbox. The column length consisted of 43 stages. This
extractor is equipped with two pumps and flow meters to pump
the fluids and measure the flow rates. The discs, stator rings, and
both settling sections were made of stainless steel. The distribution
of the aqueous and organic phases was placed at the top and bot-
tom of the column, respectively. Torab-Mostaedi et al. previously
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described that the changes in the interface are controlled consider-
ing the optical sensor in the specific area of the solvent extraction
column [42]. To minimize the experiments, the experimental design
was conducted by applying Design-Expert software based on the
central composition method with 20 runs and 6 replicates of the
central parts. The solvent extraction experiments were carried out at
room temperature and far from flooding situations of the column.
6. Image Analysis Procedure

In the first step, the active section of the extraction column was
filled by the aqueous phase and then the organic phase entering
the column. Next, the required ranges for the operational parame-
ters were selected. The mean drop sizes were obtained with the
photographic methodology by applying a high-resolution digital
camera (Nikon D5000). Droplet dimensions were processed with
ImageJ software in terms of categorizing thresholding methods. In
each run, 1000 droplets were analyzed by software for the certainty
of the statistical importance of the drop size. The organic phase
droplets typically were spherical; however, non-spherical shapes
were also observed in the taken pictures. Thus, the following equa-
tion is presented for calculating the equivalent diameter of the
ellipsoidal drops in which d1 and d2 represent the major and minor
axes, respectively.

(28)

The average droplet size has then calculated as follows:

(29)

7. Dispersed Phase Holdup
At the end of each step, the free volume fraction of the dispersed

phase was calculated with the shutdown approach. The inlet and
outlet valves of the mass transfer device were rapidly closed while
the steady-state situations were established. The continuous and dis-
persed phases were separated from each other, and then the holdup
values were calculated by the following equation:

(30)

In this work, the values of root mean square error (RMSE) and aver-
age absolute relative error (AARE) were employed to evaluate the
presented models. These parameters of statistical analysis were cal-
culated by the following equations:

(31)

(32)

MATHEMATICAL MODELING

Several methods were developed for interpreting the mass trans-
fer behavior in the horizontal and vertical columns. The axial dis-
persion method is suitable for investigating the mass transfer co-
efficients owing to the relative facility in column performance with
the attainment of nearly precise results. Consequently, reactive mass
transfer data along the mentioned extraction column wer deter-

mined by the axial dispersion approach. The movement of aqueous
and organic phases in the perfect plug flow is the easier methodol-
ogy to evaluate the mass transfer based on the ideal presumption
in which the residence time of both fluids for the vanadium ions is
identical in the column. The column structure and counter-cur-
rents of phases cause to flow pattern in all of the directions to invali-
date this assumption. For the first time, the axial dispersion co-
efficients of dispersed and continuous phases were expressed by
Danckwerts for amalgamation into one parameter based on the
influencing parameters in order to eliminate this imperfection [43].
The equation set of this model under steady-state situations, over
the differential elements with the active height of the column can
be established as below [44]:

(33)

(34)

Boundary conditions are:

(35)

(36)

The superficial velocities are constant at any range of agitation rate.
In the above equations, Noc, Pd, and Pc are defined as follows:

(37)
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(39)

The axial mixing factor in the dispersed phase is lower than the
axial mixing coefficient of the continuous phase. Thus, axial dis-
persion of the dispersed phase was considered insignificant, whereas
the axial dispersion coefficient for the continuous phase was calcu-
lated by the following equation [45]:

(40)
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The differential equations were numerically solved by Matlab soft-
ware based on the central finite difference methodology. The over-
all mass transfer of the dispersed phase was obtained by applying
the following relation, which M expresses the vanadium distribu-
tion ratio at the equilibrium conditions.

