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Abstract
Jussi Tamminen
Fast contact copper extraction
Lappeenranta 2022
150 pages
Acta Universitatis Lappeenrantaensis 1065
Diss. Lappeenranta-Lahti University of Technology LUT
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The intensification of copper solvent extraction was examined in this thesis. Extraction
with hydroxyoximes is used in industry for copper separation. The reaction between
hydroxyoxime and copper is a two-phase interfacial complexation reaction in which aqueous
copper cations exchange with hydrogen ions bound to hydroxyoxime. As extraction is an
interfacial reaction, its rate is dependent on the area between phases, that is, an interfacial
area (�). Moreover, the rate depends on the stagnant interfacial boundary layer thickness,
or diffusion path length (;38 5 ). These variables depend on droplet size, which in turn
depends on the mixing conditions in the reactor. Intensified mixing will lead to intensified
extraction.
Copper extraction kinetic studies were conducted in different contactors. The mass transfer
into a single droplet was examined using a concentration determination method based on
image analysis. The image analysis method was also used to determine mass transfer into
individual droplets during breakage and coalescence experiments. The mass transfer was
found to increase during droplet breakage but not during coalescence. The increased mass
transfer in breakage was due to an increase in interfacial area and mixing, as the breakage
of rising droplet after collision with a blade is a more violent process than coalescence.
The coalescing droplets were stationary, and the interfacial area decreased, which led to a
constant mass transfer during coalescence.
The other devices used in the studies were a conventional stirred tank and rotor-stator
devices with intensified mixing. The rotor-stator devices were used in both batch and
continuous-flow reactors. The main difference between these reactors and earlier intensified
extractors, such as AKUFVE1 or high speed stirring in Morton flask, is the use of a
rotor-stator mixer, which leads to intensified mixing in a smaller equipment volume. The
kinetic data were modeled using a reactor models developed for copper extraction.
The extraction is a two-phase reaction; its equilibrium is dependent on conditions in both
phases. This is indicated by a decrease in the extraction equilibrium constant as a function
of aqueous phase ionic strength. In a similar manner, the increase in diluent solubility
parameter leads to a decrease in equilibrium constant.
The kinetic constant of copper extraction increases as a function of mixing intensity. In
order to characterize mixing conditions in extraction, the droplet sizes and mixing power
were measured. Measurements were made in conventional stirred tank and rotor-stator

1Swedish abbreviation for “Apparatus for continuous measurement of distribution factors in solvent
extraction”



mixed continuous flow reactor and the droplet sizes were correlated with mixing power.
The starting point was a single droplet extraction without mechanical stirring, which
naturally yielded the lowest kinetic constant value. As expected the rate increased in a
conventional stirred tank as the impeller speed increased, whereas other variables, such as
feed concentrations were kept constant. The increase in impeller speed enhanced extraction
both in batch and in continuous-flow rotor-stator mixers. Short residence times are required
for extraction in rotor-stator reactors because of high mixing intensities. The kinetic
reaction constant (:) data of all stirred reactors were dependent on specific mixing power
input (%/<) to exponent 0.625. The specific mixing power input was varied in three orders
of magnitude when using LIX 984 extractant. The mixing intensity was varied here in a
much wider range than in typical mass transfer measurement studies. A comparison of
data with other copper extractants revealed that the correlation had reasonable agreement
with the kinetic data over five orders of magnitude of %/<.
The kinetic constants (:) determined in different devices (single droplet, stirred tank,
and rotor-stator reactors) had a good correlation with �2/;38 5 . The interfacial area and
diffusion path length (;38 5 ) depend on droplet size and, on mixing power. Area and diffusion
path length cannot vary independently in stirred reactors. Kinetic constant dependence
on interfacial area and diffusion path length illustrates the interfacial nature of solvent
extraction.

Keywords: solvent extraction, metal extraction, copper, hydroxyoximes, intensification of
extraction, rotor-stator mixer, modeling, kinetics
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Nomenclature

Latin alphabet

� Interfacial area, cm2

�1B Absorbance, AU
� Concentration difference of metal due to mass transfer, mol L−1

� Coefficient or constant
�% Heat capacity, J kg−1 ◦C−1

� Diameter, m
E Residence time distribution, s−1

� Ionic strength, mol L−1

 Equilibrium constant
! Loading of extractant, %
" Molecular mass, g mol−1

# Impeller speed, rpm
% Mixing Power, W
%/< Specific mixing power, W kg−1

& Amount of heat, J
R Pearson correlation coefficient, -
) Temperature, ◦C or K
+ Volume, L
¤+ Volumetric flow rate, L min−1

0 Specific interfacial area = �/+ , cm−1

2 Concentration, mol L−1

3 Droplet size, mm
332 Sauter mean diameter, mm
5 Fraction, -
6 Acceleration due to gravity, m s−2

8 Light intensity, W m−2

: Kinetic constant of forward reaction, L mol−1 s−1

; Length, m
< Mass, kg
¤< Mass flow rate, kg s−1

= Amount of substance, mol
? Pixel value, -
pH Negative logarithm of hydrogen ion activity ≈ − log10 [H]
p 0 Negative logarithm of acid dissociation constant
A Reaction rate, mol L−1 s−1

C̄ Mean residence time, s
C Time, s
D Velocity, m s−1

G Weight fraction, wt%
I Charge of ion, -
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[M] Concentration of species M, mol L−1

Greek alphabet

Δ Difference
V Cumulative complexation constant
j Constant in Eq. (2.15)
X Solubility parameter, MPa1/2

Y Absorptivity, i.e. Molar absorption coefficient, L mmol−1 mm−1

¤W Shear rate, s−1

^ Viscosity ratio, `3/`2
_ Kolmogorov length scale, m
` Dynamic viscosity, m Pa s
a Kinematic viscosity, m2 s−1

d Density, kg L−1 or kg m−3

f Interfacial tension, mN m−1

g Residence time or space-time of reactor (= +A/ ¤+), s
i Volume fraction

Superscripts

◦ Constant for zero ionic strength
∗ Hydrolysis constant of metal cation
+ Charge of cation
− Charge of anion
= Number

Subscripts

0 Initial value
� Coefficient
�0 Coefficient
� Coefficient
�0 Coefficient
� Equilibrium constant at non-zero ionic strength
�� Drag coefficient
� Partition ratio
� Extraction
� Fluid flow in rotor-stator gap
� Liquid height in the reactor, mm
� Inner diameter
 B Metzner-Otto constant
! Loss
$ Outer diameter
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' Rotor
( Stator
/ Zero flow
0 Acid dissociation constant
02 Active compound (of extractant)
066 Self-aggregation, self-association or “dimerization” constant, L mol−1

0= Analysed
0@ Aqueous phase
0E6 Average value
10C2ℎ Batch reactor
16 Background
1ℎ blade height
1F Backward reaction
2 Continuous phase
20;2 Calculated value
2ℎ Chord length
2>A Corrected
3 Droplet
34 5 Deformation
38 5 Diffusion
38BB Dissociation constant
38B? Dispersion
4@E Equivalent
4GC Extractant
5 >A< Formation or association constant
5 F Forward reaction
6 Width of gap between rotor and stator, mm
8 Index
8< Impeller
8= Value at reactor inlet
9 Index
< mass transfer coefficient
<0 9>A Spheroid-type droplet major axis length
max Maximum value
<40B Measured value
<8=>A Spheroid-type droplet minor axis length
<8G Mixing
= Number
>A6 Organic phase
>DC Value at reactor outlet
? Optical path length
?G Pixel
A Reactor
A4; Relative value
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BC Steady state
C Value at time C
C8? Impeller tip speed
C>C Total value
F Water

Dimensionless groups

Ca Capillary number = `2 ¤W(3/2)/f
Fl Impeller pumping number = ¤+/(#�3

8<
)

Po Power number = %/(d#3�5
8<
)

Po� Power number for fluid flow in rotor-stator gap = %�/( ¤<#2�2
8<
)

Po/ Power number for zero flow = %)/(d#3�5
8<
)

Re Impeller Reynolds number = d#�2
8<
/`

Sc Schmidt number, = `/(d�38 5 )
Sh Sherwood number = :<;/�38 5

Abbreviations

�/$ Phase volume ratio, ¤+0@/ ¤+>A6 (CFR) or +0@/+>A6 (batch)
AAS Atomic adsorption spectrometry
AKUFVE Swedish abbreviation for “Apparatus for continuous measurement of

distribution factors in solvent extraction”
CFD Computational fluid dynamics
CFR Continuous flow reactor
CLD Chord Length Distribution
CSTR Continuous Stirred Tank Reactor
DEHDO 5,8-diethyl-7-hydroxy-dodecan-6-oxime, active compound in LIX 63
DMF N,N-dimethylformamide
DSAO 5-dodecylsalicylaldoxime, active compound in LIX 860
DSD Droplet Size Distribution
FBT Flat blade turbine
CuA2 Copper complex of hydroxyoxime
HA Hydroxyoxime in hydrogen form
HNAPO 2-hydroxy-5-nonylacetophenone oxime, active compound in LIX 84
HNBPO 2-hydroxy-5-nonylbenzophenone oxime, active compound in LIX 65N
HSAB Hard Soft Acid Base-priciple by Pearson
HSM High-shear mixer
ICP Inductively coupled plasma
KB Kauri-butanol number
L Ligand
L/SX/EW Leach/Solvent extraction/Electrowinning-process
NSAO 5-nonylsalicylaldoxime, active compound in LIX 860N and Acorga

extractants
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OES Optical emission spectrometry
ORM Optical reflectance measurement
4PBT Pitched bladed turbine, four blades
PTFE Poly (tetrafluoroethylene)
RDS Rate Determining Step
SIT Specific Ion interaction Theory
SX Solvent extraction
T8 IKA Ultra-Turrax T8 high shear mixer
TXIB 2,2,4-trimethyl-1,3-pentanediol diisobutyrate
UTL-25 IKA Ultra-Turrax UTL-25 in-line high shear mixer
cn Coordination number
en 1,2-diaminoethane or Ethylenediamine
fz ferrozine = 2- (2-pyridyl)-5,6-bis (4-phenylsuflonic acid)-1,2,4-triazine
tmpa tris (2-pyridylmethyl) amine

