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In this study a liquid-liquid extraction (LLX) process has been investigated based on experimental analysis and
kinetic modelling. The purpose of this investigation is (1) to understand the mass transfer behaviour, (2) to
determine the rate limiting step via evaluating different mass transfer models, and (3) to estimate the mass transfer
and kinetic parameters. This has been discussed in the context of the extraction of Co by the ionic liquid (IL)
[Pgggg][Oleate] as an example of LLX with chemical reaction. Mass transfer models, with and without a chemical
reaction, are evaluated based on a statistical cross-validation method. The following operational parameters are
included in the analysis: column lengths, droplet diameter, droplet rising velocity and continuous and dispersed
phase concentrations on Co uptake. This method reveals that a single parameter representing the external mass
transfer resistance can describe the forward extraction of Co (i.e., into the IL) for the whole data set sufficiently
accurate (error +30%) regardless of the studied operational conditions. Back-extraction of Co from pre-loaded IL
droplets shows a different transfer mechanism. Now the mass transfer in the dispersed IL phase dominates the

process which is attributed to a change of the physical properties of the pre-loaded IL.

1. Introduction

Extraction columns are widely used in chemical, hydrometallurgical,
petrochemical, and pharmaceutical separation processes due to their
low energy consumption, high efficiency and simplicity of operation
(Huang et al., 2016; Anari et al., 2018; Rahbar et al., 2011). However,
lack of knowledge regarding hydrodynamics, mass transfer, chemical
kinetics and the underlying thermodynamics limits the optimization of
these columns. One reason for this is that studying the extraction pro-
cess on large scale is expensive and time-consuming since it requires
rather large quantities of chemicals and a large number of pilot experi-
ments. Using a single droplet extraction column is a promising method
to investigate mass transfer behaviour in LLX system (Jie et al., 2005).

Metal extraction, representing a conventional industrial process, can
be considered a general framework for studying mass transfer com-
bined with reaction in columns. This type of investigations is usually
performed using ZnSO,/D,EHPA/Kerosene, which is recommended by
the European Federation of Chemical Engineering as a standard test
system (Anari et al., 2018; Korb et al., 2018). The present study fo-
cuses on the extraction of Co due to its significant value in support-
ing economic growth and development next to reducing environmental
impact arising from metallurgical, and mining industries (Cheng et al.,
2019; Othman et al., 2019). In this study, [Pgggg1[Oleate] is used which
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demonstrates a high and selective extraction efficiency towards Co over
several consecutive batch cycles (Othman et al., 2019; Parmentier et al.,
2015). The presence of bulky, long-chained tetraalkylphosphonium
cations and hydrophobic oleate anions minimizes the loss of IL to the
aqueous phase.

The rate of LLX with chemical reaction is a complex function of
mass transfer rate and chemical reaction kinetics. Mass transfer and
chemical reaction occur at or across the interface of each droplet where
fluid dynamics and mass transfer are inseparably associated with inter-
facial properties and phenomena, such as droplet deformation, inter-
nal circulation, oscillation or Marangoni instabilities, amongst others
(Wegener et al., 2014). Mass transfer can be described by the two film
theory, penetration theory or surface renewal theory (Lo et al., 1983).
Reactive extraction is defined by a chemical reaction which occurs ei-
ther at the interface “Heterogeneous reaction” or within the bulk phase
“Homogeneous reaction”. For a heterogenous system, two extreme con-
ditions exist regarding the rate controlling mechanisms of the extrac-
tion:1) the diffusional regime where the mass transfer controls the ex-
traction rate and 2) the chemical regime in which the kinetics of the
chemical reaction is controlling. A reaction in the bulk results in a higher
capacity as the extracted solute is “stored” by the chemical reaction and
it can maintain the high initial flux for a longer period of time as it
reduces the concentration of “free” solute.

In a single droplet extraction column, the estimation of the mass
transfer coefficients depends mainly on the knowledge of mass transfer
behaviour Huang et al., 2016). Even though, a large number of studies
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Nomenclature

Symbols

a: Specific interfacial area (g) [m2/m3]

B.: nth coefficient in the equation of Kronig-Brink/
Grober [-]

C: Concentration [M]

Ccot Solute concentration free (Co) [M]

Ceocl,: Solute concentration free (CoCl,) [M]

CC0CI;,IL: Solute concentration complexed with IL [M]

Ceocly.Torai: Total Solute concentration (free and complexed with
IL) [M]

Cp: IL concentration free [M]

CIL total’ IL concentration both free and complexed with CoCl,
[M]

CC: Cross correlation matrix [-]

CVs: 5-fold cross validation [-]

X: Distribution coefficient [-]

D;: Diffusion coefficient [m2/sec or cm?2/sec]

D: Droplet diameter [m]

E,;: Activation energy [kJ/mol]

J: Flux [mol/m?]

K: Overall mass transfer coefficient [m/sec]

k: Partial mass transfer coefficient [m/sec]

K Average correlation value of the cross-correlation ma-
trix [-]

Keq: Equilibrium constant (Homogenous reaction) [-]

Keq,int: Equilibrium constant (Heterogenous reaction) [-]

k,: Reaction rate constant (Homogenous reaction)
[1/M2sec]

k*: Forward and backward reaction rate constant (Het-
erogenous reaction) [1/M2sec]

m: Partition coefficient [-]

MSE: Mean square error [-]

n: Indices [-]

N: Number of experiments [-]

Np: Number of parameters [-]

P;: Fitted parameter of the MSE; . fit [-]

Pe: Peclet number (%”) [-1

R: Gas constant 8.31446 [J/mol K]

I Reaction rate [M/sec]

Re: Reynolds number (%‘) [-]

Sc: Schmidt number (p—g‘) [-1

Sh: Sherwood number (%) [-1

T: Temperature [K] '

t: Residence time [sec]

u: Slip velocity [m/sec]

V: Droplet volume [m3]

wt: Weight fraction [%]

Greek letters

An: n'h Eigen values in the equation of Kronig-Brink/ Grober
[-]

p Density [kg/m3]

Opi: Standard deviation of each parameter over the 5 fits [%]

Op avg’ Average standard deviation of a model over 5 fits [%]

u: Viscosity [Pa.sec]

K Viscosity ratio (t—d )

