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a b s t r a c t 

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) 

[P 8888 ][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. 
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. Introduction 

Extraction columns are widely used in chemical, hydrometallurgical,

etrochemical, and pharmaceutical separation processes due to their

ow energy consumption, high efficiency and simplicity of operation

 Huang et al., 2016 ; Anari et al., 2018 ; Rahbar et al., 2011 ). However,

ack of knowledge regarding hydrodynamics, mass transfer, chemical

inetics and the underlying thermodynamics limits the optimization of

hese columns. One reason for this is that studying the extraction pro-

ess on large scale is expensive and time-consuming since it requires

ather large quantities of chemicals and a large number of pilot experi-

ents. Using a single droplet extraction column is a promising method

o investigate mass transfer behaviour in LLX system ( Jie et al., 2005 ). 

Metal extraction, representing a conventional industrial process, can

e considered a general framework for studying mass transfer com-

ined with reaction in columns. This type of investigations is usually

erformed using ZnSO 4 /D 2 EHPA/Kerosene, which is recommended by

he European Federation of Chemical Engineering as a standard test

ystem ( Anari et al., 2018 ; Korb et al., 2018 ). The present study fo-

uses on the extraction of Co due to its significant value in support-

ng economic growth and development next to reducing environmental

mpact arising from metallurgical, and mining industries ( Cheng et al.,

019 ; Othman et al., 2019 ). In this study, [P ][Oleate] is used which
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emonstrates a high and selective extraction efficiency towards Co over

everal consecutive batch cycles ( Othman et al., 2019 ; Parmentier et al.,

015 ). The presence of bulky, long-chained tetraalkylphosphonium

ations and hydrophobic oleate anions minimizes the loss of IL to the

queous phase. 

The rate of LLX with chemical reaction is a complex function of

ass transfer rate and chemical reaction kinetics. Mass transfer and

hemical reaction occur at or across the interface of each droplet where

uid dynamics and mass transfer are inseparably associated with inter-

acial properties and phenomena, such as droplet deformation, inter-

al circulation, oscillation or Marangoni instabilities, amongst others

 Wegener et al., 2014 ). Mass transfer can be described by the two film

heory, penetration theory or surface renewal theory ( Lo et al., 1983 ).

eactive extraction is defined by a chemical reaction which occurs ei-

her at the interface “Heterogeneous reaction ” or within the bulk phase

Homogeneous reaction ”. For a heterogenous system, two extreme con-

itions exist regarding the rate controlling mechanisms of the extrac-

ion:1) the diffusional regime where the mass transfer controls the ex-

raction rate and 2) the chemical regime in which the kinetics of the

hemical reaction is controlling. A reaction in the bulk results in a higher

apacity as the extracted solute is “stored ” by the chemical reaction and

t can maintain the high initial flux for a longer period of time as it

educes the concentration of “free ” solute. 

In a single droplet extraction column, the estimation of the mass

ransfer coefficients depends mainly on the knowledge of mass transfer

ehaviour Huang et al., 2016 ). Even though, a large number of studies
023 
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Nomenclature 

Symbols 

a: Specific interfacial area 
(
6 
d 

)
[m 

2 /m 

3 ] 

B n : n th coefficient in the equation of Kronig-Brink/ 

Gröber [-] 

C: Concentration [M] 

C Co : Solute concentration free (Co) [M] 

C CoC l 2 : Solute concentration free (CoCl 2 ) [M] 

C CoC l 2 − IL : Solute concentration complexed with IL [M] 

C CoC l 2 , Total : Total Solute concentration (free and complexed with 

IL) [M] 

C IL : IL concentration free [M] 

C IL , total : IL concentration both free and complexed with CoCl 2 
[M] 

CC: Cross correlation matrix [-] 

CV 5 : 5-fold cross validation [-] 

X: Distribution coefficient [-] 

D i : Diffusion coefficient [m 

2 /sec or cm 

2 /sec] 

D: Droplet diameter [m] 

E a : Activation energy [kJ/mol] 

J: Flux [mol/m 

2 ] 

K: Overall mass transfer coefficient [m/sec] 

k: Partial mass transfer coefficient [m/sec] 

K cc : Average correlation value of the cross-correlation ma- 

trix [-] 

K eq : Equilibrium constant (Homogenous reaction) [-] 

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

k r : Reaction rate constant (Homogenous reaction) 

[1/M 

2 sec] 

k ± r : Forward and backward reaction rate constant (Het- 

erogenous reaction) [1/M 

2 sec] 

m: Partition coefficient [-] 

MSE: Mean square error [-] 

n: Indices [-] 

N: Number of experiments [-] 

N P : Number of parameters [-] 

P i : Fitted parameter of the MSE best fit [-] 

Pe: Peclet number 
(
du 
D 

)
[-] 

R : Gas constant 8.31446 [J/mol K] 

r: Reaction rate [M/sec] 

Re: Reynolds number 
(
ρud 
μ

)
[-] 

Sc: Schmidt number 
(

μ
ρD i 

)
[-] 

Sh: Sherwood number 
(
kd 
D i 

)
[-] 

T: Temperature [K] 

t: Residence time [sec] 

u: Slip velocity [m/sec] 

V: Droplet volume [m 

3 ] 

wt: Weight fraction [%] 

Greek letters 

𝜆n : n th Eigen values in the equation of Kronig-Brink/ Gröber 

[-] 

𝜌: Density [kg/m 

3 ] 

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

σP , avg : Average standard deviation of a model over 5 fits [%] 

𝜇: Viscosity [Pa.sec] 

κ Viscosity ratio 
(
μd 
μc 

)
Superscripts 

c Continuous phase 

d Dispersed phase 
I  

2 
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 

an be found in literature with respect to theoretical models and em-

irical correlations for predicting the mass transfer coefficients, the pre-

ictions show both success and failure when compared with experimen-

al results ( Huang et al., 2016 ; Kumar and Hartland, 1999 ; Chen et al.,

015 ). Moreover, it is usually claimed that it is difficult to assess the pre-

ictive ability of literature correlations, since the range of their applica-

ions is not always known ( Kumar and Hartland, 1999 ). This introduces

xtra difficulty in selecting the right model. Kumar and Hartland have

ublished a collection of mass transfer correlations for a rising droplet

 Kumar and Hartland, 1999 ). Mass transfer correlations for the contin-

ous phase are expressed in the form of Sh C = ƒ( Re , Sc c , 𝜅) where 𝜅 is

he viscosity ratio between the dispersed and continuous phase. Several

ass transfer models and correlations into and out of a droplet have

een frequently applied, all with their respective boundary conditions.