Extractants

Name Active compound
Acorga 5640 5-nonylsalicylaldoxime, modifier: TXIB
Acorga P1 5-nonylsalicylaldoxime
Acorga 5774 ester-modified aldoxime
Acorga 5850 mixed-modified aldoxime
Acorga 5910 ester-modified aldoxime
Adogen 283 Secondary C13-alkyl amine
Adogen 364 Mixed tri-octyl/decyl amines
Adogen 464 Mixed tri-octyl/decyl methylammonium chlorides
Alamine 336 Mixed tri-octyl/decyl amines
Aliquat 336 Mixed tri-octyl/decyl methylammonium chlorides
Amberlite LA-1 Mixed secondary C12-alkyl amine
Amberlite LA-2 Mixed secondary C12-alkyl amine
Cyanex 272 Bis(2,4,4-trimethylpentyl) phosphinic acid
Cyanex 301 Bis(2,4,4-trimethylpentyl) dithiophosphinic acid
Cyanex 302 Bis(2,4,4-trimethylpentyl) monothiophosphinic acid
Cyanex 923 Mixed tri-n-hexyl/n-octylphosphine oxides
D2EHPA Di(2-ethylhexyl) phosphoric acid
DBBP Dibutylbutylphosphonate
DEHPA Di(2-ethylhexyl) phosphoric acid
EHEHPA 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester
Ionquest 290 Bis(2,4,4-trimethylpentyl) phosphinic acid
Kelex 100 Alkyl-substituted 8-quinolinol
LIX 63 5,8-diethyl-7-hydroxy-dodecan-6-oxime
LIX 64 Mixture of LIX 63 and LIX 65
LIX 64N Mixture of LIX 63 (1 %) and LIX 65N (44 %)
LIX 65 2-hydroxy-5-dodecylbenzophenone oxime
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LIX 65N 2-hydroxy-5-nonylbenzophenone oxime
LIX 84 2-hydroxy-5-nonylacetophenone oxime
LIX 860 5-dodecylsalicylaldoxime
LIX 860N 5-nonylsalicylaldoxime
LIX 984 A 1:1 volume blend of LIX 860 and LIX 84
LIX 984N A 1:1 volume blend of LIX 860N and LIX 84
MEHPA Mono(2-ethylhexyl) phosphoric acid
MIBK Methylisobutyl ketone
P-507 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester
PC88A 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester
Primene JMT Primary alkyl amine
SME 529 2-hydroxy-5-nonylacetophenone oxime
TBP Tributylphosphate
TOPO Trioctylphosphine oxide
Versatic 10 Tertiary C10 carboxylic acid
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1 Introduction
Modern society is largely dependent on both stationary and mobile electronic devices. The
use of mobile electronic devices has increased rapidly over the last few decades. Electronic
devices contain copper, which is a good conductor of electricity. Mobile devices are
powered by batteries, and this has resulted in an ever-increasing demand for metals, such
as cobalt or nickel, which are used in batteries. These metals also have other uses. For
example, copper is used in water pipes, and nickel can be blended into steel. The sources of
these metals include ores and increasingly important recycling. Solvent extraction can be
utilized for the separation, purification, and recovery of metals from different raw materials.
Solvent or liquid-liquid extraction is a method for the separation and recovery of compounds
frommixtures. It is based on the distribution of compounds between two immiscible liquids.
Liquid-liquid extraction has long existed as a laboratory-scalemethod for separating different
compounds. Extraction studies were conducted 180 years ago and theoretical understanding
of liquid-liquid extraction has been developed over 120 years ago. Early studies have dealt
mostly with the extraction of organic compounds. Interest in the extraction of inorganic
compounds increased after development of reagents such as dithizone, dimethylglyoxime,
and 8-hydroxyquinoline, from 1920 to 1940 (Sekine &Hasegawa, 1977). These compounds
bind metal ions which leads to the extraction of metal into an organic solution. Interest in
extraction increased in the 1940s and led to large scale separation of uranium and rare earth
elements with solvent extraction (Habashi, 2005). The uranium extraction was introduced
in United States during Manhattan project, which aimed to produce atomic bomb. More
modern developments are extractants, such as dialkylphosphinic acids and hydroxyoximes,
which are used for cobalt/nickel and copper/iron separation, respectively (Table 2.4)
The development of extractants with better extractive properties for separating metals has
led to increased interest in metal recovery using solvent extraction. This can be illustrated
by using copper extraction as an example (Kordosky, 2002). The earliest hydroxyoximes
(LIX 63, LIX 65, and their mixture LIX 64) for copper recovery were developed at
the beginning of the 1960s. Copper extraction with hydroxyoximes began to be used
on commercial scale in 1968, when Ranchers’ Bluebird plant was started in Arizona,
USA. The plant used LIX 64 extractant, the only one available at the time. The LIX 64
extractant had limited extractive strength, copper loading, copper/iron selectivity, and
slow kinetics. Despite these limitations, the Bluebird plant proved that the production of
large quantities of good-quality copper cathode was profitable. The hydroxyoximes in use
today (SME 529/LIX 84, Acorga P-1, LIX 860) were introduced in the 1970s and 1980s.
These and other extractant developments have led to the production of extractants with
better extractive properties. As a result, the copper production capacity of leach/solvent
extraction/electrowinning-type processes has increased from about ten thousand to almost
three million tonnes of copper at 2001 (Kordosky, 2002).
Copper solvent extraction typically begins with the dissolution of metals from ore using
concentrated sulfuric acid solution (leaching in Fig. 1.1). The resulting mixture contains
not only copper but also other dissolved metals, such as iron. Solvent extraction is used to
separate copper from the leaching solution (see the extraction stage in Fig. 1.1). The metal
containing aqueous solution is contacted with an organic solution containing hydroxyoxime
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extractant. The extractant will bind with copper according to the following stoichiometry
(Flett, 1977; Flett et al., 1973):

Cu2+ + 2 HAorg � CuA2,org + 2 H+ (1.1)

Copper extraction is a two-phase ion exchange reaction, where hydroxyoxime ((HA))
binds with copper and releases hydrogen ions into aqueous solution. Copper extraction
results in the transfer of copper as complex (CuA2) into organic extractant solution. The
copper-containing organic solution and the concentrated sulfuric acid solution are pumped
into a back-extraction2 mixing tank (See the back-extraction stage in Fig. 1.1). When
the solutions are mixed together, the equilibrium of the extraction reaction (Eq. (1.1))
shifts toward the initial compounds, i.e., copper and extractant. This results in the release
of copper into the acid solution. Copper can then be recovered from the acid solution
as metallic copper using electrolysis (see electrowinning in Fig. 1.1) (Kordosky, 2002;
Kordosky, 1992; Ritcey, 2006; Szymanowski, 1993).

PROCESS FEED SOLUTIONS AND OTHER MATERIALS

Raffinate

Leach acid

Loaded extractant

Regenerated extractant

Strip acid

Concentrated copper electrolyte Mixed dispersion

Copper cathodes

SOLVENT EXTRACTION

Mixer Settler

Extraction stage Back-extraction stage

ELECTROWINNINGLEACHING

Liquid storage

Ore

Electricity

Cu

Figure 1.1: Industrial solvent extraction (L/SX/EW) process for copper recovery. Copper
is dissolved from ores through leaching (L). The copper solution is purified through solvent
extraction (SX) and finally metallic copper is recovered through electrowinning (EW). Solvent
extraction consists of the extraction and back-extraction (i.e. stripping) stages, as indicated by
the dashed line. Both extraction and back-extraction can have more than one stage, that is,
mixer-settler unit. The solutions circulate between parts of the process. The leach acid solution
circulates between leaching and extraction and the extractant circulates between extraction and
back-extraction. Similarly, the strip acid circulates between back-extraction and electrowinning.
The leach solution loop is isolated from the strip acid loop by the extractant circulation. Note
that copper moves from left to right in the process, and its concentrations in the solutions
increase, until it is recovered as copper cathodes in electrowinning. The ore is periodically
replaced with fresh material. For more details on the process, see Kordosky (2002), Kordosky
(1992), Ritcey (2006), Szymanowski (1993).