Superscripts

c Continuous phase

d Dispersed phase

n Number of anions
* Equilibrium
Subscripts

Aq: Aqueous

c Continuous phase
d: Dispersed phase
in: Inlet

int: Interface

n: Number of anions
exp: Experimental
Abbreviations

Co Cobalt

Exp Experimental

IL Ionic liquid

LLX Liquid-liquid extraction

can be found in literature with respect to theoretical models and em-
pirical correlations for predicting the mass transfer coefficients, the pre-
dictions show both success and failure when compared with experimen-
tal results (Huang et al., 2016; Kumar and Hartland, 1999; Chen et al.,
2015). Moreover, it is usually claimed that it is difficult to assess the pre-
dictive ability of literature correlations, since the range of their applica-
tions is not always known (Kumar and Hartland, 1999). This introduces
extra difficulty in selecting the right model. Kumar and Hartland have
published a collection of mass transfer correlations for a rising droplet
(Kumar and Hartland, 1999). Mass transfer correlations for the contin-
uous phase are expressed in the form of Sh¢ = f(Re, Sc., k) where « is
the viscosity ratio between the dispersed and continuous phase. Several
mass transfer models and correlations into and out of a droplet have
been frequently applied, all with their respective boundary conditions.
The Newman model applies to rigid spherical droplets without internal
circulation (Newman, 1931). The mass transfer intensifying effect of
droplet internal circulation is taken into account by ((1) Kronig-Brink
who proposed a model for laminar diffusion with internal circulation
and (2) Handlos-Baron who proposed a model in which a turbulence-
like disturbance is added to the internal circulation (Wegener et al.,
2014; Handlos and Baron, 1957; Kronig and Brink, 1951). To overcome
the limited prediction of the Newman model, Zheng et al., implemented
an enhancement factor reflecting the effect of initial solute concen-
tration, droplet rise velocity and interfacial instability (Steiner, 1986;
Zheng et al., 2014). Wegener et al., improved the Handlos-Baron model
by introducing a concentration dependant parameter accounting for the
influence of the initial solute concentration difference between the aque-
ous and organic phase and to characterize the intensity of the Marangoni
effect (Wegener and Paschedag, 2011). Anari et al., developed a correla-
tion for an effective diffusion coefficient to reveal the effect of chemical
reaction on mass transfer rate (Anari et al., 2018).

In this paper we investigated the mass transfer and reaction kinetic
of Co extraction by [Pgggg][Oleate] to determine the rate limiting step
and to evaluate whether adding a chemical reaction to the mass trans-
fer model is necessary to describe the forward and backward extraction.
Furthermore, we have also examined whether the stagnant and inter-
nal circulation models and correlations found in the literature provide
a satisfactorily prediction of the experimental data. The two-film theory
has been applied to predict Co uptake using (1) an internal circulation
model and correlation from literature, and (2) a mass transfer model
with and without chemical reaction using a statistical cross-validation
(CVs) method. Both options are evaluated. The CV5 method is applied
as described in the work of Slotboom et al., (Slotboom et al., 2020). It
permits the calculation of associated mass transfer and kinetic param-
eters, and with that it identifies the rate limiting step(s) of the overall
process. This is achieved via studying the extraction of Co into single
IL droplets rising in a single droplet extraction column with consider-
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Fig. 1. Schematic representation of the two-film theory. Superscript ¢ and d
refer to the continuous and dispersed phase, respectively; the subscript int refers
to the concentration at the interface.

ations for equilibria, molecular diffusion, convective mass transfer and
reaction kinetics. The experimental data set consists of more than 50
experiments under different experimental conditions regarding column
lengths, droplet rise velocity (both affecting the contact time), droplet
diameter, and continuous and dispersed phase Co concentration. This
lumped data set was then fitted by different models using the statisti-
cal cross-validation method as selection tool evaluating the predictive
capability and variance of each model.

2. Theory

There are different theories concerning mass transfer between
phases, such as the two-film theory, the penetration theory, and the
surface renewal theory. In this study, the two-film theory was used to
model the physical mass transfer of Co from the aqueous phase into
the IL droplet phase. This theory was first developed in 1924 by Lewis
and Whitman and it hypothesizes the existence of a distinct interface
between the two phases, covered by a film with thickness () on both
sides of the interface Lewis and Whitman, 1924). The theory involves
the following assumptions: ((1) mass transfer occurs by molecular dif-
fusion across the films; (2) bulk concentration in both phases is homo-
geneous with respect to solute beyond this film; (3) mass transfer across
the film occurs under steady state conditions (Morsi and Basha, 2015;
Welty et al., 2009). Accordingly, for convective mass transfer, the con-
centration profile across the film is linear as shown in Fig. 1 (neglecting
the curvature effect of the droplet since §< d). Many transport processes
involve the mass transfer of molecular species coupled to the disappear-
ance or appearance of the particular species through a heterogeneous
and/or homogeneous chemical reaction.

In this paper, three possible cases were considered regarding the
transfer of Co from the continuous phase to the IL droplet. In the first
case, a mass transfer model has been evaluated assuming that all the ex-
tracted CoCl, is present in the dispersed phase as free salt and that there
is no reaction between the extracted salt and the IL. In the last two cases
a mass transfer model has been evaluated assuming that CoCl, diffuses
into the dispersed phase as a free salt and then reacts with the IL (i.e.,
CoCl, is present in the dispersed phase as free salt and as complex with
IL). These cases are:

1. Mass transfer model using a variable distribution coefficient X (as-
suming no reaction between CoCl, and IL). This model has been
evaluated using literature correlations for mass transfer coefficients
with internal circulation.
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2. Mass transfer model using m (assuming that the homogenous reac-
tion is slow relative to the mass transfer in the time frame of the
extraction). This model has been evaluated (i) using literature cor-
relations for mass transfer coefficients with internal circulation and
(ii) using the CV5; method for estimating the mass transfer coeffi-
cients.

3. Mass transfer with homogenous reaction model using m (full model).
This model has been evaluated using the CV5 method for estimating
the mass transfer and kinetic coefficients.

Using a single droplet extraction column as a prototype, the process
of mass transfer has been modelled using a non-stationary mass bal-
ance with Co transferred as neutral, partially hydrated salt CoCl, into
an IL droplet of specific surface area a. Here, it is assumed that CoCl, is
formed instantaneously at the interface within the aqueous phase before
entering the IL phase. Assuming that the single droplet is a rigid sphere,
Co or actually CoCl, uptake is calculated based on the overall driving
force, i.e., the difference between the equilibrium concentrations of the
free CoCl, at the interface (*), defined in Eq. (3), and actual free CoCl,
in the bulk IL:

dc
CoCly o f sd d
T _Ka (CC0C12 - CC0C12> @

Where, the overall mass transfer coefficient K is defined as the fol-
lows:
1 m 1

1 2
K~ kK @

The partitioning coefficient m, which is defined as the ratio of the
equilibrium concentrations of the free CoCl, at the interface. Which, at

equilibrium, equals the free CoCl, salt in the dispersed phase (Cé‘ic[z),

and the total Co in the continuous phase (C*C‘C0 ), is expressed as shown
in Eq. (3). The overbars represent the organic phase.