(41)

The interfacial area is also defined by the following equation:

(42)

RESULTS AND DISCUSSION

1. Batch Experiments
The extraction efficiency of vanadium from sulfate solution was

studied by changing D2EHPA concentration at various pH of the
aqueous phase. The effect of extractant concentration and initial
pH on the extraction rate is shown in Fig. 1(a). As can be observed,
vanadium (V) extraction enhances by an increase in the D2EHPA
concentration from 0.05 to 0.3 M and afterward remains nearly
fixed by further increment in the extractant concentration. In the

constant extractant concentration, the impact of initial pH on the
vanadium behavior indicates that the extraction rates increase by
increasing the pH range from 1 to 2 and then reduce by further
enhancement in this factor. The various predominant species for
vanadium depend on the acidity of aqueous phase solution. The
formation of VO2

2+ ions is created at a lower pH range than 2, which
can be extracted by D2EHPA and the reaction mechanism is writ-
ten as follows:

(43)

R signifies C8H17 in the above equation. The synergistic effect of
extractants improves the extraction efficiency, increasing the stabil-
ity of complexes, removes emulsification. To investigate the syner-
gism of solvent extraction, adding the TBP as a neutral extractant
into the D2EHPA system is studied on the solvent extraction pro-
cess. Fig. 1(b) displays the extraction percentage and synergistic
enhancement factor against TBP concentration, while the aqueous
phase pH and the concentration of another extractant remain con-
stant at 2 and 0.3 M, respectively. The extraction rate of vanadium
increases sharply with raising the TBP concentration from 0.09 to
0.36 M, whereas the trend of plotted curve remains nearly constant.
Therefore, the experimental results express that the synergistic effect
of D2EHPA and TBP is an appropriate choice for vanadium recov-
ery in sulfate medium. The loaded organic phase contained 180 g/
L of vanadium, which was stripped by different stripping agents.
The stripping tests were conducted with different concentrations
of stripping agents from 0.25 to 2M at the equal ratio of the organic
to aqueous phases. According to Fig. 2, acidic solutions have a
negligible impact on the back extraction of vanadium from loaded
organic phase in lower concentrations. For NH4OH, the stripping
rate of vanadium increases with enhancement in the stripping
agent concentration up to 1 M; next, the effect of this parameter is
insignificant due to increasing the viscosity. Eventually, the values
of the aqueous pH, concentration of D2EHPA, TBP, and NH4OH
were selected at 2, 0.3 M, 0.36 M, and 1 M, respectively, for subse-
quent experiments in the modified RDC column.

1
mKod
-------------  

1
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-------

a  
6
d32
-------

VO2aq



   R2HPO org VO2 R2PO4 org  Haq


Fig. 1. Behavior of extraction rate against (a) aqueous phase pH and
D2EHPA concentration (b) synergism effect.

Fig. 2. Effect of different concentrations of stripping agents on the
stripping efficiency (contact time=30 min and A/O=1).
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2. Continuous Experiments
By considering the central composition approach, the design of

the experiments was performed that the operating ranges for agi-
tation speed, organic phase flow rate, and aqueous phase flow rate.
2-1. Investigation of Vanadium Interactions

The vanadium interactions with changes in the operating vari-
ables, such as agitation speed and phase flow rates, were studied to
optimize the maximum efficiency. The vanadium behavior between
two phases is displayed with three-dimensional plots in the extraction
and stripping stages. The solvent extraction results for both mass
transfer directions are presented via the response surface method
in Fig. 3. As shown in Fig. 3(a), faster equilibrium conditions and
better reaction rate of vanadium occurred at high agitation speeds,
which this phenomenon leads to improvement in the mass trans-
fer coefficients by formatting the larger interfacial area. The extraction
of vanadium was boosted by an enhancement in the flow rate of
the organic phase. This observation is related to the increment of
the amount of the D2EHPA and TBP to extract the vanadium ions.
In the stripping stage, the undesirable disturbances between the
loaded organic phase and ammonium solution in more flow rates
of the organic phase cause the reduction of vanadium stripping

rate. The impact of the flow rate of the aqueous phase on the vana-
dium transport in order to investigate the extraction and stripping
efficiencies is shown in Fig. 3(b). Compared with the turbulence of
the aqueous phase, increasing the ammonium ions at higher aque-
ous phase velocity has more effect on the back extraction rate, which
leads to an enhancement in the stripping percentage of vanadium.
An increase in the turbulence phenomenon between the aqueous
phase and the organic phase drops at a higher continuous phase flow
rate reduces the vanadium transport into the organic phase along
the mentioned column. Fig. 3(c) indicates the separation trend for
vanadium species in two mass transfer directions in terms of veloci-
ties of aqueous and organic phases. The experimental findings show
that the agitation speed has more effect on the distribution coeffi-
cients in comparison with the inlet phase velocities in the MRDC
extraction column.
2-2. Investigation of Dispersed Phase Holdup