Another result of back-extraction is extractant regeneration (Eq. (1.1)) and it can be pumped
back to extraction. The solutions are circulated between parts of the solvent extraction

2Back-extraction is also called stripping
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process (Fig. 1.1). The aqueous solution in which, copper was extracted (raffinate) is
circulated back to leaching for reuse. Fresh acid can be added to the leach solution if
needed. Similarly, an organic solution containing an extractant is loaded with copper in
the extraction stage and the extractant is regenerated in back-extraction. Extractant is
continuously circulated between extraction and back-extraction. The strip acid solution
from back-extraction is led into electrowinning, in which metallic copper is recovered.
The acid solution is then circulated back into back-extraction. Solution losses due to
evaporation, for example, can then be recovered by adding fresh solution to the process.
The process is intended to operate in a way that solutions are circulated between the process
parts. The ability to recover and circulate reactants from one process part to another
enhances the economy of the copper recovery using leach/solvent extraction/electrowinning
(L/SX/EW)-process.
Extraction is conducted through contacting aqueous and organic solutions in large tanks,
with volumes of up to 90 m3 (Paper I (Tamminen et al., 2013)). Extraction (Eq. (1.1))
proceeds at the interface between the aqueous and organic phases, and the rate of extraction
depends on the available area between the two phases. Extraction can be intensified by
increasing the interfacial area with the help of mechanical stirring. The stirring leads to the
formation of droplets to continuous phase. Mixer-settlers are the often used equipment in
the extraction and back-extraction stages, but the use of columns as a contacting devices is
also possible. However, the present study discuss only the stirred tanks.
The combination of mixing and settling tanks is referred to as a mixer-settler. There is no
mechanical stirring in the settler and it is larger than the mixer. Therefore, the liquid flow
is slower in a settler and the droplets start to coalesce. The droplet coalescence initially
leads to an increased droplet size and ultimately, to the the settled layers of phases. The
less dense organic solution is on top of the aqueous phase.
The droplet size and extraction rate are defined in the mixer by setting the impeller speed.
A higher mixing intensity leads to smaller droplets and thus a higher extraction rate. At the
same time, the settling takes a longer time with smaller droplets than with larger droplets.
Slow settling is problematic in a continuous process, as the settler operates continuously and
residence time of dispersion in the settler is limited. If settling is too slow, the dispersion
is not completely broken in the settler, which can result in solvent losses and extra costs.
Therefore, phase separation limits the mixing intensity in the mixer and increasing the
size of an already large settler is likely not an option. The phase separation enhancement
can be made using centrifuges (Paper I) or by the addition of the hydrophobic magnetic
nanoparticles to the organic phase (Lobato et al., 2019). The use of external magnetic
field will then lead to faster phase separation. Nanoparticles were coated, but they were
releasing minute amounts of iron in acidic solutions, which may limit applicability of the
method.
The present work deals with the intensification of copper solvent extraction. The aim of
process intensification is to enhance of the conventional process such way that equipment
size can be reduced without affecting the capacity of process (Stankiewicz (2003) and
Paper I). For extraction intensification, this study uses high shear mixers in addition
to a conventional stirred tank. To obtain practical solvent extraction equipment, phase
separation should also be enhanced. For this purpose, a continuous liquid-liquid centrifuge
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was utilized in Paper I. The extraction results of the high-shear reactors were compared to
those of a conventional batch reactor and a single droplet extraction.
The enhancement of extraction rate is examined in three types of contacting devices
to determine the effect of stirring on the copper extraction rate. The rate of copper
extraction has been studied in Papers III and IV using single droplets in a column as well
as conventional stirred tank and in rotor-stator equipped continuous-flow reactor (CFR) in
Paper I. The effect of droplet breakage and coalescence on copper extraction mass transfer
were examined in Papers V and VI. The mixing power of rotor-stator equipped CFRs
(in-line high-shear mixers (HSM)) was studied in Paper II. This study extended earlier
research by using single stationary droplets and rotor-stator equipped continuous-flow
reactors. As expected, an increase in mixing power led to intensified extraction, due to
stirring-induced decrease in droplet size and diffusion path length. A comparison between
stirred reactors and single droplet data showed that the kinetic constant of extraction was
correlated with interfacial area and diffusion path length, further confirming the results in
Paper I (Tamminen et al., 2013).
A mathematical model was developed for copper extraction in Paper I to model the
extraction results. Two models were made: one for a CFR, which could be approximated
as a continuous stirred tank reactor (CSTR) and another for a batch reactor. The models
include aqueous-phase speciation. The experiments were conducted using acidic copper
sulfate solutions, which are a rather complex mixture, containing several aqueous-phase
species (i.e. CuSO4, Cu

2+, H+, HSO –
4 , SO 2–

4 ). Organic phase speciation reactions, such
as extractant self-association, were also considered.
The copper extraction with hydroxyoximes was selected for this study because it is a widely
used application for extraction in industry. The set-up used for extraction is generic in the
sense, that it is not limited to any specific extractant or metal and can also be applied to
the extraction of organic substances. However, it is presumed that the in-line high-shear
mixer-continuous centrifuge combination is not an alternative to the current copper solvent
extraction technology. Applications for the present set-up could include, for example,
extraction systems, which would be too slow to process using conventional extraction
equipment or recover of metals from the side streams of existing processes.

1.1 Thesis goal
This thesis aimed to study the effect of intensified mixing on the copper solvent extraction
rate. For this purpose experiments were performed on different contacting devices with
varying mixing powers. Several stirred reactors were used, in addition to single droplet
experiments. An increase in mixing power in stirred reactors is known to lead to smaller
droplets, and it was varied in stirred reactors. The lowest impeller speeds were used in the
conventional stirred tank and the highest in high-shear, rotor-stator equipped, CFRs. On
the other hand, there was no external mixing in the single droplet experiments, providing a
comparison to the stirred reactor data. As copper extraction itself is an interfacial reaction,
it depends on interfacial area of the droplets. The droplet sizes were measured using image
analysis for single droplet experiments and using laser back-scattering measurement for
stirred reactors.
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The copper mass transfer into the organic phase was measured in single droplet experiments
and stirred reactors. The reactor models for copper extraction included aqueous-phase cop-
per sulfate solution complexation reactions. Organic-phase reactions were also considered.
The model based kinetic and equilibrium constants were determined for the measured data.
The average droplet sizes and kinetic constants of the stirred reactors were correlated with
a specific mixing power. The kinetic constant data were also correlated with the interfacial
area and diffusion path length. Aside from kinetic studies, this thesis also presents an
overview of the different aspects of the copper solvent extraction kinetics and equilibria,
which form the necessary basis for extraction model and the design of the copper extraction
process.

1.2 Limitations
This work has the following limitations. The effect of temperature was not examined in
the experiments. The extraction data were measured in laboratory-scale reactors: that is,
no data were determined in the pilot or process scales. The extraction experiments were
performed using synthetic solutions. The results may deviate compared to actual process
solutions. However, the research was conducted using commercially and readily available
copper extractants and diluents.
Consequently, the organic solution consisted of technical-grade chemicals. The high
mixing power input of the rotor-stator mixers led to intensified extraction, and when the
highest impeller speeds were used in extraction, the observed extraction was close to the
equilibrium value. Although sampling was made as fast as possible, and the samples were
centrifuged as soon as possible after sampling for phase separation, the reaction could
continue in dispersion before the phases are fully separated. This made the determination of
the kinetic constant less accurate at the highest impeller speeds. The temperature increase
due to mixing in rotor-stator equipped CFRs limited the use of the highest impeller speed
and mixing power at long residence times, when the temperature was maintained near room
temperature (25 ◦C). The temperature increase was about 50 ◦C at the maximum impeller
speed of CFR, as was shown in Paper II. When impeller speed was limited to 13 500 rpm,
temperature increase was about 10 ◦C degrees at maximum as was indicated in Papers I
and II

1.3 Thesis outline
This thesis is based on six articles published in well-known scientific journals and is
structured as follows. The operating principle of industrial metal separation through solvent
extraction is briefly explained in Chapter 2. As the chemistry of the aqueous phase is
different from that of the organic phases, they are discussed separately in Sections 2.1
and 2.2, respectively. The mixing of liquid-liquid systems and the relevant parameters such
as mixing power are discussed in Chapter 4. The methods used to study the extraction
rate and equilibria are presented in Chapter 3. An overview of the image analysis-based
concentration determination method is provided in Section 3.7. The details of the other
methods are presented in Section 3.6 and in Appendix A.1. An overview of the model
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for copper extraction kinetics is given in Chapter 5. Chapter 5 shows the modeling of the
copper solvent extraction and Chapters 6 and 7 summarize the results of the extraction
equilibria and kinetics obtained from this work.

1.4 New results
The results of this thesis are related to copper solvent extraction kinetics, which was
examined in different contacting devices. The following novel and interesting results are
included in this thesis:

1. The image analysis method was developed for concentration determination inside
droplets. Other information, such as the droplet size, surface area and velocity can
also be determined using image analysis.

2. Application of the image analysis method to determine of the reaction rate of copper
solvent extraction to single, stationary, or moving droplets.

3. The determination of mass transfer during single droplet breakage and coalescence
through the application of the image analysis method.

4. The determination of mixing power for continuous and batch reactor equipped with
rotor-stator impellers or high-shear mixers.

5. The determination of the droplet size distribution (DSD) in rotor-stator mixer using
copper solvent extraction feeds. Droplet sizes determined in a conventional stirred
tank and a rotor-stator mixer were correlated with a specific and local mixing power.

6. The determination of extraction rate of the copper extraction in a conventional stirred
tanks and an intensified reactors equipped with rotor-stator mixers. The mixing
power was varied in experiments.

7. The model for the reaction rate of copper solvent extraction was developed and used
to model of measured kinetic data of copper extraction.