[ CoCl ] cxd
m= = CZSIZ 3)
[ COg;Total] CCU

After the formation of CoCl,, the metal salt diffuses into the bulk
of the organic phase where it exhibits a homogenous interaction with
the IL via replacing the hydrated water molecules of the neutral metal
salt by the anion available in the organic phase (i.e., carboxyl group) to
form negatively charged metal complexes that electrostatically interact
with the organic cation. This hypothesis is consistent with a recent study
which describes the metal extraction process as a series of elementary
thermodynamic steps (Lommelen et al., 2019). The hypothesized com-
plexation reaction between CoCl, and IL presented in Eq. (4).

CoCl, + 2[Pgggg][Oleate] = ( [Pgggs][Oleate]),CoCl, )

The corresponding equilibrium constant K, for the formation of
([Pgggg][Oleate]),CoCl, is defined by Eq. (5). The total CoCl, in
the IL phase includes both the free and the part complexed with
IL ([CoCly 1y = [CoCly] + [([Pgggsl[Oleate]),CoCl, ]). Likewise, the to-
tal IL includes both the free and the part complexed with CoCl,
([Pggggl[Oleate] .y = [Pggggl[Oleate] + 2 [([Pgggg][Oleate]), CoCl,]).

. [([nggg][Oleate])ZCOClz]  Clenn -

- [E— 2
[ CoCl, ] [ [Psgsg] [Oleate] ] Cciaz (C?L)

The value of the equilibrium constant K., and partitioning coeffi-
cient m are obtained by fitting the extraction isotherm obtained exper-
imentally at room temperature to Eq. (5). The homogenous reaction of
Eq. (4) occurs in parallel with the mass transfer. In this case, the reac-
tion kinetics are coupled to the mass transfer equation to calculate the
free CoCl,:
dCdCoClz

dt

— +d d
=Ka (CC0C12 - CCoClz) ~ TcoCh,-IL (6)
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While the formation of the CoCl,-IL complex (CdCoClz—IL) is calcu-
lated as shown in Eq. (7) according to homogenous reaction expressed
in Eq. (4):

dacd cd
CoCl,-IL d d \2 CoCl,-IL
=—=k/|C C -— 7
ICoCl,-IL dt T Coc12( IL) Keq @)
where K., is calculated according to Eq. (5).
The consumption of IL:
dcd
L
G = 2 feocn-i ®)

The total Co uptake in the dispersed phase is calculated as the fol-
lowing:

+cd

d _ d
CCoClz—Tolal - CC0C12 CoCl,—IL ®

These differential equations are solved using the following initial
conditions:
For the free CoCl, in the dispersed phase:

d  _ d
CCDC12 = CCoClzLO (10)
For the complexed CoCl, with IL in the dispersed phase:
d _ d
CCOC]z—[L - CCUCIZ—ILL:O an
For the IL in the dispersed phase:
d _ d
cl = CILL:O (12)
d a L .
Where CCoClzlt=0 and CCoClz—IL|t=0 are the initial concentrations of

the free and complexed CoCl, in the dispersed phase, respectively, both
zero in the case of using fresh IL. When using preloaded IL, the initial
free CoCl, and initial CoCl,-IL complex equal their equilibrium concen-
trations, both defined by the equilibrium constant K. Cle (o 1s the
initial concentration of free IL, which equals 1.06 M in the case of using

d . .
fresh IL and (1.06 — 2CC0C12—IL|t=O) in case of using preloaded IL.

The last case considered in this study is evaluated based on the as-
sumption that all the extracted CoCl, salt in the dispersed phase is free
and that there is no reaction between the extracted salt and IL. As re-
marked already, the partitioning coefficient m relates the Co in the con-
tinuous phase in a constant ratio to the free CoCl, in the IL. In the
absence of any complexation, this ratio does not remain constant any
longer but increases over time with progressive Co uptake. For that rea-
son, the use of the distribution coefficient (X) seems more appropriate
with, X defined as the ratio of total CoCl, taken up and the total Co
in the aqueous phase. Note that the (equilibrium) X values can be di-
rectly derived from the equilibrium isotherm shown in Figure A.1. Since
the distribution coefficient in this LLX system is variable, reflecting that
Eq. (2) is not valid. Therefore, Co uptake has been calculated using a
mass transfer model that employs individual mass transfer coefficient
for the continuous and the dispersed phase, with the driving force in
each phase directly proportional to the difference between the bulk and
interfacial concentration:

d
dCCoCl2

dt
And,

d
dCCoClz

dt

The solute flux out of the continuous phase equals the flux of the
solute into the dispersed phase. Combining Egs. (13) and (14), results
in:

. . _ d d
kca (CEO - C(éo,int) =kga (CcOaz, int CcOaz) as)

Both Co concentrations at the interface are at equilibrium and related
by the extraction isotherm (Figure A.1, Appendix A). The equilibrium

=kea (CEy = Coyine) k)

Co,int

- d d
=kqa (CCOCIZ, int ~ CCoClz) (14
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. . a . . . .
correlation between CCO,im and CCOC12, i i1 [mol/L] is obtained by fit-

ting the extraction isotherm of Co by a 2" order polynomial, resulting
in:
CC

Co,int

2
= 0.7635(cd ) ~0.051C¢ +0.0029 (16)

CoCly,int CoCly,int

Note, at equilibrium the interface concentration is equal to the bulk
concentration.

2.1. Parameter estimation

The five-fold Cross-Validation (CV5) method was used to determine
the goodness of fit statistically Slotboom et al., 2020; James et al., 2013).
This method involves dividing the total dataset randomly into 5 unique
folds (groups) of approximately equal size. One-fold is used for valida-
tion (test set) and the remaining four folds are used for fitting the model
(training set). This procedure is repeated 5 times, where each time a
different group of observations is assigned to be the validation set. The
main purposes behind using this method are ((1) to determine the good-
ness of each model in predicting data points outside of its trained dataset
and, (2) to determine the deviation of the parameters when fitted on a
specific dataset.

For each training set, parameter estimation was performed using the
mean square error (MSE) regression method. The MSE is the average
squared difference between the estimated parameter values and the ac-
tual value (obtained experimentally) as shown in Eq. (17). Global Op-
timization Toolbox of MATLAB® 2017b was used to obtain the global
minimum. GlobalSearch is initiated with the fmincon solver and the Se-
quential Quadratic Programming (SQP) algorithm.