he Newman model applies to rigid spherical droplets without internal

irculation ( Newman, 1931 ). The mass transfer intensifying effect of

roplet internal circulation is taken into account by ( (1) Kronig-Brink

ho proposed a model for laminar diffusion with internal circulation

nd (2) Handlos-Baron who proposed a model in which a turbulence-

ike disturbance is added to the internal circulation ( Wegener et al.,

014 ; Handlos and Baron, 1957 ; Kronig and Brink, 1951 ). To overcome

he limited prediction of the Newman model, Zheng et al., implemented

n enhancement factor reflecting the effect of initial solute concen-

ration, droplet rise velocity and interfacial instability ( Steiner, 1986 ;

heng et al., 2014 ). Wegener et al., improved the Handlos-Baron model

y introducing a concentration dependant parameter accounting for the

nfluence of the initial solute concentration difference between the aque-

us and organic phase and to characterize the intensity of the Marangoni

ffect ( Wegener and Paschedag, 2011 ). Anari et al., developed a correla-

ion for an effective diffusion coefficient to reveal the effect of chemical

eaction on mass transfer rate ( Anari et al., 2018 ). 

In this paper we investigated the mass transfer and reaction kinetic

f Co extraction by [P 8888 ][Oleate] to determine the rate limiting step

nd to evaluate whether adding a chemical reaction to the mass trans-

er model is necessary to describe the forward and backward extraction.

urthermore, we have also examined whether the stagnant and inter-

al circulation models and correlations found in the literature provide

 satisfactorily prediction of the experimental data. The two-film theory

as been applied to predict Co uptake using (1) an internal circulation

odel and correlation from literature, and (2) a mass transfer model

ith and without chemical reaction using a statistical cross-validation

CV 5 ) method. Both options are evaluated. The CV 5 method is applied

s described in the work of Slotboom et al., ( Slotboom et al., 2020 ). It

ermits the calculation of associated mass transfer and kinetic param-

ters, and with that it identifies the rate limiting step(s) of the overall

rocess. This is achieved via studying the extraction of Co into single

L droplets rising in a single droplet extraction column with consider-
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Fig. 1. Schematic representation of the two-film theory. Superscript c and d 

refer to the continuous and dispersed phase, respectively; the subscript int refers 

to the concentration at the interface. 
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tions for equilibria, molecular diffusion, convective mass transfer and

eaction kinetics. The experimental data set consists of more than 50

xperiments under different experimental conditions regarding column

engths, droplet rise velocity (both affecting the contact time), droplet

iameter, and continuous and dispersed phase Co concentration. This

umped data set was then fitted by different models using the statisti-

al cross-validation method as selection tool evaluating the predictive

apability and variance of each model. 

. Theory 

There are different theories concerning mass transfer between

hases, such as the two-film theory, the penetration theory, and the

urface renewal theory. In this study, the two-film theory was used to

odel the physical mass transfer of Co from the aqueous phase into

he IL droplet phase. This theory was first developed in 1924 by Lewis

nd Whitman and it hypothesizes the existence of a distinct interface

etween the two phases, covered by a film with thickness ( 𝛿) on both

ides of the interface Lewis and Whitman, 1924 ). The theory involves

he following assumptions: ( (1) mass transfer occurs by molecular dif-

usion across the films; (2) bulk concentration in both phases is homo-

eneous with respect to solute beyond this film; (3) mass transfer across

he film occurs under steady state conditions ( Morsi and Basha, 2015 ;

elty et al., 2009 ). Accordingly, for convective mass transfer, the con-

entration profile across the film is linear as shown in Fig. 1 (neglecting

he curvature effect of the droplet since 𝛿< d ) . Many transport processes

nvolve the mass transfer of molecular species coupled to the disappear-

nce or appearance of the particular species through a heterogeneous

nd/or homogeneous chemical reaction. 

In this paper, three possible cases were considered regarding the

ransfer of Co from the continuous phase to the IL droplet. In the first

ase, a mass transfer model has been evaluated assuming that all the ex-

racted CoCl 2 is present in the dispersed phase as free salt and that there

s no reaction between the extracted salt and the IL. In the last two cases

 mass transfer model has been evaluated assuming that CoCl 2 diffuses

nto the dispersed phase as a free salt and then reacts with the IL (i.e.,

oCl 2 is present in the dispersed phase as free salt and as complex with

L). These cases are: 

1. Mass transfer model using a variable distribution coefficient X (as-

suming no reaction between CoCl 2 and IL). This model has been

evaluated using literature correlations for mass transfer coefficients

with internal circulation. 
3 
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 CV 5 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 CV 5 method for estimating

the mass transfer and kinetic coefficients. 

Using a single droplet extraction column as a prototype, the process

f mass transfer has been modelled using a non-stationary mass bal-

nce with Co transferred as neutral, partially hydrated salt CoCl 2 into

n IL droplet of specific surface area a. Here, it is assumed that CoCl 2 is

ormed instantaneously at the interface within the aqueous phase before

ntering the IL phase. Assuming that the single droplet is a rigid sphere,

o or actually CoCl 2 uptake is calculated based on the overall driving

orce, i.e., the difference between the equilibrium concentrations of the

ree CoCl 2 at the interface ( ∗ ), defined in Eq. (3) , and actual free CoCl 2 
n the bulk IL: 

dC 

d 
CoC l 2 
dt 

= K a 
(
C 

∗d 
CoC l 2 

− C 

d 
CoC l 2 

)
(1) 

Where, the overall mass transfer coefficient K is defined as the fol-

ows: 

1 
K 

= 

m 

k c 
+ 

1 
k d 

(2)

The partitioning coefficient m, which is defined as the ratio of the

quilibrium concentrations of the free CoCl 2 at the interface. Which, at

quilibrium, equals the free CoCl 2 salt in the dispersed phase ( C 

∗d 
CoC l 2 

),

nd the total Co in the continuous phase ( C 

∗c 
Co ) ), is expressed as shown

n Eq. (3) . The overbars represent the organic phase. 