Knowledge of dispersed phase holdup is one of the most criti-
cal parameters for calculating the mass transfer kinetics in design-
ing solvent extraction columns. This factor directly affects the inter-
facial area and slip velocity of droplets. The impact of the opera-
tional parameter on the holdup values in the extraction stage is

Fig. 3. Effect of operational parameters on the vanadium transport in extraction and stripping stages.
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demonstrated in Fig. 4. An increase in the shear forces at greater
agitation speeds decreases the interconnection of droplets and in-
creases the drops decomposition into smaller ones, which the dis-
persed phase holdup enhances along this column. The number of
the organic phase droplets is enhanced by increasing the velocity
of the organic phase into the column. Consequently, improvement
of the flow rates of the dispersed phase leads to developing the val-
ues in the dispersed phase holdup. As can be seen, the continuous
phase flow rate has a direct relation with the holdup values based
on the increment in drag force of dispersed phase droplets with
the continuous phase flow.
2-3. Modified Model for Dispersed Phase Holdup

Many researchers have presented various models for evaluating
the dispersed phase holdup in agitated extraction columns. It is found
that applying this factor is a convenient methodology to obtain the
specific interfacial area and slip velocity of droplets. An experi-
mental study on the molybdenum separation from tungsten was

conducted by Shakib et al. in the PRDC column in which the fol-
lowing correlation is proposed to predict the holdup of dispersed
phase based on the reactive and physical systems [46]:

(44)

The impact of reaction systems and mass transfer direction on the
holdup of the dispersed phase is also shown by constant parame-
ters. The present experimental results and the calculated values
from Eq. (44) has been compared and the values for AARE and
RMSE are 17.51% and 1.62%, respectively. The difference in the
column geometries and particular systems leads to prediction devi-
ation in the solvent extraction data. Therefore, a modified model is
proposed by adding the geometric term to mentioned model to
convert the statistical errors for validating the experimental results.
After 30 iterations, model convergence was achieved by applying
EViews software based on the Gauss-Newton algorithm and Mar-
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N4DR

4
c

g
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 
 

0.074

1 
Vc

Vd
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 
 

0.079 d

c
-----

 
 

0.218 dVd
2Dc


------------------

 
 

0.137

Fig. 4. Effect of operational parameters on the dispersed phase holdup for extraction stage.
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quardt steps, which is proposed as follows:

(45)

The operating variables, physical properties, reactive or non-reac-
tive systems, mass transfer direction, and geometric parameters have
been considered in this modified model as a function of dimen-
sionless groups. The values of the constant parameter, relative devia-
tion error, root mean square error, and coefficient of determination
are presented in Table 2. The suggested model performance is
appropriate to combine the reaction systems and column geome-
try based on the reduced statistical errors. Eq. (45) is derived based
on the experimental results of the present work and the data taken
from published papers for different RDC columns, which the com-
parison of predicted results from this equation with the present
results and previous experimental data is indicated in Fig. 5. Accord-
ing to the proximity of the experimental data to the bisector line,
this figure clearly shows that the accuracy of the recommended
model is acceptable to estimate the dispersed phase holdup with
solvent extraction data and the experimental results by other investi-
gators.
2-4. Uncertainty and Sensitivity Analysis

Sensitivity analysis characterizes the impact of uncertainty or
model changes on the calculation of the results. The proposed model
was evaluated by uncertainty analysis to interpret the confidence
intervals of the input variables based on the statistical dispersion.
The operational variables, geometric term, physical or chemical