N
1 2
MSE, = & Z (Cexpi = Crmodel.i) amn
i=1
CV; is calculated by averaging the five MSEs of the test sets as shown
in Eq. (18):

5
CVs = % Y MSE, (18)
k=1

The best model is the one which can predict experiments outside the
training set good rather than fit a specific dataset perfectly. In Five-fold
cross-validation, a lower CVy value indicates a better predictive ability
of the model. The selected parameters per model are the ones with the
lowest MSE for the whole dataset and the corresponding MSE is called
MSE,.. This set of parameters is considered as the absolute best model
for the total dataset.

The standard deviation of each model parameter is calculated as the
standard deviation over the five fits. The average standard deviation of
a model over five fits is defined as the following:

1 Opi
Opave = — — 19
P.avg Np = |Pi| 19

Where Np is the number of fitted parameters, op; is the standard
deviation of each parameter over the 5 fits and P; is the fitted param-
eter of the MSE,,¢ fit. The value of op ,, represents the percentage of
deviation of the obtained fitting parameters of the same model when re-
gressed five times over essentially the same dataset. The lower the value
of op,, the less the parameters are changing when a completely new
dataset is taken, on average.

The dependency of a fitting parameter to another can be determined
by the average correlation number of the cross-correlation matrix (Kcc)
which is calculated as follows:

| @
= Y |cgy] (20)
Np i=1

Kee = —

The value of Kcc has been calculated by setting the diagonals to zero
instead of one. This provides a value of Kcc ranging between 1 and 0 for
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Fig. 2. Experimental setup for Co extraction measurements by single rising
droplets.

any model with any number of parameters, just like the cross-correlation
value itself. The closer the cross-correlation value is to 1, the higher
the dependency of the fitting parameters on each other. The closer the
cross-correlation value is to 0, the lower the dependency of the fitting
parameters on each other.

3. Experimental
3.1. Materials and analysis

Tetraoctylphosphonium bromide (> 95%) was purchased from Io-
LiTec; sodium chloride, ammonium chloride, and nitric acid (69%) from
VWR Chemicals; oleic acid (90%), perchloric acid (70%) and cobalt
(II) chloride hexahydrate (98%) from Alfa Aesar. MilliQ water (>18
MQ.cm) was obtained from a Millipore Milli-Q® Biocel, which uses a
Qgrade® column. All chemicals were used as received, without any
further purification. Tetraoctylphosphonium oleate [Pggq¢]1[Oleate] was
synthesized according to the procedure described by E.A Othman et al.,
(Othman et al., 2019).

The aqueous phases after each extraction process were analysed
by a Metrohm IC Compact 761 ion chromatograph (detection range:
0.1-80 mg/L) and a Perkin Almer Optima 5300 DV inductive coupled
plasma optical emission spectrometry (ICP-OES) (detection range: 0.025
- 10 mg/L). The organic phase was digested using a Milestone Ethos Easy
microwave digester and analysed using the same instruments as applied
for the aqueous phase. The pH and the conductivity of the aqueous and
the organic phase are measured using a Mettler Toledo pH-metre with
an accuracy of +0.002.

3.2. Extraction

The mass transfer experiments were carried out in laboratory scale
glass columns of different heights (50, 300, 670, 1170 and 1500 mm), as
illustrated in Fig. 2. The inner diameter of the column is 18 mm which
is large enough to avoid wall effects in the experiments. The column
is equipped with a jacket where the temperature of the system was ad-
justed by an external water bath. The droplets are dosed from the bot-
tom of the column by an Aladdin Syringe Pump, type AL1000-220. The
droplets were formed at the tip of a stainless-steel nozzle with the pump
running at the appropriate rate. Different nozzle sizes ranging from G8
to G23 were used to examine the effect of droplet size. G18 was selected
as standard nozzle for all other experiments since it provided the small-
est stable droplets at 1 ml/min. At the top of the column an inverted
glass funnel was installed to collect the IL droplet in a way to minimize
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the interfacial area between both phases and thus reduce extra mass
transfer occurring during coalescence.

In this investigation, the organic phase was chosen as the phase to
be dispersed as it has a higher viscosity compared to the aqueous phase
and is more expensive. The average droplet volume and diameter were
determined by counting the number of droplets formed given a certain
volumetric flow, while assuming all droplets to be rigid perfect spheres
of constant volume. The droplet slip velocity was calculated by mea-
suring the rising time between two defined points in the column using
a stopwatch and a high-speed camera (Photron AS1, sigma 105 mm
macroscopic lens). It is recommended to set the starting point at a min-
imum of 50 mm from the tip of the nozzle to ensure the droplet has
reached a constant rise velocity (Huang et al., 2016). Each measure-
ment was repeated at least three times. Mass transfer contact time was
defined as the residence time which includes the formation time as well
as the rising time.

To study the effect of Co concentration in the aqueous phase on mass
transfer, fresh IL was dispersed into various column lengths containing
different Co 0.02, 0.08, 0.17, 0.25, and 0.34 M (1, 5, 10, 15, 20 g/L)
and equal Na concentration in g/L from their corresponding chloride
salts. On the other hand, the effect of IL concentration was studied using
pre-loaded IL obtained by equilibrating fresh IL with an aqueous phase
containing 0.08, 0.17 and 0.25 M (5, 10 and 15 g/L) Co and equal con-
centration of Na in g/L from their corresponding chloride salts. Then the
pre-loaded IL was injected into the 1.14 m column containing 0.08 M
Co (5 g/L) and equal concentration of Na in g/L. Another set of exper-
iments was done by pre-loading fresh IL with 0.08 M Co (5 g/L) and
injecting it into columns containing 0.08, 0.17, 0.25, 0.34 and 0.42 M
Co (5, 10, 15, 20 and 25 g/L) and equal concentration of Na in g/L
to test the effect of pre-loading on extraction rate. ILs was preloaded
via mixing the aqueous phase with equal volume of water-saturated
[Pgggg]1[Oleate] (around 10 wt.% water) for 10 min at 40 rpm and cen-
trifuged (3750 rpm; 10 min, 22 °C) in an Allegra X-12R Centrifuge of
Beckman Coulter.