8. The calculated kinetic constants were correlated with mixing power in a variety of
stirred extraction reactors.

9. The extraction kinetic constants from a single droplet to a highly intensified CFR
were correlated with the interfacial area and diffusion path length.
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2 Solvent extraction of metals
The industrial-scale solvent extraction process used for copper recovery from ores is
summarized in this chapter. The process is illustrated in Fig. 1.1. The L/SX/EW-process
starts with leaching (L) metals from ores using an acidic sulfuric acid solution. The acid
solution flows downwards through a heap of ore, and the acid wets the rock in a heap. The
metals in the ore dissolve into the acid solution, and the resulting solution contains not
only copper but also other metals (e.g. iron) as impurities. Sulfuric acid is commonly used
for leaching of oxide ores but other leaching solutions like those containing hydrochloric
acid, nitrate or ammonia can be used (Kordosky, 1992).
The next step of the process is solvent extraction (SX), which selectively combines
hydroxyoxime with the desired metal. It is important to keep impurities, such as iron,
from reacting with extractant, in order them to remain in original leach acid solution.
The extractant solution (i.e. solvent) is immiscible with water. When it is mixed with
leach solution, extraction proceeds. Ideally, only copper can react with the extractant and
transfers to the organic solution. This keeps other metals in the aqueous solution. Then,
selective copper extraction from the aqueous to the organic phase separates copper from
impurities. Solvent extraction aims to separate copper from other metals as completely as
possible.
Metal extraction is an equilibrium reaction (Eq. (1.1)); its extent can be controlled by
changing the pH of the aqueous phase. The effect of pH on the extraction of different
metals with hydroxyoxime is illustrated in Fig. 2.1. When the pH is adjusted to a suitable
value, it is possible to maximize the copper extraction and minimize the extraction of
other metals at the same time. Each metal has a certain pH-range in which, it is extracted.
The adjustment of the aqueous solution’s pH changes the equilibrium of the extraction
(Eq. (1.1)). This is basis of the extraction control. The measurement procedure for the pH
dependence of extraction equilibrium is presented in Section A.5.
The extraction equilibrium data at pH (Fig. 2.1) for LIX 984 shows that copper is extracted
at a relatively low pH of 0–1. This can be characterized by the pH at which half of the
metal is extracted and the fraction extracted ( 5� ) is 50 %. This value, pH1/2, is about
0.3 for copper, as shown in Fig. 2.1. The isotherms in Fig. 2.1 illustrates the copper
extraction selectivity. At a low pH copper extraction is predominant. About 90 % of copper
is extracted when pH ≈ 1, and the extraction of iron, nickel, and zinc are minimal. Thus,
using low pH, copper extraction can be maximized while keeping extraction of other metals
minimal. Iron is extracted at a higher pH, as is indicated by pH1/2, which is ≈ 2.3 for iron.
The difference in pH1/2-values of copper and iron is about two pH-units. This indicates
that LIX 984 has enough selectivity for separation of copper from iron. Other metals (i.e.
nickel and zinc) are even easier to separate from copper because they are extracted at a
higher pH. The pH of extraction stage at a range of 1–2-range is typical for industrial
processes for copper separation (Szymanowski, 1993). The extraction experiments of this
study and Paper I were performed at this pH-range.
The pH-extraction order Cu(II) < Fe(III) < Ni(II) < Zn(II) has been observed earlier by
de San Miguel et al. (1997) for LIX 984. The same order has also been reported for LIX 84
(Szymanowski, 1993). High copper selectivity in extraction is important because impurity
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Figure 2.1: The extraction equilibria of various metals with the hydroxyoxime type extractant
as a function of pH. The isotherms indicate the pH-ranges where metal is extracted and
illustrate the selectivity of the extractant, which is the basis for the separation of the metals.
The extraction as indicated by fraction extracted ( 5� ) metals were measured as a function of
the equilibrium pH. When the extraction is made at low pH, copper will be extracted, while
extraction of other metals is either small or non-existent. This results the separation of copper
from other metals. The extractant was 13 vol% LIX 984 in Exxsol D60. 20 = 0.01 mol L−1 for
all metals. ) = 25 ◦C.
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metals are present in smaller concentrations in the feed solution of the the electrowinning.
Impurities such as iron lead to a smaller current efficiency of electrolysis (Szymanowski,
1993), which increases the electricity consumed in the production of copper cathodes.
In turn, this increases the costs of production and reduces value of the produced copper
cathode.
The pH control of extraction equilibria is also utilized in back-extraction (See Fig. 1.1),
in which a large excess of sulfuric acid is used (2 = 120–190 g L−1) (Kordosky, 1992;
Szymanowski, 1993). The extraction equilibrium shifts on the side of the reactants (Cu2+,
HA), as indicated in Eq. (1.1). This leads to the breakage of the extractant-copper complex
(CuA2) and the release of copper cations into the aqueous acid solution. The extractant
is also regenerated and can be used again in extraction. Metallic copper is recovered
from this solution using electricity in a electrowinning (EW) (Fig. 1.1). Fig. 1.1 shows
one extraction and back-extraction stage. Depending on the ore composition and other
conditions, extraction may require up to four stages, while back-extraction may need up to
three stages (Basf, 2015; Szymanowski, 1993).
Many mixer-settler types has been used in industrial processes (Ritcey, 2006). Earlier
constructions include simple mixing tanks with basic impellers and settling tanks. The
development of equipment has continued over the years for optimized metal recovery. The
mixer consists of two or three mixing tanks. The first tank is equipped with a pumping
impeller and the remaining tanks have impellers, which are designed to maintain dispersion
(Kordosky, 2002; Kordosky, 1992). More recent developments include Outokumpu’s3
vertical smooth flow technology. Mixing starts in a dispersion pump and continues at
two large mixing tanks equipped with Spirok, a helical coil type impeller. The settler
has also been improved for phase separation (Nyman et al., 1995). The other more
recent type is Lightnin impellers (Kordosky, 2002). Mixing optimization is important to
minimize the formation of very small droplets that, settle slowly. Depending on which
phase is continuous, this can lead to solvent losses or decreased extraction selectivity. The
optimization of settling is crucial to minimize the settling time and, thus, the settler size
and solvent inventory of the process (Ritcey, 2006).
Copper is not only separated in the L/SX/EW-process, but is also enriched as copper
concentration increases in the process. The copper concentration in extraction feed
is a several g L−1 (Kordosky, 1992; Szymanowski, 1993). After back-extraction, the
copper concentration in strip acid has increased to about 40 to 60 g L−1 (Kordosky, 1992;
Szymanowski, 1993). The strip acid concentration is 120–190 g L−1 and it contains
30–40 g L−1 copper, as it is beneficial for electrowinning not to recover all copper during
one cycle.
The copper extraction with a hydroxyoxime extractant was the chosen extraction system for
this study and Papers I-VI. The extraction of other metals may require other extractants.
For details on the extraction processes for the separation and recovery of various metals,
see Lo et al. (1991) and Ritcey (2006).

3Currently Metso-Outotec
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2.1 Composition and reactions in the aqueous phase

This section provides an overview of the chemistry and reactions of an aqueous solution
relevant to modeling of solvent extraction and the extraction process design. The aqueous
feeds in the solvent extraction experiments contain copper. The industrial solvent extraction
processes often use sulfuric acid solutions in leaching (i.e. extraction is conducted using
sulfate media). In addition, in the actual process, leaching solutions typically contain
chlorides, other anions, iron, and other metals as impurities. This work uses synthetic feed
solutions resembling those used in industrial solvent extraction processes. Even without
other anions, the acidified copper sulfate solutions are complicated to model, especially at
higher concentrations.

2.1.1 Metal ions in an aqueous solution

Metal cations are hydrated in their aqueous solutions (Fig. 2.2). Hydration of metal M is
defined as a reaction (Mz+(g) → Mz+(aq)), where ion or neutral species transfers from gas
phase to water (Persson, 2010). Each cation will bind water molecules according to its
coordination number. Metal ions bind water molecules through ion-dipole bonds, which
are mainly electrostatic in character, whereas anions use hydrogen bonds to bind water
molecules. More generally, hydration of ions is a solvation process, where solvent is water.
For transition metal cations, the common coordination number is six (See Fig 2.2). Hexa-
coordinated metal cations typically have octahedral coordination (Persson, 2010) Some
exceptions are hexahydrated copper(II), chromium(II), and manganese(III) cations, which
have a Jahn-Teller distorted octahedral configuration (Lincoln et al., 2003; Persson, 2010).
The coordination number of copper(II) may also be five in aqueous solutions as some
studies have found. (Helm & Merbach, 2005). The configuration of penta-coordinated
copper aqua-ion (Cu(H2O) 2+

5 ) varies between square pyramid and a trigonal bipyramid.
According to Persson (2010), it is not clear whether a penta- or a hexa-hydrated copper
cation is predominant or if they co-exist in aqueous solutions (Persson, 2010).
The hydration water molecules are bound directly to the metal cation, forming a well defined
first hydration shell (Fig. 2.2). Cation can bind water molecules strongly enough that it is
usually possible to identify a second hydration shell around the first. The hydration lowers
charge the density of metal ion as the charge spreads to the hydration water molecules
lowering the charge density of the ion. The spreading of charge further causes interactions
between the hydration shell and the water molecules around it. These water molecules are
bound to the hydrated cation, although the bonds are not as strong as with the hydration
water molecules. The hydration shell structure is different from the structure of bulk water,
which is caused by the hydrogen ions between the water molecules. The metal ion does not
fit into the hydrogen bond structure of pure water and there is a gradual change between
the water molecules of hydration shell and bulk water. The hydrogen bond network in bulk
water is less disrupted compared to the hydration shell. The first hydration or solvation shell
around the metal ion consists of an inner coordination sphere (Grenthe, Puigdomenech,
et al., 1997).
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Figure 2.2: Illustration of hexa-hydrated divalent copper (a) and nickel cation (b) structures.
The copper cation has a distorted octahedral structure due to the Jahn-Teller effect and nickel
cation has a regular octahedral structure. Nickel cation is shown for comparison. The structures
are characterized by metal-oxygen bond lengths. The Cu–O bond lengths in hydrated copper
cation are 1.96Å for hydration waters in equatorial position and the bond lengths in the axial
position are 2.28Å. All bond lengths in nickel cation are 2.055Å (Persson, 2010). The six
water molecules in the hexa-hydrated cation form the primary solvation shell and ion charge is
distributed along whole hydrated molecule. The cation is surrounded with secondary solvation
shell, which is less ordered than first shell (Richens, 2005).