    C1
N2Dc

g
------------

 
 

0.338

1 
Vc

Vd
------

 
 

0.292 dVd
2DR


------------------

 
 

0.24
d

c
-----

 
 

0.176 d

c
-----

 
 

0.642 DR

hc
------

 
 

0.55

Table 2. The values of the constant parameter, AARE, RMSE, and
R2 in the suggested model

Mass transfer conditions C1 AARE% RMSE% R2

No reaction 0.296 8.767 1.110 0.908
Extraction stage (cd) 0.308 7.219 0.738 0.957
Stripping stage (dc) 0.262 9.719 0.838 0.947
All results 8.472 0.961 0.932

Fig. 5. Comparison between the calculated values from Eq. (45) and
experimental results.

Fig. 6. Uncertainty analysis for dispersed phase holdup.

reaction situations, mass transfer direction, and physical proper-
ties of used systems were chosen for determining the sensitivity of
dispersed phase holdup in the MRDC column under uncertainty
analysis. The Monte-Carlo approach relies upon the central limit
theory for providing the total appraisal of the uncertainty during
the predictions constructed [47]. This technique simulates a total
prediction owing to all the uncertainties in the input variables,
irrespective of conducted observations and values of parameters.
At first, input parameters are analyzed by applying a probability
distribution function. 1000 Monte-Carlo iterations were repeat-
edly simulated by the new quantities randomly chosen to investi-
gate the contribution of parametric study for uncertainty analysis
on the response model determination using the Palisade/Risk soft-
ware. A numerical simulation based on the triangular distribution
function as a continuous probability distribution was carried out
for input and output parameters. The results database was also devel-
oped from the numerous simulations using the MCA method for
each of the parameters, for which a probability distribution histo-
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gram to calculate the dispersed phase holdup based on the input
distributions is shown in Fig. 6. Consequently, Fig. 7 shows the
uncertainty predictions of the experimental data in order to evalu-

ate the impact of eight input parameters on the sensitivity of holdup
in terms of under the baseline value of 0.073. The reliability of results
expresses that the agitation speed, phase flow rates, and reaction

Fig. 7. Sensitivity analysis for dispersed phase holdup.

Fig. 8. Effect of operating parameters on the mass transfer rate for extraction and stripping stages.
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situations have a great profound impact on the dispersed phase
holdup. The influences of interfacial tension, mass transfer direc-
tion, and geometric parameters on this factor are considerable but
weaker. Also, the holdup of the dispersed phase in the MRDC col-
umns is slightly dependent on the viscosity and density parameters.
2-5. Investigation of Overall Mass Transfer Rate

The influence of operating parameters on the overall mass trans-
fer data for extraction and stripping stages is shown in Fig. 8. It
can be observed that the column performance significantly im-
proves with increasing the agitation speed. A reduction in the inter-
nal circulation inside the solvent phase droplets in the higher rotor
speed leads to reducing the mass transfer coefficients along the
extraction column. The mass transfer data based on the axial dis-
persion methodology indicate that interfacial area has a great
influence on the overall mass transfer rate in comparison with the
mass transfer coefficients and, consequently, incremental behavior
was observed on the column performance under reactive extraction
systems. By considering the interactions of average droplet size and
dispersed phase holdup in the back extraction stage, the reactive
mass transfer coefficients due to internal circulations within drops
are more than their values on the extraction stage. However, the
impacts of mass transfer coefficients against the interfacial area are
negligible on the overall mass transfer rate. As a result, the men-
tioned column performance in the extraction stage is more than
the stripping stage under the chemical reaction systems. The vari-
ation of volumetric mass transfer coefficients along the modified
RDC column with the perforated structure was studied for high-
lighting the influence of the organic phase rate on the reactive mass
transfer rate. As can be observed from Fig. 8, the values of the vol-

umetric overall mass transfer coefficients expand by an increase in
the operational range in the solvent phase flow rate, because of the
improvement in the overall mass transfer coefficients and interfa-
cial area. It can be seen that the reactive mass transfer slightly reduces
at a high aqueous phase flow rate. The overall mass transfer coeffi-
cients for vanadium extraction reduce owing to more turbulence
between the aqueous phase and solvent phase droplets, although
the effect of this function on the column performance is greater
than the interfacial area. It was found that the effects of agitation
speed and mass transfer direction on the reactive mass transfer
rate were more pronounced than the phase flow rates for chemi-
cal reaction conditions in the MRDC column.
2-6. New Models for Reactive Mass Transfer