The effect of droplet size was investigated using different nozzle sizes
ranging from G8 to G23 and performed in an aqueous phase containing
0.02 M Co (1 g/L) and equal concentration of Na in g/L. All exper-
iments were performed at room temperature unless stated otherwise.
Three samples of the loaded IL were collected at the top of the column
in each run, measurements and analysis was conducted as mentioned
above. A specific cleaning procedure was performed following each run
to avoid contamination of the system. Accordingly, all materials in con-
tact with either the continuous or dispersed phase samples underwent
multiple rounds of mechanical cleanings, subsequent rinses with ace-
tone and deionized water, and were dried using an air blow gun.

3.3. Back extraction (regeneration)

Back extraction experiments were performed on batch scale as well
as using the single droplet extraction column. In batch experiments, 5 ml
preloaded [Pggggl[Oleate] with 0.36 M Co (21 g/L) was regenerated
using an equal volume of Milli-Q water. Two types of experiments were
conducted. In each experiment, 5 ml Milli-Q water mixed with 5 ml pre-
loaded IL with 0.36 M Co (21 g/L) and the total regeneration time in
both experiments was 2 min. The regeneration process was performed
either in one stage for the duration of 2 min (A) or in two stages of 1 min
each and 30 min in between with both phases completely separated (B).

Using the single droplet extraction column, the back-extraction ex-
periments were performed following the same procedure applied for the
extraction. These experiments were conducted by first pre-loading the
fresh IL with 0.34 M Co (20 g/L) and then injecting a fixed volume of
this per-loaded IL into the column containing 1 M NaCl solution (25 g/L
Na) to create the same environment for the transfer of Co as in the ex-
traction experiments.

All back-extraction experiments were performed at room tempera-
ture and in duplicate. At the end of each experiment, the concentration
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Table 1

Parameters employed in Eq. (21). Diffusivity of Co in the continu-
ous phase is obtained from literature. The diffusivity of CoCl, in the
dispersed phase is calculated using the Wilke Chang equation.1n as
shown in (Appendix B).

Parameters Values

Distribution coefficient (X)

Partitioning coefficient (m)

Diffusivity of Co in the continuous phase (Df)
Diffusivity of CoCl, in the dispersed phase (D;l)

2-9 (j = 0.36-1.61)
0.9 (j = 0.16)

1.29 x 107 m/sec?
4.12 x 107! m/sec?

of Co in the (initially Co-free) aqueous phase was measured since the
decrease of Co concentration in the IL droplet was negligible. Measure-
ments and analysis were conducted as mentioned above.

4. Results and discussion
4.1. Modelling mass transfer in LLX

4.1.1. Conventional correlations for mass transfer coefficient with internal
circulation

In this study a single droplet extraction column, where a single
droplet is moving in a stationary ambient phase, was used to avoid
the complexity involved in the design of multiphase dispersed systems
(Wegener et al., 2014). This provides a method to investigate the extrac-
tion mechanism, to measure the mass transfer coefficient and to deter-
mine the rate limiting step. Mass transfer of a soluble component into or
out of a droplet is classified based on the value of j as either dominated
by an external resistance (j >> 1), by an internal resistance (j << 1) or a
combination of both (conjugated resistance) (j ~ 1) (Huang et al., 2016;
Wegener et al., 2014; Brauer, 1978). j is defined in Eq. (21):

D¢ D¢
. 1 1
J= X D—lc or m D—lc (21)

Where X, m, D; are the distribution, partition and diffusion coeffi-
cients respectively. The values of X are obtained directly from the ex-
traction isotherm while m is obtained by fitting the extraction isotherm
obtained experimentally at room temperature (Figure A.1, Appendix A)
according to Eq. (5). j is evaluated using (1) variable X assuming that all
CoCl, in the dispersed phase is free, and (2) constant m assuming that
the total CoCl, in the IL phase includes both the free and the part com-
plexed with IL (Table 1). For the range of the studied Co concentrations,
the value of j is close to 1 in the case of using distribution coefficient
X, which indicates that the mass transfer resistance resides in both the
continuous and dispersed phase. On the other hand, the value of j is
less than 1 in the case of using partition coefficient m, which indicates
that the studied system encounters an internal problem where the re-
sistance against mass transfer resides in the dispersed phase. The value
of the partitioning coefficient m = 0.9. It is worth noting that during the
extraction of Co, the IL droplet exhibits internal circulation behaviour
while rising in the single droplet extraction column as has been visu-
ally observed (Fig. 3). However, this effect is not taken into account in
Eq. (21) which limits its applicability for a system that exhibits internal
circulation behaviour.

The mass transfer coefficient in both the continuous (k.) and dis-
persed phase (k,) were calculated using the following two expressions
(Kumar and Hartland, 1999):

1) Continuous phase (internal circulation droplet), the following Sher-
wood relation was used:

Sh, = 0.6Pe’ (22)

2) Dispersed phase (Kronig-Brink), the following expression for the
mass transfer coefficient in the dispersed phase was used where
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Table 2

Eigen-values A, and the values of the coefficient B, used in the
model of Kronig-Brink Eq. (23) (Heertjes et al., 1954; Rh and
Green, 1997).

n 1 2 3 4 5 6 7

B
A

1.31 0.583 0.391 0.35 0.28 0.22 0.16
1.60 8.62 21.3 38.5 63.0 89.8 123.8

n

n

the used Eigen-values and the values of the coefficient are listed in
Table 2:

o 64x. DY ¢
d 3 2 N
ki =——In| = Z B - 2
‘ ot n|:8 n=1 nexp{ & }:| 2

The continuous and dispersed phase mass transfer coefficients are
found to be k.= 8.6 x 107°-1.0 x 10~* m/sec and k4=1.8 x 107> -
1.2 x 10~* m/sec depending on both droplet diameter and contact time
as listed in Table C.1 (Appendix C). Fig. 4 compares experimental Co
uptake using [Pggggl[Oleate] as function of contact time and droplet
diameter for different Co concentrations in the continuous phase with
those predicted by the two-film theory where k. and ky are calculated
according to Egs. (22) and (23) respectively. The measured Co uptake
(Fig. 4.A) was always lower than those predicted by the mass trans-
fer model in the case of implementing a distribution coefficient (X) as
shown in Egs. (13-16), while assuming that all Co that is taken up re-
mains in its free form (CoCl,). The MSE for this case is 1.9 x 1073,