2.1.2 The complex formation of metal cations in an aqueous solution

Knowledge of metal complex theory is a basis for understanding metal complexation in
solvent extraction. A metal complex consist of a metal and one or more ligands, which are
bound to metal. Ligands surround the metal center. In aqueous solutions, metal center
is often charged. The ligands are anions or polar molecules. Ligands, which are bound
to a central atom are usually same type, but there can be different types of ligands bound
on one metal center. The resulting complex can be either charged or neutral (Bell, 1977).
Hydrated metal-aqua ions are an example of a complex (Fig. 2.2).
A metal ion is characterized by its oxidation state and coordination number. The oxidation
state equals to the charge of ion, when oxidation state is low ( + 1, + 2, + 3)4. Copper
has two common oxidation states: Cu(I) and Cu(II). As monovalent copper is relatively
easily oxidized, divalent copper is the most important species (Cotton & Wilkinson, 1980).
The coordination number is equal to the number of ligands bound to the central atom. The
common coordination numbers for metals at low oxidation states are 4 and 6, but other
values between 2 and 10 have been observed (Bell, 1977).
A metal and a ligand are bound together by a bond. The metal acts as electron pair acceptor
and ligand is donor of this electron pair. Therefore, the metal is a Lewis-type acid and the
ligand is a Lewis-base. The donation of electron pair forms a coordination bond between
the metal and the ligand. A unidentate ligand forms one coordination bond with a metal.
A ligand may contain more than one donor atom, and it can bond to a central atom with
two or more positions. Donor atoms need to be in suitable positions, and there should not
be any sterical hindrances to complexation. When a ligand has two donor atoms and is

4Oxo-compounds are formed at higher oxidation states (Cotton & Wilkinson, 1980).
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bound to metal with both, the ligand is bidentate (Bell, 1977). Hydroxyoxime (Fig. 2.6) is
an example of a bidentate ligand.
When a multidentate ligand is bound to a central atom, it can form chelate complexes
in which a ligand and a metal form a ring structure5. Chelates are more stable than the
corresponding complexes with unidentate ligands, as ring formation provides chelates
with added stability. The chelate effect is illustrated by the stability constants of bidentate
ethylenediamine (en) and the monodentate ammonia complexes of copper. The constants for
Cu−en complexes are log10  1 = 10.5 (Cu(en)2+) and log10 V2 = 19.5 (Cu(en) 2+

2 ) (� = 0,
) = 25 ◦C) (Paoletti, 1984). The constants for copper-ammonia complexes, Cu(NH3)

2+
2

and Cu(NH3)
2+

4 , are log10 V2 = 7.4 and log10 V4 = 12.3 (Smith et al., 2004), respectively.
The conditions for the equilibrium constants are � = 0 and ) = 25 ◦C.  1, V2, and V4
are the equilibrium constants of the first, second and fourth complex with a ligand. Both
ammonia and ethylenediamine are bound to copper via nitrogen atoms. The difference
is that in ethylenediamine both nitrogen atoms are part of one molecule: thus, complex
formation leads to a ring structure. The formation of chelate leads to added stabilization,
which is observed in the Cu(en)2+ constant being almost 3 log10-units higher than the
constant for Cu(NH3)

2+
2 . Similarly, the formation of a second ethylenediamine complex

(Cu(en) 2+
2 ) leads to a stability complex about 6 log10 units higher. (Choppin, 2004)

When hydrated metal cation (Section 2.1.1) with a charge I (i.e. Mz+) reacts with a neutral
unidentate ligand (L). The equilibrium reaction is as follows (Bell, 1977; Choppin, 2004):

M(H2O)I+
2=
+ L� (M(H2O)

2=−1L)I+ (2.1)

When ligand L has a negative charge, the charge of the complex decreases.
When the metal is hexa-coordinated copper (2= = 6, I = +2), the previous equation can
be written as follows:

Cu(H2O)2+6 + L� Cu(H2O)5L2+ + H2O, (2.2)

which shows the replacement of one hydration water with another ligand, and the number
of ligands bound to a central cation remains constant. Therefore, reaction (2.2) is also a
ligand exchange reaction. When complexation formation takes place in aqueous solution,
the water (here solvent) concentration is often be assumed to be constant. The common
practice is to omit the non-reacting hydration water molecules from the equations and they
are omitted from the remaining equations of this summary. The previous equation written
without hydration waters is

Cu2+ + L� CuL2+, (2.3)

and the equilibrium constant for the above reaction is as follows:

 1 =  CuL =
[CuL2+]
[Cu2+] [L]

(2.4)

5A copper-hydroxyoxime complex is a chelate, as shown in Fig. 2.6b.
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The complexation of Cu(L)2+ can continue further when a complex binds another ligand,
and more hydration water molecules are replaced with ligands:

CuL2+ + L� CuL 2+
2 (2.5)

The equilibrium constant of this reaction is as follows:

 2 =  CuL2
=
[CuL 2+

2 ]
[CuL2+] [L]

. (2.6)

The formation of Cu(L) 2+
2 is usually written as an overall reaction:

Cu2+ + 2L� CuL 2+
2 , (2.7)

which has an equilibrium constant of:

V2 = VCuL2
=
[CuL 2+

2 ]
[Cu2+] [L]2

(2.8)

where VCuL2
=  CuL CuL2

i.e. V2 =  1 2. Complexation can continue until the number
of unidentate ligands is equal to the coordination number of metal cation. That is, all the
metal ion hydration water molecules are replaced. The steric hindrance and other factors
may limit the number of ligands, which can be complexed with one metal centre.
The complexation stability constants are usually presented in the literature as formation
constants. Acids can be considered complexes of hydrogen ions. The literature values
of the equilibrium constants of acids (? 0) are dissociation constants. The dissociation
constant is a reciprocal of the formation (or association) constants, i.e.  5 >A< = 1/ 38BB
The equilibrium constant of a complex formation is a measure of how stable the formed
complex is, and thus they are called complex stability constants. When different metals
form complexes with the same ligand, the formed complexes usually have varied stabilities.
This is illustrated by the Irving-Williams series (Irving & Williams, 1953), which states
that the stability of divalent transition metal complexes of the same ligand varies according
to

Mn(II) > Fe(II) > Co(II) > Ni(II) > Cu(II) < Zn(II) (2.9)

The stabilities of ammonia metal complexes are listed in Table 2.1, following Irving-
Williams series. The stability constant increases from manganese to copper, and the
stability constant of zinc is lower than that of copper. The stabilities of hydroxide complexes
behave less ideally as the stability constant of a nickel complex is lower than that of either
an iron or a cobalt complex. This shows that the series (Eq. (2.9)) indicate a common trend
in stability constants, but it is not a universal rule.
Nevertheless, the stabilities of both ammonia and hydroxide copper complexes are the
highest of the series (Table 2.1). This is due to the Jahn-Teller effect in hydrated copper
cations (Choppin, 2004; Helm & Merbach, 2005). The Jahn-Teller effect gives complexes
extra stability as the copper cation forms complexes with ligands (Choppin, 2004). If
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Table 2.1: The equilibrium formation constants of the ammonia and hydroxide complexes of
the transition metals of the Irving-Williams series. The constants are for ) = 25 ◦C and � = 0,
unless otherwise is noted.

Ammoniaa Hydroxide
Element log ◦1 log ◦1
Mn 0.84 3.4a
Fe 1.4 4.6a, 4.9b,g
Co 1.99h 4.3a, 4.77c,g
Ni 2.72 4.1a, 4.50d,g
Cu 4.02 6.5a, 6.05e,g
Zn 2.21 5.0a, 5.04f,g

a Smith et al. (2004) b Lemire et al. (2013) c Plyasunova et al. (1998b) d Plyasunova et al. (1998a) e Powell
et al. (2007) f Powell et al. (2013) g Calculated from the first hydrolysis constant ( ∗1) as  1 =  

∗
1/ F

h ) = 30 ◦C

copper(II) is fully coordinated with a multidentate ligand, the added stabilization due to
the Jahn-Teller effect may not occur because the complexes are not symmetric (Choppin,
2004).
A metal affects the stability of the complex and other part of the complexation reaction. A
ligand binds metal to the electronegative atoms similar to nitrogen. Metals have different
affinities to different atoms found in ligands. The affinity differences between ligands
and metals can be explained by the concept of hard and soft acids and bases (HSAB)
(Pearson, 1963). Pearson classified Lewis acids (i.e. metals) into hard or soft acids. Ligands
(Lewis bases) can also be either hard or soft. Table 2.2 shows classification based on the
HSAB-principle. Some species are classified as borderline cases. According to the HSAB
principle, hard acids react with hard bases, and soft acids react with soft bases (Choppin,
2004).
In general, the hard species have low polarizability and a small radius and are difficult to
oxidize (bases) or reduce (acids). Hard acids have higher oxidation states, while hard bases
have a high ? 0. The electronegativity of hard acids is more positive and hard bases is
more negative. The charge density of the hard acid acceptor and base donor sites is high
(Choppin, 2004).
According to Hancock and Martell (1996), species can be hard in two ways. When metal
ions are small, hydration waters have a tightly packed configuration in first coordination
sphere. Bulky ligands may have steric difficulties in replacing of hydration water molecules
of such metal center atom. Some metal ions, such as Ca2+, have a tendency to form ionic
metal-ligand bonds, and are thus intrinsically hard. These ions are large and have fewer
steric problems when bonding with ligands with large donor atoms (Hancock & Martell,
1989, 1996).
Conversely, hydrogen ion are an example of a hard cation of the second type. They form
bonds with a high degree of covalency, but they do not prefer to form complexes with
ligands with large donor atoms. Hancock and Martell (1996) classified metal cations
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of this type as secondarily hard, where hardness arises from steric effects and not from
metal-ligand bond characteristics.
The properties of soft species are in many ways opposite to those of hard species. Soft acids
and bases have high polarizability and a large radius. They are easy to oxidize (bases) or to
reduce (acids). Acceptor and donor atom electronegativities have small differences and
both acceptor and donor atoms have low charge densities. Soft bases have often low-lying
empty orbitals and soft acids typically have a number of d-electrons (Choppin, 2004).
Based on the general properties of hard and soft species, metal cations are softer at lower
oxidation states, and harder at higher oxidation states. For example, Cu+ is soft, and Cu2+
is borderline. The same can be found out in the iron species: Fe2+ is borderline and Fe3+ is
classified as hard (Table 2.2) Choppin (2004). HSAB is a qualitative principle and there
are some exceptions to the general rule. Fig. 2.7 shows a graphical presentation of the
HSAB-principle.