 = 

[
CoC l 2 

]
[
Co 2+ aq Total 

] = 

C 

∗d 
CoC l 2 
C 

∗c 
Co 

(3)

After the formation of CoCl 2 , the metal salt diffuses into the bulk

f the organic phase where it exhibits a homogenous interaction with

he IL via replacing the hydrated water molecules of the neutral metal

alt by the anion available in the organic phase (i.e., carboxyl group) to

orm negatively charged metal complexes that electrostatically interact

ith the organic cation. This hypothesis is consistent with a recent study

hich describes the metal extraction process as a series of elementary

hermodynamic steps ( Lommelen et al., 2019 ). The hypothesized com-

lexation reaction between CoCl 2 and IL presented in Eq. (4) . 

oC l 2 + 2 
[
P 8888 

]
[ Oleate ] ⇌

([
P 8888 

]
[ Oleate ] 

)
2 CoC l 2 (4)

The corresponding equilibrium constant K eq for the formation of

[P 8888 ][Oleate]) 2 CoCl 2 is defined by Eq. (5) . The total CoCl 2 in

he IL phase includes both the free and the part complexed with

L ( [ CoC l 2 ] Total = [ CoC l 2 ] + [ ( [ P 8888 ][ Oleate ] ) 2 CoC l 2 ] ) . Likewise, the to-

al IL includes both the free and the part complexed with CoCl 2 
 [ P 8888 ][ Oleate ] Total = [ P 8888 ][ Oleate ] + 2 [ ( [ P 8888 ][ Oleate ] ) 2 CoC l 2 ] ) . 

 eq = 

[ ([
P 8888 

]
[ Oleate ] 

)
2 CoC l 2 

]
[
CoC l 2 

][ [
P 8888 

]
[ Oleate ] 

]2 = 

C 

d 
CoC l 2 − IL 

C 

∗d 
CoC l 2 

(
C 

d 
IL 
)2 (5)

The value of the equilibrium constant K eq and partitioning coeffi-

ient m are obtained by fitting the extraction isotherm obtained exper-

mentally at room temperature to Eq. (5) . The homogenous reaction of

q. (4) occurs in parallel with the mass transfer. In this case, the reac-

ion kinetics are coupled to the mass transfer equation to calculate the

ree CoCl 2 : 

dC 

d 
CoC l 2 = K a 

(
C 

∗d 
CoC l 2 

− C 

d 
CoC l 2 

)
− r CoC l 2 − IL (6)
dt 
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While the formation of the CoCl 2 -IL complex ( C 

d 
CoC l 2 − IL 

) is calcu-

ated as shown in Eq. (7) according to homogenous reaction expressed

n Eq. (4) : 

 CoC l 2 − IL = 

dC 

d 
CoC l 2 − IL 

dt 
= k r 

⎛ ⎜ ⎜ ⎝ C 

d 
CoC l 2 

(
C 

d 
IL 
)2 − 

C 

d 
CoC l 2 − IL 

K eq 

⎞ ⎟ ⎟ ⎠ (7)

here K eq is calculated according to Eq. (5) . 

The consumption of IL: 

dC 

d 
IL 

dt 
= −2 r CoC l 2 − IL (8)

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

owing: 

 

d 
CoC l 2 − Total 

= C 

d 
CoC l 2 

+ C 

d 
CoC l 2 − IL 

(9)

These differential equations are solved using the following initial

onditions: 

For the free CoCl 2 in the dispersed phase: 

 

d 
CoC l 2 

= C 

d 
CoC l 2 

|||t=0 (10)

For the complexed CoCl 2 with IL in the dispersed phase: 

 

d 
CoC l 2 − IL 

= C 

d 
CoC l 2 − IL 

|||t=0 (11)

For the IL in the dispersed phase: 

 

d 
IL = C 

d 
IL 
|||t=0 (12)

Where C 

d 
CoC l 2 

|
t=0 

and C 

d 
CoC l 2 − IL 

|
t=0 

are the initial concentrations of

he free and complexed CoCl 2 in the dispersed phase, respectively, both

ero in the case of using fresh IL. When using preloaded IL, the initial

ree CoCl 2 and initial CoCl 2 -IL complex equal their equilibrium concen-

rations, both defined by the equilibrium constant K eq . C 

d 
IL |t=0 is the

nitial concentration of free IL, which equals 1.06 M in the case of using

resh IL and ( 1 . 06 − 2 C 

d 
CoC l 2 − IL 

|
t=0 

) in case of using preloaded IL. 

The last case considered in this study is evaluated based on the as-

umption that all the extracted CoCl 2 salt in the dispersed phase is free

nd that there is no reaction between the extracted salt and IL. As re-

arked already, the partitioning coefficient m relates the Co in the con-

inuous phase in a constant ratio to the free CoCl 2 in the IL. In the

bsence of any complexation, this ratio does not remain constant any

onger but increases over time with progressive Co uptake. For that rea-

on, the use of the distribution coefficient (X) seems more appropriate

ith, X defined as the ratio of total CoCl 2 taken up and the total Co

n the aqueous phase. Note that the (equilibrium) X values can be di-

ectly derived from the equilibrium isotherm shown in Figure A.1. Since

he distribution coefficient in this LLX system is variable, reflecting that

q. (2) is not valid. Therefore, Co uptake has been calculated using a

ass transfer model that employs individual mass transfer coefficient

or the continuous and the dispersed phase, with the driving force in

ach phase directly proportional to the difference between the bulk and

nterfacial concentration: 

dC 

d 
CoC l 2 
dt 

= k c a 
(
C 

c 
Co − C 

c 
Co , int 

)
(13)

And, 

dC 

d 
CoC l 2 
dt 

= k d a 
(
C 

d 
CoC l 2 , int 

− C 

d 
CoC l 2 

)
(14)

The solute flux out of the continuous phase equals the flux of the

olute into the dispersed phase. Combining Eqs. (13) and (14) , results

n: 

 c a 
(
C 

c 
Co − C 

c 
Co , int 

)
= k d a 

(
C 

d 
CoC l 2 , int 

− C 

d 
CoC l 2 

)
(15)

Both Co concentrations at the interface are at equilibrium and related

y the extraction isotherm (Figure A.1, Appendix A). The equilibrium
4 
orrelation between C 

c 
Co , int and C 

d 
CoC l 2 , int 

in [mol/L] is obtained by fit-

ing the extraction isotherm of Co by a 2 nd order polynomial, resulting

n: 

 

c 
Co , int = 0 . 7635 

(
C 

d 
CoC l 2 , int 

)2 
− 0 . 051C 

d 
CoC l 2 , int 

+ 0 . 0029 (16)

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

oncentration. 

.1. Parameter estimation 

The five-fold Cross-Validation (CV 5 ) method was used to determine

he goodness of fit statistically Slotboom et al., 2020 ; James et al., 2013 ).

his method involves dividing the total dataset randomly into 5 unique

olds (groups) of approximately equal size. One-fold is used for valida-

ion (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

ifferent group of observations is assigned to be the validation set. The

ain purposes behind using this method are ( (1) to determine the good-

ess of each model in predicting data points outside of its trained dataset

nd, (2) to determine the deviation of the parameters when fitted on a

pecific dataset. 

For each training set, parameter estimation was performed using the

ean square error (MSE) regression method. The MSE is the average

quared difference between the estimated parameter values and the ac-

ual value (obtained experimentally) as shown in Eq. (17) . Global Op-

imization Toolbox of MATLAB 

R ○ 2017b was used to obtain the global

inimum. GlobalSearch is initiated with the fmincon solver and the Se-

uential Quadratic Programming (SQP) algorithm. 