Using the partitioning coefficient m instead in Egs. (2) and (6), as-
suming that there is a reaction but it is slow relative to the mass transfer
in the time frame of the extraction, improves the prediction of Co uptake
and reduces the MSE from 1.9 x 1073 to 7.8 x 10~5 (Fig. 4B). This em-
phasizes, at least for the system studied here, the importance of using m
in the two-film theory which is valid in case of having a chemical reac-
tion, implying that the extracted metal can be present in more than one
form in the extractant. Note in Fig. 4B that the model prediction starts
to deviate from the experimental data at longer contact time and higher
Co concentrations. More specifically the model over-predicts at short
contact time and higher Co concentrations, whereas it under-predicts at
longer contact time. In the literature, the deviation of the mass trans-
fer coefficient from the value predicted by internal circulation models
and correlations is attributed to surface instability (Marangoni effect)
(Wegener and Paschedag, 2011; Sawistowski and Goltz, 1963). Wang
et al., showed that the measured extraction fraction for the solute trans-
ferred from a hanging droplet (1-hexanol) to the aqueous phase agreed
quite well with those predicted by the Kronig-Brink model at low so-
lute concentration (Wang et al., 2011). At high solute concentration and
longer contact time, the Kronig-Brink model predicts the extraction frac-
tion fairly well only if a Marangoni-related parameter is incorporated
(i.e., enhancement factor which is defined as the ratio of the experi-
mentally obtained overall mass transfer coefficient for an ordinary drop
to that for a rigid drop (see Appendix D). The incorporated enhance-
ment factor varies based on initial solute concentration and contact time
(Chen et al., 2015; Wang et al., 2011). However, this introduces an ex-
tra difficulty in developing a general model that can describe the effect
of various operational conditions and hinders the understanding of the
extraction mechanism of a LLX system. Fig. 4 (panel C) shows that the
experimental data obtained in feed solutions containing 0.02 and 0.08 M
CoCl, are relatively insensitive to the droplet diameter ranging between
2.98 and 5.28 mm. Also, in this case the model description based on the
partitioning coefficient m is much better than that based on the distri-
bution coefficient X.

4.1.2. Parameter estimation

So far, Co uptake by the IL has been modelled by employing Eq. (1),
in the absence of chemical reaction. In both cases, k. and k4 values were
calculated by expressions Eq. (22) and Eq. (23), respectively. Here we
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A. Feed Solution 0.08 M

B. Feed Solution 0.17 M

C. Feed Solution 0.34 M Co

Fig. 3. Observed internal circulation within a single IL droplet hanging at the tip of the needle (panel A and B) or rising (panel C) in a single droplet extraction
column at different contact times and Co concentrations in the aqueous phase (0.08, 0.17 or 0.34 M Co). Note: the higher the Co concentration in the feed or in the

IL, the darker purple the droplet.

proceed with a slightly different approach, essentially based on data fit-
ting, with the prime aim to identify the rate-limiting step. To further
understand the mass transfer behaviour of Co in a LLX system and to
improve the prediction of Co uptake from literature correlations, var-
ious rate models based on the two film theory with and without a ki-
netic reaction were evaluated. In this study, the CV5 method is applied
to (1) discriminate between different rate models, (2) determine the
rate-limiting step, and (3) estimate the mass transfer and kinetic param-
eters. The developed models include mass transfer to and within the IL
droplets as well as the homogenous chemical reaction kinetics and equi-
libria. These models with and without the homogenous chemical reac-
tion are evaluated using m, since mass transfer models using literature
correlations show a better prediction of Co uptake using m as discussed
earlier. Regression and statistical analysis were performed employing
cross validation of the different rate models and including all 52 exper-
iments shown in Table C.1 (Appendix C). These experiments involved
the effect of contact time, droplet diameter and the concentration of Co
in the continuous and dispersed phase (fresh and pre-loaded IL) on the
Co outlet concentration in the IL.

In total, four different extraction models (A-D) were evaluated, ac-
counting for mass transfer with and without homogeneous chemical re-
action. The first three models (A-C) without homogeneous chemical re-
action are by definition mass transfer-limited. The four subcases distin-

guished in model A are a contribution of both an external and internal
mass transfer resistance (A.1-A.4 in Table 3), in model (B) only an ex-
ternal mass transfer resistance and in model (C) only an internal mass
transfer resistance was evaluated. The last model investigated includes
homogeneous chemical reaction (D), in this particular case between the
CoCl, salt and the IL. The total resistance is now a combination of a mass
transfer component and a reaction kinetics component. Ignoring mass
transfer resistance altogether is not discussed in this study because the
total Co uptake in all experiments is much lower than the equilibrium
concentration (Cé‘(‘)Clz).

Table 3 shows the fitted parameters, regression values and statistical
analysis for each of the four models. For the first three models, A, B and
C, i.e., describing extraction in the absence of a chemical reaction, Fig. 5
compares the experimental and predicted Co uptake. These parity plots
show that the results of the models are in good agreement with the
experimental data obtained under different operating conditions, over
the entire external Co concentration range and using either fresh (blue)
or pre-loaded IL (red). Employing k. and k4 in model A, shows the equal
contribution of both an external and internal mass transfer resistance.
Statistical analysis presented in Table 3 shows that k. and k4 are cross
correlated where K..=0.5. To reduce the cross-correlation value, model
A has been re-evaluated using Sh. and ky as fitting parameters (A.2)
or k. and Shy as fitting parameters (A.3), to account for the effect of
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Fig. 4. Effect of contact time on Co uptake for different feed concentrations (0.02-0.34 M Co) compared with the model prediction by Kronig-Brink using either the
distribution coefficient X (A) or the partitioning coefficient m (B). Panel C shows the effect of droplet diameter on measured Co uptake and the comparison with the
Kronig-Brink, model using either X or m.

Table 3
The best fitting parameters out of the five runs based on MSEbest obtained for the applied different models developed using CV5; method. The last five column on
the right-hand side list the regression and statistical analysis of the fitted rate models.