Table 2.2: Classification ofmetal cations (acids) and ligands (bases) according to Pearson’s hard
soft acid base (HSAB)-principle (Pearson, 1963). This table shows the updated classification
from Hancock and Martell (1989, 1996).

Acids

Hard Borderline Soft

H+, Li+, Na+, K+, Rb+ Fe2+, Co2+, Ni2+ Cu+, Aq+, Au+
Cs+, Be2+, Mg2+, Ca2+, Sr2+, Ba2+ Cu2+, Zn2+, Pb2+ Tl+, Hg+, Pd2+

Sc3+, Ga3+, In3+, La3+, Gd3+ Sn2+, Sb3+, Bi3+, Al3+ Cd2+, Pt2+, Hq2+
Lu3+, Cr3+, Co3+, Fe3+, As3+ Rh3+a,Ir3+a CH +

3 Hq, Co(CN) 2–
5

Si4+, Ti4+, Zr4+, Hf4+, Th4+ B(CH3)3 Pt4+, Te4+, Br+, I+
U4+, Pu4+, Ce4+ Ti3+b

WO4+, Sn4+, UO 2+
2 , VO2+, MoO 2+

2

Bases

Hard Borderline Soft

H2O, OH
– , F– C6H5NH2, C5H5N H2S, R2S, RSH, RS

– c

CH3CO
–

2 , PO 3–
4 , SO 2–

4 N –
3 , Br– , NO –

2 I– , SCN– , S2O
2–
3

Cl– , CO 2–
3 , ClO –

4 , NO –
3 N2, SO

2–
3 R3P, R3As, (RO)3P

ROH, RO– , R2O CN– , RNC, CO
NH3, RNH3, RNH2, NH2NH2 C2H4, H

– , R–

a According to Hancock andMartell (1989, 1996), these are soft b Soft (Hancock &Martell, 1996) c Probably
borderline and not soft (Hancock & Martell, 1996)

Metal cations, such as copper, form complexes with hydroxide ions at a suitable pH. The
reaction is usually expressed as hydrolysis, in which metal reacts with water molecules.
The first hydrolysis reaction can be written also as follows:

Cu(H2O)2+ + H2O� CuOH+ + H3O+ (2.10)
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A hydrolysis reaction can be explained by the fact that a positive charge of a cation
attracts the electrons of a hydration water molecule. Then, the H−O bond of hydration
water is weakened, resulting in more acidic hydrogen (Hawkes, 1996), which reacts as an
acid. Hydrolysis reactions, especially at higher pHs, can ultimately lead to formation of
precipitates. This should obviously be avoided in extraction processes, and this emphasizes
the importance of pH control in extraction. The reacting hydration water in inner solvation
is shown in the above equation but the other, non-reacting, hydration waters are omitted
(compare to Eq. (2.2)). In general, hydrolysis reactions can be written as follows:

Cu(H2O) 2+
6 + nH2O� (Cu(H2O)6−n(OH)n)

(2−n)+ + =H3O+, (2.11)

where the number of water molecules in reaction = can be 1, 2, 3 or 4. Transition metals
can also undergo other hydrolysis reactions, such as the formation of polynuclear hydroxide
complexes (Plyasunova et al., 1998a, 1998b; Powell et al., 2013; Powell et al., 2007).
The equilibrium constant of the above equation is an acid dissociation constant ( 0) of the
hydrated water molecule, and it is equal to  CuOH F.  CuOH is the formation constant of
the metal-hydroxide complex and  F is the water autoprotolysis constant.
The equilibrium constant of reaction (2.10) is as follows:

 ∗CuOH+ =
[CuOH+] [H3O+]
[Cu(H2O)2+] [H2O]

(2.12)

When [H2O] is assumed to be constant and the equation is rearranged, we have the
following:

[CuOH+]
[Cu(H2O)2+]

=
 ∗CuOH+

[H3O+] (2.13)

As  ∗CuOH+ =  0, and when ?H = ? 0, the fraction  0
[�3$+] equals unity. Then the

concentrations of metal cation and the metal hydroxide complex are equal. Similarly, when
the value of [H+] differs enough from ? 0 of metal, i.e. when the value of ?H = ? 0 ± 2,
the fraction on the right side of Eq. (2.13) becomes either small or large. Metal in an
aqueous solution exists almost completely as a hydrated cation, when the ?H − ? 0 ratio
is 10−2 or below. On the other end of range, metal is almost completely reacts to hydroxide
complexes, when the ?H − ? 0 ratio is 102 or higher. This simple treatment does not
take into account any other hydrolysis or complexation reactions. As hydrolysis proceeds
stepwise, using the first hydrolysis constant should enable the estimation of the degree
of hydrolysis under the conditions of extraction and back-extraction experiments. The
first hydrolysis constant for copper (− log ∗,◦ = 7.95) (Table 2.1) and ionic strength also
affect the hydrolysis equilibrium constant (See Fig. A.1, but note that it shows log ∗).
As ionic strength increases, the logarithmic constant (− log ∗) increases slightly to 8.12
(0.05 mol L−1 NaClO4), before it decreases to 7.4 (3.0 mol L−1 NaClO4) (Powell et al.,
2007).
The initial pH, i.e. the hydrogen ion concentration in extraction experiments (Table 3.2) in
this study and Paper I is varied from 1.8 to 3.1. This value is much lower than first hydrolysis
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constant for copper. Moreover, the hydrogen ion concentration decreases as extraction
proceeds, and the hydrolysis of copper is negligible. Hydrolysis was not prominent in
the conditions in the extraction experiments of the present study. The copper-hydroxide
complex formation reactions were omitted from a speciation model in Paper I given that
[CuOH+] ≈ 0 in the experimental conditions.
The sulfate solutions of metals are important because they are used in industrial solvent
extraction processes. Divalent metals form complexes of type MSO4(aq) with sulfate
in the aqueous phase. These complexes can also be considered ion pairs. The stability
constant data for aqueous copper sulfate were reviewed in Powell et al. (2007). Data on
other aqueous divalent metal sulfates, such as zinc (Powell et al., 2013), nickel (Gamsjäger
et al., 2005; Hefter, 2006), and iron (Lemire et al., 2013) are available. The combination of
hydrogen with sulphate results in a bisulfate ion (HSO –

4 ). The equilibrium of this reaction
is typically written as acid dissociation, and available data have been recently reviewed
by Hefter and Gumiński (2019). The ionic strength dependence of sulfate equilibria is
measured using perchlorate and chloride media as the background electrolyte. Stability
constant data are less often measured using sulfate media as the background electrolyte.
The difference in media can affect the values of the stability constants, but it is assumed to
be negligible for purposes of this work.
According to Powell et al. (2007), the association of Cu2+ and SO 2–

4 in aqueous solutions is
relatively weak as the log10  

◦ ≈ 2. Moreover, the charge of ions is high, and the formation
of CuSO4(aq) depends strongly on ionic strength (Fig. 2.3). According to Powell et al.
(2007), there is no theoretically rigorous method that could separate weak complexation
and activity coefficient effects. For a discussion see Powell et al. (2007).
Higher-order metal-sulfate complexes M(SO4)

2(1−=)+
=

, (= = 2, 3) have been observed in
some studies. According to Powell et al. (2007), the observed effect may be explained by
changes in the activity coefficient as a significant amount of background electrolyte anion
(ClO –

4 ) is replaced with sulfate, while ionic strength remains constant.
Typically, stability constant data are determined in a solution containing known concentra-
tion of background electrolyte. The presence of other ions and their concentrations affects
the activity coefficients of ions and, thus, the measured complex formation constants. Ionic
strength (� = 1

2
∑=
8=1 28I

2
8
, for = ions in solution) is used to describe the effect of all ions

present in the solution. Typically, a complex formation study aims to determine formation
constant in various solutions, each with different salt concentrations or ionic strength. The
thermodynamic complex formation constant is determined by extrapolation to zero ionic
strength.
Extraction experiments are commonly conducted using rather concentrated aqueous
solutions. The thermodynamic constants of the reactions such as Eqs. (5.1) and (5.2)
can be found from literature (Hefter & Gumiński, 2019; Powell et al., 2007; Smith et al.,
2004). The aqueous-phase speciation equilibria and the composition of the aqueous
phase are calculated here to model copper extraction. The effect of ionic strength is
considered using Sun et al.’s (1980) semi-empirical equation (Eq. (2.14)) The aim is to
calculate the complexation constant ( �) at certain ionic strength, by using Eq. (2.14) and
thermodynamic constant ( ◦). The following equation is used to calculate the equilibrium
constants at non-zero ionic strength:
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log10  � = log10  
◦ − Δ log10  , (2.14)

where  ◦ is the thermodynamic constant and the term Δ log10  describes the effect of
ionic strength on the equilibrium constant:

Δ log10  = 0.51(
√
�

1 + 1.50
√
�
− �1�)j − �2� (2.15)

The values of the constants �1 and �2 are shown in Tab 2.3.
The value of j for the equilibrium reaction 0A + 1B + . . . � ?P + @Q + . . . is calculated
as follows:

j = (0I2
A + 1I

2
B + . . .) − (?I

2
P + @I

2
Q + . . .) (2.16)

The value of j is 4 for bisulfate ( HSO −
4
) and 8 for aqueous copper sulfate ( CuSO4

). A
comparison of the constants calculated from Eq. (2.14) to the experimental constants is
shown in Fig. 2.3.
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Figure 2.3: Effect of ionic strength on the formation constant of aqueous bisulfate (HSO −
4 (aq))

and copper sulfate complexes (CuSO4(aq)). The concentration stability constants were
calculated from Eq. (2.14) using the parameter values determined by Sun et al. (1980) and
Paper I. The parameter values are presented in Table 2.3. The data from Hefter and Gumiński
(2019) were reproduced using Engauge Digitizer (Mitchell et al., 2018).