S E k = 

1 
N 

N ∑
i=1 

(
C exp , i − C model , i 

)2 
(17)

CV 5 is calculated by averaging the five MSEs of the test sets as shown

n Eq. (18) : 

V 5 = 

1 
5 

5 ∑
𝑘 =1 

MS E k (18)

The best model is the one which can predict experiments outside the

raining set good rather than fit a specific dataset perfectly. In Five-fold

ross-validation, a lower CV 5 value indicates a better predictive ability

f the model. The selected parameters per model are the ones with the

owest MSE for the whole dataset and the corresponding MSE is called

SE best . This set of parameters is considered as the absolute best model

or the total dataset. 

The standard deviation of each model parameter is calculated as the

tandard deviation over the five fits. The average standard deviation of

 model over five fits is defined as the following: 

P , avg = 

1 
N P 

N P ∑
𝑖 =1 

σPi ||P i || (19) 

Where N P is the number of fitted parameters, σPi is the standard

eviation of each parameter over the 5 fits and P i is the fitted param-

ter of the MSE best fit. The value of σP , avg represents the percentage of

eviation of the obtained fitting parameters of the same model when re-

ressed five times over essentially the same dataset. The lower the value

f σP , avg the less the parameters are changing when a completely new

ataset is taken, on average. 

The dependency of a fitting parameter to another can be determined

y the average correlation number of the cross-correlation matrix (K CC )

hich is calculated as follows: 

 CC = 

1 
N 

2 
P 

N P ∑
i=1 

||CC i || (20)

The value of Kcc has been calculated by setting the diagonals to zero

nstead of one. This provides a value of Kcc ranging between 1 and 0 for



E.A. Othman, A.G.J. van der Ham, H. Miedema et al. Journal of Ionic Liquids 3 (2023) 100053 

Fig. 2. Experimental setup for Co extraction measurements by single rising 

droplets. 
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ny model with any number of parameters, just like the cross-correlation

alue itself. The closer the cross-correlation value is to 1, the higher

he dependency of the fitting parameters on each other. The closer the

ross-correlation value is to 0, the lower the dependency of the fitting

arameters on each other. 

. Experimental 

.1. Materials and analysis 

Tetraoctylphosphonium bromide ( > 95%) was purchased from Io-

iTec; sodium chloride, ammonium chloride, and nitric acid (69%) from

WR Chemicals; oleic acid (90%), perchloric acid (70%) and cobalt

II) chloride hexahydrate (98%) from Alfa Aesar. MilliQ water ( ≥ 18

 Ω.cm) was obtained from a Millipore Milli-Q 

R ○ Biocel, which uses a

grade R ○ column. All chemicals were used as received, without any

urther purification. Tetraoctylphosphonium oleate [P 8 8 8 8 ][Oleate] was

ynthesized according to the procedure described by E.A Othman et al.,

 Othman et al., 2019 ). 

The aqueous phases after each extraction process were analysed

y a Metrohm IC Compact 761 ion chromatograph (detection range:

.1–80 mg/L) and a Perkin Almer Optima 5300 DV inductive coupled

lasma optical emission spectrometry (ICP-OES) (detection range: 0.025

 10 mg/L). The organic phase was digested using a Milestone Ethos Easy

icrowave digester and analysed using the same instruments as applied

or the aqueous phase. The pH and the conductivity of the aqueous and

he organic phase are measured using a Mettler Toledo pH-metre with

n accuracy of ± 0.002. 

.2. Extraction 

The mass transfer experiments were carried out in laboratory scale

lass columns of different heights (50, 300, 670, 1170 and 1500 mm), as

llustrated in Fig. 2 . The inner diameter of the column is 18 mm which

s large enough to avoid wall effects in the experiments. The column

s equipped with a jacket where the temperature of the system was ad-

usted by an external water bath. The droplets are dosed from the bot-

om of the column by an Aladdin Syringe Pump, type AL1000–220. The

roplets were formed at the tip of a stainless-steel nozzle with the pump

unning at the appropriate rate. Different nozzle sizes ranging from G8

o G23 were used to examine the effect of droplet size. G18 was selected

s standard nozzle for all other experiments since it provided the small-

st stable droplets at 1 ml/min. At the top of the column an inverted

lass funnel was installed to collect the IL droplet in a way to minimize
5 
he interfacial area between both phases and thus reduce extra mass

ransfer occurring during coalescence. 

In this investigation, the organic phase was chosen as the phase to

e dispersed as it has a higher viscosity compared to the aqueous phase

nd is more expensive. The average droplet volume and diameter were

etermined by counting the number of droplets formed given a certain

olumetric flow, while assuming all droplets to be rigid perfect spheres

f constant volume. The droplet slip velocity was calculated by mea-

uring the rising time between two defined points in the column using

 stopwatch and a high-speed camera (Photron AS1, sigma 105 mm

acroscopic lens). It is recommended to set the starting point at a min-

mum of 50 mm from the tip of the nozzle to ensure the droplet has

eached a constant rise velocity ( Huang et al., 2016 ). Each measure-

ent was repeated at least three times. Mass transfer contact time was

efined as the residence time which includes the formation time as well

s the rising time. 

To study the effect of Co concentration in the aqueous phase on mass

ransfer, fresh IL was dispersed into various column lengths containing

ifferent Co 0.02, 0.08, 0.17, 0.25, and 0.34 M (1, 5, 10, 15, 20 g/L)

nd equal Na concentration in g/L from their corresponding chloride

alts. On the other hand, the effect of IL concentration was studied using

re-loaded IL obtained by equilibrating fresh IL with an aqueous phase

ontaining 0.08, 0.17 and 0.25 M (5, 10 and 15 g/L) Co and equal con-

entration of Na in g/L from their corresponding chloride salts. Then the

re-loaded IL was injected into the 1.14 m column containing 0.08 M

o (5 g/L) and equal concentration of Na in g/L. Another set of exper-

ments was done by pre-loading fresh IL with 0.08 M Co (5 g/L) and

njecting it into columns containing 0.08, 0.17, 0.25, 0.34 and 0.42 M

o (5, 10, 15, 20 and 25 g/L) and equal concentration of Na in g/L

o test the effect of pre-loading on extraction rate. ILs was preloaded

ia mixing the aqueous phase with equal volume of water-saturated

P 8 8 8 8 ][Oleate] (around 10 wt.% water) for 10 min at 40 rpm and cen-

rifuged (3750 rpm; 10 min, 22 °C) in an Allegra X-12R Centrifuge of

eckman Coulter. 