Fitting Parameters Statistical analysis
Model
k. [m/sec]  Sh, kg [m/sec]  Shy k, [1/M? sec] CVs MSEj ot G pavg (%) N, Kee
A. External & internal mass transfer
1. Using k. and ky 1.6 x 1075 4.8 x10"1*  4.5x10°° 41 %103 — 6.0 x 10> 5.4 x 10 139.5 2 0.50
2. Using Sh, and ky 1.1 x107% 3.2x10*! 3.3 x10*! 3.0 x 10 - 5.8 x 107> 5.2x107° 72.0 2 0.002
3. Using k. and Shy 9.7 x 1072 2.9x 10t 1.2x1075 1.1 x10*3 - 5.8 x 10~° 5.2 x 107° 248.4 2 0.19
4. Using Sh, and Shy 1.1 x10°° 3.2 x 10*! 42x1073 3.9 x 10*5 5.7 x 10~ 5.2 x 107> 38.3 2 0.5
B. Only external mass transfer Sh, 1.1x107% 32x10*1 - - - 57x107° 52x10° 35 1 -
C. Only internal mass transfer Shy - - 1.2x107%  1.1x10*® - 17.3x107° 52x10° 209 1 -
D. Mass transfer & reaction 1.0x 105" 3.0x10*! 5.0x10*! 4.6 x10*>* 25x 107! 48x10"° 4.8x10°° 4817 3 0.36

* ke, kq, Sh, and Shy are calculated from the corresponding fitting parameters using the average droplet diameter (i.e., d = 3.8 mm) and the diffusion coefficients
given in Table 1.
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Fig. 5. Parity plots of Co uptake and concentration profile at the liquid-liquid interface where the resistance against mass transfer resides in A) both the continuous

and dispersed phase B) continuous phase C) dispersed phase.

droplet diameter and the diffusion coefficient in each phase. Sh, and
Shy are defined according to:

k.d
kyd
Shy = = 25)

i
Including Sh numbers in model A.2 and A.3 reduces the cross-
correlation values from 0.5 to 0.002 and 0.19 respectively while all

other statistical parameters remains unchanged as shown in Table 3.
However, the system does not encounter a conjugated problem anymore
and the mass transfer resistance resides in either the continuous or the
dispersed phase depending on where Sh is applied. Employing Sh. and
Shy in model A.4, shows that the mass transfer resides in the contin-
uous phase. However, statistical analysis shows that Sh, and Shy are
cross correlated like k. and ky used in model A.1 where K..=0.5. To
clarify the effect of the mass transfer resistance in each phase, models
B and C are employed where the fitting parameter is either Sh. or Shy.
As evident from the Sh, value in Table 3, ignoring the internal mass
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Fig. 6. Parity plots of Co uptake and concentration profile at the liquid-liquid interface for mass transfer with chemical reaction.

transfer resistance (case B) hardly affects the outcome compared to that
obtained in model A.2. This conclusion is confirmed by the statistical
analysis, at least regarding the values of CV5 and MSE}.. On the other
hand, ignoring the external mass transfer resistance (case C) reduces the
predicting capability outside the training set compared to model A.3,
reflecting CV; increases from 5.8 x 107> to 17.3 x 107>, Even though
both models B and C provide a comparable fitting ability over the total
dataset as evident from the MSE, values in Table 3 and parity plots
in Fig. 5 panel B and C, model B is preferred. Additionally, the model
based on the external mass transfer resistance only (model B) provides
the lowest o}, ., Which is 3.5%. This means that when a completely
new dataset is considered, the fitted value of the external mass transfer
resistance would have a deviation of 3.5%.

Then, the effect of adding homogenous chemical reaction to the mass

transfer is examined for the extraction process as shown in Fig. 6. The
values of the partitioning coefficient m and the equilibrium constants
K4 for the homogeneous reactions used in this model are m = 0.9 and
K,q = 15. These parameters are obtained from fitting the isotherm data
obtained experimentally at room temperature of Figure A.1 (Appendix
A) to Eq. (5). The fitting procedure minimizes the value of the mean
square error (MSE) between the experimental and fitted total Co uptake.
Statistical analysis listed in Table 3 reveals that the model including both
mass transfer and chemical reaction has the lowest CV5 and MSE;.;. On
the other hand, standard deviation shows a huge variation in the fitted
parameters mainly k, (3.3 x 10~% — 8.1 (1/M?29)).
A high o, ., value indicates that each of the five runs resulted in a
different set of parameters, with each set of parameters still fitting with
the experimental dataset. Thus, it is reasonable to conclude that models
with higher o, 5., values- although are just as good at fitting experimen-
tal data as models with lower values- don’t necessarily physically reflect
what is being modelled. Therefore, the lower value of ¢}, ., for model
B indicates that the model has a more consistent physical description
(Slotboom et al., 2020). The evidence supporting this conclusion is two-
fold. First, considering internal mass transport only (model C) increases
the CV; values with a factor 3. Secondly, adding reaction kinetics to the
model description (model D) hardly lowers the CV5 and MSE,.; values
compared to those models based exclusively on mass transport (models
A and B). This concludes that a mass transfer model with just a single
fitting parameter Sh, (model B) can adequately describe the extraction
of Co for the whole data set with most of the experimental data pre-
dicted within +30%, regardless of the initial solute concentration in the
continuous and dispersed phase, contact times or droplet diameters. The
low effect of internal mass transfer resistance on Co uptake could be re-
lated to the internal circulation that is clearly visually observed during
uptake in the extraction column as shown in Fig. 3.

10

Fig. 7 compares experimental Co uptake using [Pgggg][Oleate] as
function of contact time for different Co concentrations in the continu-
ous phase with those predicted by the two-film theory using the fitting
parameter obtained in model B. The obtained fitting parameter (Sh,.)
provides a better prediction of Co uptake even at long contact time and
high Co concentration in the continuous phase compared to those ob-
tained using an internal circulation model and correlations from liter-
ature as presented in Fig. 4 (panel B). The value of Sh. obtained using
model B equals 32 which is lower than the value calculated using a lit-
erature correlation (Eq. (22)) where Sh, ranges between 251 and 307.

4.1.3. Activation energy

The determination of the activation energy is a method to distin-
guish between a process limited by either mass transfer or reaction
kinetics. It is reported that an extraction process is diffusion-limited
when the activation energy falls in the range 8-24 kJ/mol. On the other
hand, the reactions contributes to the rate once it exceeds 200 kJ/mol
(Scott, 2006). In order to identify the rate-limiting step during Co
extraction by [Pgggg][Oleate], we applied an Arrhenius plot analysis
(Cheng et al., 2019; Scott, 2016; El-Hefny, 2010). The temperature effect
on the extraction rate controlled by mass transport is less pronounced
than that of a process controlled by a chemical reaction (Scott, 2016).
Fig. 8 shows the influence of temperature on the extraction rate of Co
using [Pgggg][Oleate] in the range of 295-353 K (Appendix F). A linear
correlation between IndCc,, /dt and 1/T is obtained where the slope
represents -E, /R according to the Arrhenius equation:

—Eq
kK, =AeT (26)

The activation energy is found to be 24 kJ/mol, a value hinting in the
direction of mass transfer limitation which is in line with the conclusion
obtained using the model and the statistical analysis as discussed above.