The Fig. 2.3 shows that the fit made in Paper I results in reasonable agreement with both
datasets up to � = 5 mol L−1. In Paper I, the upper limit for ionic strength was 3 mol L−1.
The CuSO4(aq) fit by Tamminen et al. (2013) seems to deviate from data-set of Smith et al.
(2004) when � > 2 mol L−1. In the case of HSO –

4 , the fit made in Paper I seems to give
larger values compared to the measured values at high ionic strength.
Sun et al. (1980) presented a parameter set that was valid up to an ionic strength of
0.5 mol L−1. The fitted equation (Eq. (2.14)) agrees with the data at this ionic strength
range. The use of a higher ionic strength range shows an ever-increasing deviation from
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data. Sun et al. (1980) modeled the ionic strength behavior equilibrium of several different
complex species. As shown in Fig. 2.3, the agreement of their fit is good with aqueous
CuSO4 and HSO

–
4 at the low ionic strength range. As ionic strength was over 0.5 mol L−1,

a separate fit was needed for Paper I. The hydrolysis constant data and the corresponding
calculated values are presented in Fig. A.1. The ionic strength dependence of behavior
of other complexes is different from that of aqueous sulfate complexes. Therefore, these
datasets require a separate fit, as shown in the first copper hydroxide complex equilibrium
(Fig. A.1). The fitted parameter values for  CuOH+ are �1 = �2 = 0.18.
Various other models presented in the literature describe solution behavior as a function of
the ionic strength of a solution. The most commonly used are the Brönsted-Guggenheim-
Scatchard (SIT) and Pitzer models (Grenthe, Plyasunov, et al., 1997). The SIT model
is commonly used in the extrapolation of equilibrium data to the zero ionic strength.
The model parameters for a wide variety of ions determined in various media have been
published (Grenthe, Plyasunov, et al., 1997), but they are not as often applied to sulfate
media, because of the extent of complexation. The Pitzer model can be used to model
solutions with high ionic strength, but it can use up to four parameters per ion. When a
model uses many parameters, the model is expected to have better agreement with the data.
As Powell et al. (2007) emphasized, that there are no theoretically rigorous method that
can separate the effects of the formation of weak complexes and activity coefficients.
Thus, Sun et al.’s (1980) model was chosen for the present work for its simplicity and
reasonable performance. It agrees well enough with both aqueous CuSO4 and HSO –

4
data, especially when considering the variation in stability constant data. The values of
�1 and �2 determined in Paper (I) may be applicable for modeling of other than aqueous
metal-sulfate data, but their use needs to be verified by comparing them to experimental
data.

Table 2.3: The values of parameters �1 and �2 of Eq. (2.15) (Note, that �1 = �2) (Sun et al.,
1980). The equation parameters were determined fitting into the HSO –

4 (aq) and CuSO4(aq)
stability constant data. A separate fit was made for the CuOH+ parameter.  CuSO4

data are
from Powell et al. (2007) and the  HSO −

4
values are from Smith et al. (2004) ) = 25 ◦C. The

ionic strength range at which the fit is made is also shown.

Reference Species Parameter �, mol L−1

Sun et al. (1980) Various 0.09 0–0.5
Paper I CuSO4(aq),HSO

–
4 0.01 0–3a

The present study CuOH+ 0.18 0–3
a Reasonable agreement with data extends up to �2 = 5 mol L−1, as is shown in Fig. 2.3

The first dissociation constant (log H2SO4
) of sulfuric acid is 3 (Ringbom, 1963), which

shows the strongly acidic nature of sulfuric acid. In Paper I, the first dissociation of sulfuric
acid is assumed to be complete. The ionic product of water (log F () = 25 ◦C)) varies
from −13.7 to −14.3 when ionic strength is below 5 (Kron et al., 1995). The constant value
of the ion product of water (−14) is used in this work.
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2.1.3 The rate of metal complex formation

The simplest reaction of a metal ion in a solution is the exchange of a solvent molecule
between the first coordination shell the second coordination shell (Helm &Merbach, 2005).
Solvent exchange reactions provide fundamental information on metal ion reactivity and
metal-solvent interactions. The solvent molecule replacement from the first coordination
shell of metal cation is an important step in complexation reactions (Helm & Merbach,
2005). The solvent exchange reaction has no net reaction, as the reactant and reaction
product are identical. The solvent exchange rate depends on the nature of the metal cation,
while the solvent affects it to some extent. The most commonly studied solvent is water
and the observed rate constant of the water exchange of metal cations varies by 20 orders
of magnitude (Helm & Merbach, 2005; Richens, 2005). The water exchange rates of the
transition metal cations shown in Fig. 2.4 vary about eight orders of magnitude. The water
exchange rate varies as the number of electrons increases in the outer d-shell of the metal
ion. The ion charge also has an effect, as divalent cations have higher water exchange rates
than trivalent cations. Data on the monohydroxides of trivalent cations are scarce, but they
seem to have a faster water exchange than the corresponding cation.
The water exchange rates of copper(II) and chromium(II) are fast (Fig. 2.4). In fact, these
rates are so high that they are close to those of diffusion-limited reactions. The estimated
second-order kinetic constant for thewater exchange inCu(H2O)

2+
6 is 4.8 × 108 L mol−1 s−1

6.

Diffusion-limited reactions have rate constants of 107 L mol−1 s−1 to 8 × 109 L mol−1 s−1

(Benson, 1960). When a proton is involved in an ionic reaction, higher kinetic constant
values are observed. The combination of hydrogen and hydroxide ions (H+ + OH−) has a
rate constant of 1.5 × 1011 L mol−1 s−1 and the formation of bisulfate ion (Eq. (5.1)) has a
rate constant of 1.1 × 1011 L mol−1 s−1 (Benson, 1960). The formation of copper-sulfate
complex has a kinetic constant of >107 s−1 (Eigen & Wilkins, 1965).
The configuration of copper ions is distorted due to Jahn-Teller effect, which originates
from the electronic configuration of ions. The configuration of a hexa-coordinated copper
cation is an elongated octahedral, where two of opposite bonds are longer than the rest
(Fig. 2.2a). The configuration of a hydrated ion changes rapidly and each coordinated water
molecules has elongated bond in turn. The inversion is faster than water exchange: each
water molecule has 45 of these inversions prior to the exchange. The Jahn-Teller effect
leads to the enhanced lability of copper, compared to other hydrated cations (See Fig.̧ 2.4)
(Helm & Merbach, 2005; Lincoln, 2005; Richens, 2005).
The type of solvent affects the solvent exchange rate. For example, the rate constant is
4.4 × 10−9 s−1 for of hexa-coordinated copper, Cu(H2O)

2+
6 , and : is 3.1 × 10−7 s−1 for

Cu(MeOH) 2+
6 7, 9.1 × 10−8 s−1 for Cu(DMF) 2+

6 8 and 1.4 × 10−7 s−1 for Cu(en) 2+
3 9 (Helm

& Merbach, 2005). Solvent properties, such as size and dielectric number do not have a

6According to Richens (2005) a second-order rate constant for a water exchange reaction is equal to
6:H2O/55.56. The concentration of water (55.56 mol L−1) is equal to dH2O/"H2O = 1000 g L−1/18 g mol−1.

7MeOH is methanol
8DMF is N,N-dimethylformamide
9en is 1,2-diaminoethane, which is also called as ethylenediamine
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Figure 2.4: The water exchange rates of di- (M2+) and trivalent transition metal cations (M3+)
of fourth period (3d-block), in addition to the water exchange rates of trivalent metal cation
mono-hydroxides. The lines indicate the trends among M2+ and M3+. A figure from Diebler
(1970) was reproduced from the data presented in Akesson et al. (1993), Helm and Merbach
(2005), Lincoln (2005) and Eigen (1967).

clear effect, but the rate seems to be dependent on the combined effects of several solvent
properties (Helm & Merbach, 2005). Bidentate ethylenediamine (en) has a lower exchange
rate, than monodentate solvents. Ethylenediamine has two bonds with a cation, and both
bonds need to be broken prior to solvent exchange.
When a transition metal is complexed (i.e., if the metal is already bound with ligand),
it has an effect on the lability of the remaining hydration water molecules. This is
shown in data compiled by Helm and Merbach (2005). For example, Cu(H2O)

2+
5 has a

water exchange rate of 5.7 × 109 s−1, while (Cu(tmpa)(H2O))
2+ has an exchange rate of

8.6 × 106 s−1. Therefore, there is more than 600-fold decrease in the exchange rate as a
result of complexation. Another example is [Cu(fz)2(H2O)]

2+, which has an exchange
rate of 3.5 × 105 s−1, and it corresponds to a 16 000-fold decrease. The decrease in water
exchange is due to the absence of the Jahn-Teller distortion in complexes (Helm &Merbach,
2005).
Complexation has different effects on other metals, such as, nickel. The water exchange
rate of Ni(H2O)

2+
6 is 3.15 × 104 s−1. Complexation with ammonia increases the water

exchange rate when one (increase is about eight-fold), two (19-fold) or three (79-fold)
hydration waters of hexa-hydrated nickel are replaced with ammonia. Roughly similar
increases have been reported in the case of nickel complexation with ethylenediamine. The
increase in the water exchange rate is due to electron donation to the metal center. (Helm &
Merbach, 2005)
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Therefore, copper and nickel cations have fundamentally different water exchange rates,
that arise from their structures. The changes in the ion nature affect the stability of forming
complexes and the rate of aqueous complexation and the same is presumed to be applied in
the case of solvent extraction.