The effect of droplet size was investigated using different nozzle sizes

anging from G8 to G23 and performed in an aqueous phase containing

.02 M Co (1 g/L) and equal concentration of Na in g/L. All exper-

ments were performed at room temperature unless stated otherwise.

hree samples of the loaded IL were collected at the top of the column

n each run, measurements and analysis was conducted as mentioned

bove. A specific cleaning procedure was performed following each run

o avoid contamination of the system. Accordingly, all materials in con-

act with either the continuous or dispersed phase samples underwent

ultiple rounds of mechanical cleanings, subsequent rinses with ace-

one and deionized water, and were dried using an air blow gun. 

.3. Back extraction (regeneration) 

Back extraction experiments were performed on batch scale as well

s using the single droplet extraction column. In batch experiments, 5 ml

reloaded [P 8888 ][Oleate] with 0.36 M Co (21 g/L) was regenerated

sing an equal volume of Milli-Q water. Two types of experiments were

onducted. In each experiment, 5 ml Milli-Q water mixed with 5 ml pre-

oaded IL with 0.36 M Co (21 g/L) and the total regeneration time in

oth experiments was 2 min. The regeneration process was performed

ither in one stage for the duration of 2 min (A) or in two stages of 1 min

ach and 30 min in between with both phases completely separated (B).

Using the single droplet extraction column, the back-extraction ex-

eriments were performed following the same procedure applied for the

xtraction. These experiments were conducted by first pre-loading the

resh IL with 0.34 M Co (20 g/L) and then injecting a fixed volume of

his per-loaded IL into the column containing 1 M NaCl solution (25 g/L

a) to create the same environment for the transfer of Co as in the ex-

raction experiments. 

All back-extraction experiments were performed at room tempera-

ure 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 2 in the 

dispersed phase is calculated using the Wilke Chang equation.1n as 

shown in (Appendix B). 

Parameters Values 

Distribution coefficient (X) 2–9 ( j = 0.36–1.61) 

Partitioning coefficient (m) 0.9 ( j = 0.16) 

Diffusivity of Co in the continuous phase ( D c i ) 1.29 × 10 − 9 m/sec 2 

Diffusivity of CoCl 2 in the dispersed phase ( D d i ) 4.12 × 10 − 11 m/sec 2 
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Table 2 

Eigen-values λn and the values of the coefficient B n 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 n 1.31 0.583 0.391 0.35 0.28 0.22 0.16 

λn 1.60 8.62 21.3 38.5 63.0 89.8 123.8 
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f Co in the (initially Co-free) aqueous phase was measured since the

ecrease of Co concentration in the IL droplet was negligible. Measure-

ents and analysis were conducted as mentioned above. 

. Results and discussion 

.1. Modelling mass transfer in LLX 

.1.1. Conventional correlations for mass transfer coefficient with internal 

irculation 

In this study a single droplet extraction column, where a single

roplet is moving in a stationary ambient phase, was used to avoid

he complexity involved in the design of multiphase dispersed systems

 Wegener et al., 2014 ). This provides a method to investigate the extrac-

ion mechanism, to measure the mass transfer coefficient and to deter-

ine the rate limiting step. Mass transfer of a soluble component into or

ut of a droplet is classified based on the value of j as either dominated

y an external resistance ( j >> 1), by an internal resistance ( j << 1) or a

ombination of both (conjugated resistance) ( j ≈ 1) ( Huang et al., 2016 ;

egener et al., 2014 ; Brauer, 1978 ). j is defined in Eq. (21) : 

 = 𝑋 

√ √ √ √ 

D 

d 
i 

D 

c 
i 
or m 

√ √ √ √ 

D 

d 
i 

D 

c 
i 

(21)

Where X, m, D i are the distribution, partition and diffusion coeffi-

ients respectively. The values of X are obtained directly from the ex-

raction isotherm while m is obtained by fitting the extraction isotherm

btained experimentally at room temperature (Figure A.1, Appendix A)

ccording to Eq. (5) . j is evaluated using (1) variable X assuming that all

oCl 2 in the dispersed phase is free, and (2) constant m assuming that

he total CoCl 2 in the IL phase includes both the free and the part com-

lexed with IL ( Table 1 ). For the range of the studied Co concentrations,

he value of j is close to 1 in the case of using distribution coefficient

, which indicates that the mass transfer resistance resides in both the

ontinuous and dispersed phase. On the other hand, the value of j is

ess than 1 in the case of using partition coefficient m, which indicates

hat the studied system encounters an internal problem where the re-

istance against mass transfer resides in the dispersed phase. The value

f the partitioning coefficient m = 0 . 9 . It is worth noting that during the

xtraction of Co, the IL droplet exhibits internal circulation behaviour

hile rising in the single droplet extraction column as has been visu-

lly observed ( Fig. 3 ). However, this effect is not taken into account in

q. (21) which limits its applicability for a system that exhibits internal

irculation behaviour. 

The mass transfer coefficient in both the continuous ( k c ) and dis-

ersed phase ( k d ) 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 c = 0 . 6 Pe 0 . 5 c (22)

2) Dispersed phase (Kronig-Brink), the following expression for the

mass transfer coefficient in the dispersed phase was used where
6 
the used Eigen-values and the values of the coefficient are listed in

Table 2 : 

k d = − 

d 
6t 
ln 

[ 

3 
8 

∞∑
𝑛 =1 

B 

2 
n exp 

{ 

− 

64λn D 

d 
i t 

d 2 

} ] 

(23)

The continuous and dispersed phase mass transfer coefficients are

ound to be k c = 8.6 × 10 − 5 –1.0 × 10 − 4 m/sec and k d = 1.8 × 10 − 5 -

.2 × 10 − 4 m/sec depending on both droplet diameter and contact time

s listed in Table C.1 (Appendix C). Fig. 4 compares experimental Co

ptake using [P 8888 ][Oleate] as function of contact time and droplet

iameter for different Co concentrations in the continuous phase with

hose predicted by the two-film theory where k c and k d are calculated

ccording to Eqs. (22) and (23) respectively. The measured Co uptake

 Fig. 4.A ) was always lower than those predicted by the mass trans-

er model in the case of implementing a distribution coefficient (X) as

hown in Eqs. (13–16) , while assuming that all Co that is taken up re-

ains in its free form (CoCl 2 ). The MSE for this case is 1.9 × 10 − 3 . 