4.2. Back extraction

Another important element in this study is understanding the back-
extraction mechanism which is usually ignored in most studies. An ear-
lier study by Othman et al., emphasized already the necessity of se-
lecting the right regeneration solution and understanding its behaviour
since the regeneration of the extractant and the finally obtained product
are key drivers for any liquid-liquid extraction process (Othman et al.,
2019). In order to investigate the back extraction, experiments were per-
formed using [Pgggg1[Oleate] preloaded with 0.34 M Co. This preloaded
IL was regenerated using a 1 M NacCl solution in the 1 m single droplet
column. In an extraction system completely dominated by mass trans-
fer, extraction and back-extraction are expected to be symmetrical pro-
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cesses, i.e., the calculated overall mass transfer coefficient in either di-
rection should be the same. This hypothesis was tested by measuring
the Co back extraction from IL droplets pre-loaded with Co. The mea-
sured Co in the aqueous phase was compared with the calculated con-
centration using the mass transfer coefficient previously derived from
the extraction data. The measured concentration of Co in the aqueous
phase after regeneration is found to be 0.15 mM using a 1 M NacCl so-
lution in the column which is almost six times lower than the predicted

11

value (i.e., 0.87 mM) assuming that back extraction is only limited by
external mass transfer resistance (Table 3). This drop in the measured
back-extraction rate could be related to the change of the physical prop-
erties of the IL after being complexed with the extracted Co salt. For
example, the viscosity of the loaded IL shows an exponential increase as
a function of the Co uptake where it increases from 0.13 Pa.sec in fresh
IL to 0.14, 0.23 and 0.34 Pa.sec in IL loaded with 0.02, 0.17 and 0.27 M
CoCl, respectively. This increment in viscosity of the loaded IL reduces
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Comparing the measured Co concentration in the continuous phase after back extraction with the predicted values obtained using mass
transfer coefficient derived from the extraction data and mass transfer correlations for stagnant droplet.

Modelling Co concentration in continuous (water) phase

Pre-loaded Co in IL [M]

Exp. regenerated Co [mM] Model regenerated Co [mM]

Parameter estimation from extraction 0.34

Stagnant droplet correlations

0.15 0.87

0.15

Table 5

Effect of time delay on the concentration the Co in the aqueous phase after regeneration.

Exp Number of stages  Stage duration [min] Time delay [min] Aqueous phase Co [mM]
ExpA 1 2 - 40
Exp_B 2 1 30 46

the diffusivity of Co within the IL and hinders the internal circulation
observed during extraction experiments. It should be noted that for the
back-extraction experiments performed in the 1.14 m column the Co up-
take increased to 0.08 M at most. In the literature, it is reported that, in
general, the uptake during forward extraction is higher than the release
during backward extraction (Wegener et al., 2009). This is due to two
reasons; first, Marangoni effects are stronger during droplet formation
for the mass transfer directed into the droplet phase (forward extraction)
(Wegener et al., 2009). Secondly, coalescence is more inhibited during
forward extraction (Wegener et al., 2009). This latter effect can be ex-
plained by the reduced film drainage between droplet and dispersed
phase at the nozzle tip due to Marangoni convection (Wegener et al.,
2009).

To estimate this effect, correlations applicable to rigid, stagnant
spheres, not showing any internal circulation are applied to calculate
the external and internal mass transfer coefficients using the adjusted
diffusivity coefficient based on the viscosity of the loaded IL which is
1.3 x 107! m/sec? as calculated based on the data shown in Appendix
B. The mass transfer correlations are defined as the following:

For the continuous phase (stagnant droplets):

Sh, = 2 + 0.66 Re"> 53 @7
For the disperse phase (Newman):
oo 2.-2d
d 6 1 4n° Dit
kd =—a1ﬂ|:;z;¥exp{—T (28)
n=

The rate model, using Eqgs. (27) and (28) for k. and kg respectively
valid for a stagnant droplet, provides a better prediction for the Co
concentration in the aqueous phase after back-extraction as shown in
Table 4 (i.e., 0.15 mM compared to the experimental concentration of
0.15 mM). It is worth noting that during back extraction the internal
mass transfer resistance becomes dominant where k3= 2.8 x 10~ m/sec
and k.= 3.6 x 10~ m/sec (Sh,=101).

Back extraction experiments were also performed on batch scale, to
verify whether the effect of a possible decomplexation reaction becomes
more apparent at longer time scales. These experiments were performed
using preloaded [Pgggg][Oleate] with 0.36 M Co. The preloaded IL was
regenerated using an equal volume of Milli-Q water (in the absence of
NacCl to avoid any extra effect). The total regeneration time in both ex-
periments was 2 min where the regeneration process was performed A)
in one stage for the duration of 2 min, and B) in two stages each of 1 min
allowing 30 min in between. This time delay is introduced to give extra
time for decomplexation and formation of free Co that can be transferred
from the organic to the aqueous phase during the second stage. If the
back extraction would be continuously dominated by the external mass
transfer, a time delay should have no influence on the amount of regen-
erated Co. As shown in Table 5, the introduction of a 30 min time delay
resulted in 13% extra Co transfer from IL to the aqueous phase. Given an
estimated experimental error of + 0.4 mM, the effect seems significant.
On the other hand, the 13% increase remains a rather marginal effect
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and does not justify the conclusion that the decomplexation reaction is
the rate-limiting step during back extraction.

5. Conclusions

The present study focusses on the extraction of Co from an aqueous
solution using single IL [Pgggg][Oleate] droplets. The analysis investi-
gates the mass transfer in the forward and back extraction with and
without a chemical reaction and determines the rate limiting step. The
results reveal that a mass transfer model with just a single fitting pa-
rameter, the Sherwood number of the continuous (aquatic) phase Sh,
adequately describes the forward extraction of Co for the whole data set,
with most of the data predicted within +30%, regardless of the initial so-
lute concentration in the continuous and dispersed phase, contact times
or droplet diameters. The reason that the dominant mass transfer resis-
tance during extraction resides in the continuous phase is most likely
due to rather significant internal circulation inside the IL droplets, as
observed experimentally. Adding a chemical reaction to the model does
not improve the predictions. This is in line with the measured low ac-
tivation energy of the extraction rate (E, is 24 kJ/mol), indicating that
Co uptake is indeed mass-transfer limited.

As concluded from Co regeneration from pre-loaded IL droplets, dur-
ing back-extraction mass transport in the dispersed (IL) phase domi-
nates. This may be due to a change of the physical properties (notably
the increased viscosity) of the pre-loaded IL. Using correlations appli-
cable to rigid, stagnant droplets and using a Co diffusion coefficient
based on measured viscosity values, resulted in external and internal
mass transfer coefficients that predicted quite well the amount of re-
generated Co in the aqueous phase.
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