No equation for interpreting the overall mass transfer rate under
the reactive extraction system is available for the RDC column
with the perforated structure in the literature. A number of models
to predict the column performance based on the dispersed phase
were reviewed in order to create a comparison with the reactive
mass transfer data. The average absolute relative error and root
mean square error for the calculated quantities using mentioned
models to the mass transfer results for vanadium solvent extraction
at both directions are given in Table 3. As can be observed, none
of the published models are capable of determining the reactive
mass transfer in the MRDC extractor. The differences between the
predicted values and experimental results are owing to the fact that
the previous semi-empirical equations have been studied for mass
transfer conditions without chemical reaction systems in other
types of extraction columns. Hence, a new model development to
calculate the volumetric overall mass transfer coefficients based on

Table 3. The values of AARE and RMSE in the predicted mass transfer rate with the published models

Equation
AARE% RMSE

Extraction stage Stripping stage Extraction stage Stripping stage
Gröber, Eq. (1) 18.301 16.886 0.385 0.436
Kronig and Brink, Eq. (2) 67.128 66.666 1.241 1.364
Handlos and Baron, Eq. (3) 42.194 39.46 0.806 0.863
Johnson and Hamielec, Eq. (4) 68.011 91.612 1.651 3.028
Boyadzhiev et al. Eq. (5) 86.194 80.100 1.529 1.654
Steiner, Eq. (6) 45.309 32.257 0.705 0.666
Hemmati et al. Eq. (7) 171.74 254.98 4.182 7.208
Asadollahzadeh et al. Eq. (8) 87.170 119.52 1.951 3.275
Bahmanyar et al. Eq. (9) 250.30 199.70 3.878 3.901
Torab-Mostaedi et al. Eq. (10) 152.375 259.21 2.745 5.530
Steiner et al. Eq. (11) 52.076 48.925 0.978 1.058
Rahbar-Kelishami et al. Eq. (12) 43.808 57.943 1.002 1.940
Shakib et al. Eq. (13) 18.821 16.982 0.534 0.444
Torab-mostaedi et al. Eq. (14) 38.425 55.160 1.041 1.716
Torkaman et al. Eq. (15) 144.08 241.36 3.332 4.725
Amanabadi et al. Eq. (16) 79.267 93.38 1.665 2.387
Hemmati et al. Eq. (17) 44.026 50.988 0.991 1.352
Torab-mostaedi et al. Eq. (18) 57.436 61.918 1.079 1.308
Torab-Mostaedi et al. Eq. (19) 53.210 40.058 0.924 0.862
Kumar and Hartland, Eq. (20) 80.705 76.923 1.408 1.559
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the dispersed phase is one of the purposes of the current survey.
Reactive mass transfer data are utilized in Eq. (4) for determining
the enhancement factor. After calculating the experimental data of
enhancement factor for reactive systems, the following model was
derived by applying the least-squares methodology in EViews soft-
ware:

(46)

The effects of mass transfer direction for vanadium extraction were
obtained by a constant parameter. The quantities for the constant
parameter and the analysis of variance of the above equation are
listed in Table 4. The obtained absolute relative errors indicate the
high accuracy of the derived model for calculating the column per-
formance under reactive extraction situations. In this survey, this
correlation is proposed for extracting the vanadium ions from sul-
fate solution. It is expected that the mentioned model can be uti-
lized for estimating the mass transfer performance of modified RDC
columns at metallurgical processes, especially in the extraction of
heavy metals.