Using the partitioning coefficient m instead in Eqs. (2) and (6) , as-

uming that there is a reaction but it is slow relative to the mass transfer

n the time frame of the extraction, improves the prediction of Co uptake

nd reduces the MSE from 1.9 × 10 − 3 to 7.8 × 10 − 5 ( Fig. 4B ). This em-

hasizes, at least for the system studied here, the importance of using m
n the two-film theory which is valid in case of having a chemical reac-

ion, implying that the extracted metal can be present in more than one

orm in the extractant. Note in Fig. 4B that the model prediction starts

o deviate from the experimental data at longer contact time and higher

o concentrations. More specifically the model over-predicts at short

ontact time and higher Co concentrations, whereas it under-predicts at

onger contact time. In the literature, the deviation of the mass trans-

er coefficient from the value predicted by internal circulation models

nd correlations is attributed to surface instability (Marangoni effect)

 Wegener and Paschedag, 2011 ; Sawistowski and Goltz, 1963 ). Wang

t al., showed that the measured extraction fraction for the solute trans-

erred from a hanging droplet (1-hexanol) to the aqueous phase agreed

uite well with those predicted by the Kronig-Brink model at low so-

ute concentration ( Wang et al., 2011 ). At high solute concentration and

onger contact time, the Kronig-Brink model predicts the extraction frac-

ion fairly well only if a Marangoni-related parameter is incorporated

i.e., enhancement factor which is defined as the ratio of the experi-

entally obtained overall mass transfer coefficient for an ordinary drop

o that for a rigid drop (see Appendix D). The incorporated enhance-

ent factor varies based on initial solute concentration and contact time

 Chen et al., 2015 ; Wang et al., 2011 ). However, this introduces an ex-

ra difficulty in developing a general model that can describe the effect

f various operational conditions and hinders the understanding of the

xtraction mechanism of a LLX system. Fig. 4 (panel C) shows that the

xperimental data obtained in feed solutions containing 0.02 and 0.08 M

oCl 2 are relatively insensitive to the droplet diameter ranging between

.98 and 5.28 mm. Also, in this case the model description based on the

artitioning coefficient m is much better than that based on the distri-

ution coefficient X. 

.1.2. Parameter estimation 

So far, Co uptake by the IL has been modelled by employing Eq. (1) ,

n the absence of chemical reaction. In both cases, k c and k d values were

alculated by expressions Eq. (22) and Eq. (23) , respectively. Here we
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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. 
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roceed with a slightly different approach, essentially based on data fit-

ing, with the prime aim to identify the rate-limiting step. To further

nderstand the mass transfer behaviour of Co in a LLX system and to

mprove the prediction of Co uptake from literature correlations, var-

ous rate models based on the two film theory with and without a ki-

etic reaction were evaluated. In this study, the CV 5 method is applied

o (1) discriminate between different rate models, (2) determine the

ate-limiting step, and (3) estimate the mass transfer and kinetic param-

ters. The developed models include mass transfer to and within the IL

roplets as well as the homogenous chemical reaction kinetics and equi-

ibria. These models with and without the homogenous chemical reac-

ion are evaluated using m, since mass transfer models using literature

orrelations show a better prediction of Co uptake using m as discussed

arlier. Regression and statistical analysis were performed employing

ross validation of the different rate models and including all 52 exper-

ments shown in Table C.1 (Appendix C). These experiments involved

he effect of contact time, droplet diameter and the concentration of Co

n the continuous and dispersed phase (fresh and pre-loaded IL) on the

o outlet concentration in the IL. 

In total, four different extraction models (A-D) were evaluated, ac-

ounting for mass transfer with and without homogeneous chemical re-

ction. The first three models (A-C) without homogeneous chemical re-

ction are by definition mass transfer-limited. The four subcases distin-
7 
uished in model A are a contribution of both an external and internal

ass transfer resistance (A.1-A.4 in Table 3 ), in model (B) only an ex-

ernal mass transfer resistance and in model (C) only an internal mass

ransfer resistance was evaluated. The last model investigated includes

omogeneous chemical reaction (D), in this particular case between the

oCl 2 salt and the IL. The total resistance is now a combination of a mass

ransfer component and a reaction kinetics component. Ignoring mass

ransfer resistance altogether is not discussed in this study because the

otal Co uptake in all experiments is much lower than the equilibrium

oncentration ( C 

∗d 
CoC l 2 

) . 
Table 3 shows the fitted parameters, regression values and statistical

nalysis for each of the four models. For the first three models, A, B and

, i.e., describing extraction in the absence of a chemical reaction, Fig. 5

ompares the experimental and predicted Co uptake. These parity plots

how that the results of the models are in good agreement with the

xperimental data obtained under different operating conditions, over

he entire external Co concentration range and using either fresh (blue)

r pre-loaded IL (red). Employing k c and k d in model A, shows the equal

ontribution of both an external and internal mass transfer resistance.

tatistical analysis presented in Table 3 shows that k c and k d are cross

orrelated where K cc = 0.5. To reduce the cross-correlation value, model

 has been re-evaluated using Sh c and k d as fitting parameters (A.2)

r k c and Sh d as fitting parameters (A.3), to account for the effect of



E.A. Othman, A.G.J. van der Ham, H. Miedema et al. Journal of Ionic Liquids 3 (2023) 100053 

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 CV 5 method. The last five column on 

the right-hand side list the regression and statistical analysis of the fitted rate models. 

Model 

Fitting Parameters Statistical analysis 

k c [m/sec] Sh c k d [m/sec] Sh d k r [1/M 

2 sec] CV 5 MSE best 𝜎 p,avg (%) N p K cc 

A. External & internal mass transfer 

1. Using k c and k d 1.6 × 10 − 5 4.8 × 10 + 1 ∗ 4.5 × 10 − 5 4.1 × 10 + 3 ∗ – 6.0 × 10 − 5 5.4 × 10 − 5 139.5 2 0.50 

2. Using Sh c and k d 1.1 × 10 − 5 ∗ 3.2 × 10 + 1 3.3 × 10 + 1 3.0 × 10 + 9 ∗ – 5.8 × 10 − 5 5.2 × 10 − 5 72.0 2 0.002 

3. Using k c and Sh d 9.7 × 10 − 2 2.9 × 10 + 5 ∗ 1.2 × 10 − 5 ∗ 1.1 × 10 + 3 – 5.8 × 10 − 5 5.2 × 10 − 5 248.4 2 0.19 

4. Using Sh c and Sh d 1.1 × 10 − 5 ∗ 3.2 × 10 + 1 4.2 × 10 − 3 3.9 × 10 + 5 5.7 × 10 − 5 5.2 × 10 − 5 38.3 2 0.5 

B. Only external mass transfer Sh c 1.1 × 10 − 5 ∗ 3.2 × 10 + 1 – – – 5.7 × 10 − 5 5.2 × 10 − 5 3.5 1 –

C. Only internal mass transfer Sh d – – 1.2 × 10 − 5 ∗ 1.1 × 10 + 3 – 17.3 × 10 − 5 5.2 × 10 − 5 20.9 1 –

D. Mass transfer & reaction 1.0 × 10 − 5 ∗ 3.0 × 10 + 1 5.0 × 10 + 1 4.6 × 10 + 9 ∗ 2.5 × 10 − 1 4.8 × 10 − 5 4.8 × 10 − 5 481.7 3 0.36 

∗ k c , k d , Sh c and Sh d 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 . 

8 
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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. 
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roplet diameter and the diffusion coefficient in each phase. Sh c and

h d are defined according to: 

h c = 

k c d 
D 

c 
i 

(24)

h d = 

k d d 
D 

d 
i 

(25)

Including Sh numbers in model A.2 and A.3 reduces the cross-

orrelation values from 0.5 to 0.002 and 0.19 respectively while all
9 
ther statistical parameters remains unchanged as shown in Table 3 .

owever, the system does not encounter a conjugated problem anymore

nd the mass transfer resistance resides in either the continuous or the

ispersed phase depending on where Sh is applied. Employing Sh c and

h d in model A.4, shows that the mass transfer resides in the contin-

ous phase. However, statistical analysis shows that Sh c and Sh d are

ross correlated like k c and k d used in model A.1 where K cc = 0.5. To

larify the effect of the mass transfer resistance in each phase, models

 and C are employed where the fitting parameter is either Sh c or Sh d .

s evident from the Sh c value in Table 3 , ignoring the internal mass



E.A. Othman, A.G.J. van der Ham, H. Miedema et al. Journal of Ionic Liquids 3 (2023) 100053 

Fig. 6. Parity plots of Co uptake and concentration profile at the liquid-liquid interface for mass transfer with chemical reaction. 
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ransfer resistance (case B) hardly affects the outcome compared to that

btained in model A.2. This conclusion is confirmed by the statistical

nalysis, at least regarding the values of CV 5 and MSE best . On the other

and, ignoring the external mass transfer resistance (case C) reduces the

redicting capability outside the training set compared to model A.3,

eflecting CV 5 increases from 5.8 × 10 − 5 to 17.3 × 10 − 5 . Even though

oth models B and C provide a comparable fitting ability over the total

ataset as evident from the MSE best values in Table 3 and parity plots

n Fig. 5 panel B and C, model B is preferred. Additionally, the model

ased on the external mass transfer resistance only (model B) provides

he lowest 𝜎p,avg which is 3.5%. This means that when a completely

ew dataset is considered, the fitted value of the external mass transfer

esistance would have a deviation of 3.5%. 

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

ransfer is examined for the extraction process as shown in Fig. 6 . The

alues of the partitioning coefficient m and the equilibrium constants

 eq for the homogeneous reactions used in this model are m = 0 . 9 and

 eq = 15 . These parameters are obtained from fitting the isotherm data

btained experimentally at room temperature of Figure A.1 (Appendix

) to Eq. (5) . The fitting procedure minimizes the value of the mean

quare error (MSE) between the experimental and fitted total Co uptake.

tatistical analysis listed in Table 3 reveals that the model including both

ass transfer and chemical reaction has the lowest CV 5 and MSE best . On

he other hand, standard deviation shows a huge variation in the fitted

arameters mainly k r (3.3 × 10 − 4 – 8.1 (1/M 

2 s )). 

A high 𝜎p,avg value indicates that each of the five runs resulted in a

ifferent set of parameters, with each set of parameters still fitting with

he experimental dataset. Thus, it is reasonable to conclude that models

ith higher 𝜎p,avg values- although are just as good at fitting experimen-

al data as models with lower values- don’t necessarily physically reflect

hat is being modelled. Therefore, the lower value of 𝜎p,avg for model

 indicates that the model has a more consistent physical description

 Slotboom et al., 2020 ). The evidence supporting this conclusion is two-

old. First, considering internal mass transport only (model C) increases

he CV 5 values with a factor 3. Secondly, adding reaction kinetics to the

odel description (model D) hardly lowers the CV 5 and MSE best values

ompared to those models based exclusively on mass transport (models

 and B). This concludes that a mass transfer model with just a single

tting parameter Sh c (model B) can adequately describe the extraction

f Co for the whole data set with most of the experimental data pre-

icted within ± 30%, regardless of the initial solute concentration in the

ontinuous and dispersed phase, contact times or droplet diameters. The

ow effect of internal mass transfer resistance on Co uptake could be re-

ated to the internal circulation that is clearly visually observed during

ptake in the extraction column as shown in Fig. 3 . 
10 
Fig. 7 compares experimental Co uptake using [P 8888 ][Oleate] as

unction of contact time for different Co concentrations in the continu-

us phase with those predicted by the two-film theory using the fitting

arameter obtained in model B. The obtained fitting parameter (Sh c )

rovides a better prediction of Co uptake even at long contact time and

igh Co concentration in the continuous phase compared to those ob-

ained using an internal circulation model and correlations from liter-

ture as presented in Fig. 4 (panel B). The value of Sh c obtained using

odel B equals 32 which is lower than the value calculated using a lit-

rature correlation ( Eq. (22) ) where Sh c ranges between 251 and 307. 

.1.3. Activation energy 

The determination of the activation energy is a method to distin-

uish between a process limited by either mass transfer or reaction

inetics. It is reported that an extraction process is diffusion-limited

hen the activation energy falls in the range 8–24 kJ/mol. On the other

and, the reactions contributes to the rate once it exceeds 200 kJ/mol

 Scott, 2006 ). In order to identify the rate-limiting step during Co

xtraction by [P 8888 ][Oleate], we applied an Arrhenius plot analysis

 Cheng et al., 2019 ; Scott, 2016 ; El-Hefny, 2010 ). The temperature effect

n the extraction rate controlled by mass transport is less pronounced

han that of a process controlled by a chemical reaction ( Scott, 2016 ).

ig. 8 shows the influence of temperature on the extraction rate of Co

sing [P 8888 ][Oleate] in the range of 295–353 K (Appendix F). A linear

orrelation between ln dC CoC l 2 ∕ dt and 1/T is obtained where the slope

epresents -E a /R according to the Arrhenius equation: 

 r = 𝐴 e 
−E a 
RT (26)

The activation energy is found to be 24 kJ/mol, a value hinting in the

irection of mass transfer limitation which is in line with the conclusion

btained using the model and the statistical analysis as discussed above.