CONCLUSION

Experimental and modeling studies were performed on the sol-
vent extraction of vanadium by the synergistic effect of D2EHPA
and TBP by applying the response surface approach and Monte-
Carlo simulation in the MRDC column. The experiments were
investigated in this column using the central composition meth-
odology to minimize and identify the impacts of input parame-
ters. In the batch experiments, the values of 2, 0.3 M, 0.36 M, and
1 M were optimized for initial aqueous pH, the concentration of
D2EHPA, TBP, and NH4OH, respectively. Next, the solvent extraction
experiments were carried out in the mentioned column to investi-
gate the hydrodynamic behavior and mass transfer characteristic.
The dispersed phase holdup, extraction and stripping efficiencies,
and reactive mass transfer rate were investigated via changes in the
operating parameters. Numerical simulation on the uncertainty
analysis of experimental data by the MCA method shows that the
agitation speed, phase flow rates, and type of reaction systems have
significant effects on the dispersed phase holdup in this column. A
modified correlation to interpret the holdup values has been sug-
gested based on the operating parameters, reaction conditions, physi-
cal properties, column geometry, and mass transfer direction by
genetic algorithm optimization approach. Mass transfer rate based
on the dispersed phase increases by an enhancement in the rotor
speed and organic phase flow rate, but slightly decreases at a high
flow rate of the aqueous phase. Compared with the aqueous and
organic phase flow rates, the output results indicate that the agita-
tion speed and extraction or stripping stages have strong effects on

the column performance. In the current research, published works
in different pulsed and agitated columns were reviewed to investi-
gate the mass transfer coefficients. Disagreement in the predicted
results with the present data was observed because these correla-
tions were applied only to physical systems and particular geome-
tries. Thus, a new equation for calculating the overall mass transfer
rate based on the enhancement factor was introduced by consider-
ing the chemical resistance to mass transfer in the modified RDC
column. This experimental and numerical study has provided note-
worthy knowledge on the reactive mass transfer in this column that
can be used to design solvent extraction columns in hydrometal-
lurgical engineering.

NOMENCLATURE

AARE : average absolute relative error [-]
a : interfacial area [m2/m3]
Bn : nth coefficient in Eqs. (1)-(4) [-]
d32 : sauter mean diameter [m]
di : drop diameter [m]
de : equivalent diameter [m]
Dc : column diameter [m]
Deff : effective diffusivity [m2/s]
DR : disc diameter [m]
DS : stator ring diameter [m]
Eö : Eötvös number [-]
E : axial mixing coefficient [m2/s]
E% : extraction efficiency [-]
e : fractional free cross-sectional area [-]
g : acceleration due to gravity [m/s2]
hc : compartment height [m]
K : overall mass transfer coefficient [m/s]
m : distribution ratio [-]
N : rotor speed [rps]
Nox : number of 'true' transfer unit [-]
NDP : number of data points [-]
Pe : Peclet number [-]
R : enhancement factor for mass transfer [-]
RMSE : root mean square error [-]
Re : Reynolds number [-]
Sc : Schmidt number [-]
S% : stripping efficiency [-]
S.E.F : synergistic enhancement factor [-]
t : time [s]
V : superficial velocity [m/s]
Vt : terminal velocity [m/s]
VS : slip velocity [m/s]

: continuous phase true velocity [m/s]
∀ : volume of the extraction region [m3]

R   C2
Cd32VS

C
------------------- 
 

0.047 d32
2 g


----------------- 
 

0.153

1   3.068

Vc

Table 4. The values of the constant parameter and statistical analysis for the obtained model
Mass transfer direction C2 AARE% RMSE R-Square D.W.S Std. Dev.
Extraction stage (cd) 5.31 4.868 0.163 0.932 0.759 0.463
Stripping stage (dc) 5.54 3.987 0.169 0.922 0.658 0.427
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x : vanadium mass fraction in continuous phase [-]
x* : equilibrium mass fraction [-]
y : vanadium mass fraction in dispersed phase [-]

Greek Letters
c : density of aqueous phase
d : density of solvent phase
d : viscosity of solvent phase
c : viscosity of aqueous phase
 : dispersed phase holdup
 : interfacial tension
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