.2. Back extraction 

Another important element in this study is understanding the back-

xtraction mechanism which is usually ignored in most studies. An ear-

ier study by Othman et al., emphasized already the necessity of se-

ecting the right regeneration solution and understanding its behaviour

ince the regeneration of the extractant and the finally obtained product

re key drivers for any liquid-liquid extraction process ( Othman et al.,

019 ). In order to investigate the back extraction, experiments were per-

ormed using [P 8888 ][Oleate] preloaded with 0.34 M Co. This preloaded

L was regenerated using a 1 M NaCl solution in the 1 m single droplet

olumn. In an extraction system completely dominated by mass trans-

er, extraction and back-extraction are expected to be symmetrical pro-
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Fig. 7. Effect of contact time on Co uptake for 

different feed concentrations (0.02–0.34 M Co) 

compared with the model prediction based on 

external mass transfer resistance only (Model 

B). 

Fig. 8. An Arrhenius plot to show the effect 

of temperature on the extraction rate of Co us- 

ing [P 8888 ][Oleate]. Co concentration in con- 

tinuous phase is 0.34 M. 
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e  

e  

a  

I  

C  
esses, i.e., the calculated overall mass transfer coefficient in either di-

ection should be the same. This hypothesis was tested by measuring

he Co back extraction from IL droplets pre-loaded with Co. The mea-

ured Co in the aqueous phase was compared with the calculated con-

entration using the mass transfer coefficient previously derived from

he extraction data. The measured concentration of Co in the aqueous

hase after regeneration is found to be 0.15 mM using a 1 M NaCl so-

ution in the column which is almost six times lower than the predicted
11 
alue (i.e., 0.87 mM) assuming that back extraction is only limited by

xternal mass transfer resistance ( Table 3 ). This drop in the measured

ack-extraction rate could be related to the change of the physical prop-

rties of the IL after being complexed with the extracted Co salt. For

xample, the viscosity of the loaded IL shows an exponential increase as

 function of the Co uptake where it increases from 0.13 Pa. sec in fresh

L to 0.14, 0.23 and 0.34 Pa. sec in IL loaded with 0.02, 0.17 and 0.27 M

oCl 2 respectively. This increment in viscosity of the loaded IL reduces
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Table 4 

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 0.15 0.87 

Stagnant droplet correlations 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] 

Exp_A 1 2 – 40 

Exp_B 2 1 30 46 
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he diffusivity of Co within the IL and hinders the internal circulation

bserved during extraction experiments. It should be noted that for the

ack-extraction experiments performed in the 1.14 m column the Co up-

ake increased to 0.08 M at most. In the literature, it is reported that, in

eneral, the uptake during forward extraction is higher than the release

uring backward extraction ( Wegener et al., 2009 ). This is due to two

easons; first, Marangoni effects are stronger during droplet formation

or the mass transfer directed into the droplet phase (forward extraction)

 Wegener et al., 2009 ). Secondly, coalescence is more inhibited during

orward extraction ( Wegener et al., 2009 ). This latter effect can be ex-

lained by the reduced film drainage between droplet and dispersed

hase at the nozzle tip due to Marangoni convection ( Wegener et al.,

009 ). 

To estimate this effect, correlations applicable to rigid, stagnant

pheres, not showing any internal circulation are applied to calculate

he external and internal mass transfer coefficients using the adjusted

iffusivity coefficient based on the viscosity of the loaded IL which is

.3 × 10 − 11 m/sec 2 as calculated based on the data shown in Appendix

. The mass transfer correlations are defined as the following: 

For the continuous phase (stagnant droplets): 

h c = 2 + 0 . 66 𝑅𝑒 0 . 5 𝑆𝑐 0 . 3 c (27)

For the disperse phase (Newman): 

 d = − 

d 
6t 
ln 

[ 

6 
π2 

∞∑
𝑛 =1 

1 
n 2 

exp 

{ 

− 

4n 2 π2 D 

d 
i t 

d 2 

} ] 

(28)

The rate model, using Eqs. (27) and (28) for k c and k d respectively

alid for a stagnant droplet, provides a better prediction for the Co

oncentration in the aqueous phase after back-extraction as shown in

able 4 (i.e., 0.15 mM compared to the experimental concentration of

.15 mM). It is worth noting that during back extraction the internal

ass transfer resistance becomes dominant where k d = 2.8 × 10 − 6 m/ sec

nd k c = 3.6 × 10 − 5 m/ sec (Sh c = 101). 

Back extraction experiments were also performed on batch scale, to

erify whether the effect of a possible decomplexation reaction becomes

ore apparent at longer time scales. These experiments were performed

sing preloaded [P 8888 ][Oleate] with 0.36 M Co. The preloaded IL was

egenerated using an equal volume of Milli-Q water (in the absence of

aCl to avoid any extra effect). The total regeneration time in both ex-

eriments was 2 min where the regeneration process was performed A)

n one stage for the duration of 2 min, and B) in two stages each of 1 min

llowing 30 min in between. This time delay is introduced to give extra

ime for decomplexation and formation of free Co that can be transferred

rom the organic to the aqueous phase during the second stage. If the

ack extraction would be continuously dominated by the external mass

ransfer, a time delay should have no influence on the amount of regen-

rated Co. As shown in Table 5 , the introduction of a 30 min time delay

esulted in 13% extra Co transfer from IL to the aqueous phase. Given an

stimated experimental error of ± 0.4 mM, the effect seems significant.

n the other hand, the 13% increase remains a rather marginal effect
12 
nd does not justify the conclusion that the decomplexation reaction is

he rate-limiting step during back extraction. 

. Conclusions 

The present study focusses on the extraction of Co from an aqueous

olution using single IL [P 8888 ][Oleate] droplets. The analysis investi-

ates the mass transfer in the forward and back extraction with and

ithout a chemical reaction and determines the rate limiting step. The

esults reveal that a mass transfer model with just a single fitting pa-

ameter, the Sherwood number of the continuous (aquatic) phase Sh c ,

dequately describes the forward extraction of Co for the whole data set,

ith most of the data predicted within ± 30%, regardless of the initial so-

ute concentration in the continuous and dispersed phase, contact times

r droplet diameters. The reason that the dominant mass transfer resis-

ance during extraction resides in the continuous phase is most likely

ue to rather significant internal circulation inside the IL droplets, as

bserved experimentally. Adding a chemical reaction to the model does

ot improve the predictions. This is in line with the measured low ac-

ivation energy of the extraction rate (E a is 24 kJ/mol), indicating that

o uptake is indeed mass-transfer limited. 

As concluded from Co regeneration from pre-loaded IL droplets, dur-

ng back-extraction mass transport in the dispersed (IL) phase domi-

ates. This may be due to a change of the physical properties (notably

he increased viscosity) of the pre-loaded IL. Using correlations appli-

able to rigid, stagnant droplets and using a Co diffusion coefficient

ased on measured viscosity values, resulted in external and internal

ass transfer coefficients that predicted quite well the amount of re-

enerated Co in the aqueous phase. 
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