2.2 Composition and reactions in organic solvent

The chemistry and reactions of organic solutions relevant to the copper extraction process
are summarized in this section. The reactions and speciation of organic solutions are
needed for the modeling and process design of solvent extraction. The solvent in the solvent
extraction of metals refers to the whole organic solution used as one of the feeds. The
solvent consists of an extractant, a diluent and possibly a modifier. An extractant is an
organic molecule that binds to metal. The binding mechanism can vary from an extractant to
an extractant. A modifier is an organic substance that alters the properties of the extractant
and/or the whole solvent phase. A diluent is typically a mixture of hydrocarbons that
dissolves other organic-phase species, such as the extractant, the metal-extractant complex
and the modifier. The extractant and diluent used in the present work were technical grade
substances used in industrial-scale extraction processes.

2.2.1 Metal extractants and their properties

Industrial metal extraction processes use a limited set of extractants to separate metals, due
to large process volumes. Extractants need to be readily available in such large quantities
at a reasonable price. This is in contrast to a laboratory scale separations in which the
extractant choice is not as constrained. The extractant compilation presented here is limited
to the extractants most relevant to industrial processes.
Metal extractants can be classified as acidic, basic and solvating extractants, based on how
they form compounds (Cox, 2004; Flett & Melling, 1991; Ritcey, 2006) (Table 2.4). The
acidic and basic extractants are cation and anion exchangers, respectively. The extraction
reagents or extractants used in metal separation are organic molecules with a hydrophilic
heads and a hydrophobic tails (Fig. 2.5). At the same time, extractants are complexation
agents, i.e. organic compounds with metal-binding groups connected to a hydrocarbon
chain. The hydrophilic head contains electronegative atoms, and the extractant binds
to the metal using these electronegative atoms. The binding groups contain atoms like
oxygen, nitrogen or sulfur. For example, hydroxyoximes contain nitrogen and oxygen atoms
and copper is bound to them in the complex (Fig. 2.5a). The binding groups tend to be
electronegative and hydrophilic. Conversely, long carbon chains are more hydrophobic and
lead to low aqueous solubility of a molecule. The aqueous solubility of hydroxyoximes
is a few mg L−1 (Ashbrook, 1972; Flett, 1977; Hanson et al., 1978). This dual nature of
extractant molecule means that they are surface active.
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Table 2.4: Extractants for separation and recovery of metals in industrial solvent extraction
processes. Examples of acidic, basic and solvating extractants are shown. Classification is
based on how the extractant bonds with metal. For more details on extractants, see Cox
(2004), Flett and Melling (1991), Szymanowski (1993) and Ritcey (2006).

Type Extractant

Acidic extractants (Cation exchangers)

Hydroxyoximes Aliphatic LIX 63a
Ketoximes (Aromatic) LIX 65Nb

LIX 84c, SME 529b
Aldoximes (Aromatic) LIX 860d, LIX 860N-Ie

Acorga M5460f , Acorga M5774g
Acorga M5850h, Acorga M5910i

Blends LIX 64Nb,1, LIX 984j, LIX 984Nk

Oxine derivatives Kelex 100l,2
Organophosphorus Phosphoric acids D2EHPA/DEHPAm,n, MEHPAx

Phosphonic acids PC88Ax, P-507x
Phosphinic acids Cyanex 272o, Ionquest 290p
Thiophosphinic acids Cyanex 301q, Cyanex 302r

Carboxylic acids Versatic 10s, Naphthenic acidsx

Basic extractants (Anion exchangers)

Primary amines Primene JMTx

Secondary amines Amberlite LA-1x, Amberlite LA-2x
Adogen 283x

Tertiary amines Alamine 336t, Adogen 364x
Quarternary amines Aliquat 336u, Adogen 464x

Solvating extractants

Organophosphorus TBPv, DBBPx
Cyanex 923w, TOPOb

Ketones MIBKb

a Basf (2013c) b Flett and Melling (1991) c Basf (2013d) d Basf (2013e) e Basf (2012a) f Cytec
(2011a) g Cytec (2011b) h Cytec (2011c) i Cytec (2011d) j Basf (2013f) k Basf (2012b) l Flett (1977)
m RheinChemie Additives/Lanxess (2015a) n Rhodia (n.d.) o Cytec (2008b) p “Ionquest 290 product
technical data” (n.d.) q Cytec (n.d.) r Mansur et al. (2008) sHexion (2015) t Basf (2013a) u Basf
(2013b) v RheinChemie Additives/Lanxess (2015b) w Cytec (2008c) x Cox (2004) 1 LIX 64N = LIX65N
+ 1 % of LIX 63, according to Cox (2004) 2 5,5,7,7-tetramethyl-1-octenyl-8-quinolinol (pre-1976),
4-ethyl-1-methyloctyl-8-quinolinol (post 1976). See Cox (2004)
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Figure 2.5: The active compounds of the extractants used in copper extraction. Hydroxyoximes
(a) are complex-forming compounds in the LIX and Acorga extractants. The hydroxyquinoline
derivative (b) is an active compound in Kelex 100. The alkyl group R1 in hydroxyoximes is
either a nonyl- (LIX 84, LIX 860N, LIX 65, Acorga extractants) or a dodecyl-group (LIX 860).
Alkyl R1 is branched (Basf, 2020a, 2021, 2022). In LIX 860 R1 is s a branched C11-C12 alkyl
group (Basf, 2021), whereas in LIX 84 R1 is branched nonyl-group (Basf, 2020a). R2 group in
aldoximes (LIX 860, LIX 860N and Acorga extractants) is hydrogen. In ketoximes R2 is a
methyl (LIX 84) or a phenyl group (LIX 65N).

2.2.2 Hydroxyoximes and their extractive properties

Acidic extractants, such as hydroxyoximes dissociate during complexation and they release
hydrogen ion (see Eq. (1.1) for a reaction). Acidic extractants are also cation exchangers.
The hydrogen ion is replaced with a metal cation during complex formation. The most
commonly used extractants of this type are the hydroxyoximes (Fig. 2.5a), organophosphorus
acids, and carboxylic acids. Hydroxyoximes are classified as acidic extractants, because
they dissociate and release hydrogen ions during extraction, even though they are rather
weak acids, as their p 0 is between 9 and 11 (Chen et al., 1995; Haraguchi & Freiser,
1983; Miyake et al., 1986; Miyake et al., 1983; Warren et al., 2003; Watarai et al., 1986;
Watarai & Tsukahara, 2005). According to Watarai et al. (1986), the acid dissociation
constant of 2-hydroxy-5-nonylacetophenone oxime (the active compound of LIX 84) is
9.79. The recalculated value by Warren et al. (2003) is 9.75.
Several hydroxyoximes (Fig. 2.5a) have industrial-scale use in extraction. Extractants such
as LIX 65N were frequently used in earlier studies, and LIX 63 was originally developed
for copper extraction. These extractants have not received much attention recently, as there
are other hydroxyoximes, such as LIX 984 and Acorga M5640 with better properties. The
hydroxyquinoline-type extractants (Fig. 2.5b) have not been used for copper extraction on
an industrial scale (Kordosky, 2002).
The undiluted LIX extractants are a mixture a hydroxyoxime, an unspecified diluent and
minor components like alkyl-phenols (Basf, 2012a, 2013d, 2013e). The reported extractant
oxime contents varies, but is usually 46–71 wt% (Table A.4). Differences in extractant
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Figure 2.6: The structures of organic-phase self-aggregate of hydroxyoxime (a) and the organic
phase copper-hydroxyoxime complex (b). '1 is either hydrogen, methyl or phenyl in extractants
used in industrial processes. The alkyl '2 is branched nonyl- or dodecyl-group (Basf, 2020a,
2021, 2022). The complexation of copper with a hydroxyoxime type extractant leads to the
formation of a pseudo-macrocyclic complex (Wilson et al., 2014).

oxime content affect on the extractant loading capacity and can be taken into account using
data presented in the Tables 2.6 and A.4.
The structure of hydroxyoximes affects their extractive strength. For example, aldoximes
such as LIX 860 are stronger extractant than ketoximes, such as LIX 84 (Kordosky, 1992;
Szymanowski, 1993). See Table 2.5. As a stronger extractant, LIX 860 extracts over 1 g L−1

more copper than LIX 84. Extractant strength also affects back-extraction, as copper is
more difficult to strip from LIX 860, which is indicated by a higher organic phase copper
concentration after back-extraction.
The blended extractants consist of two different hydroxyoximes. The extractive properties of
LIX 984 are roughly between LIX 84 and LIX 860(Basf, 2013e), which are the components
of blend (Tables 2.5, 2.6, A.3, and A.4). The equilibrium of back-extraction with LIX 984
is similar to LIX 84. According to Szymanowski (1993), the extractive properties of
blended extractants are better than what can be deduced from the properties of individual
components. However, the data in Table 2.5 do not show improvement in extraction
equilibria of LIX 984 compared to average of LIX 84 and LIX 860.
Acorga M5640 is an example of a modified aldoxime extractant with a TXIB modifier
(Crane et al., 2009). Acorga M5640 has a similar extractive strength as LIX 860 (an
aldoxime), but it is a stronger extractant than ketoxime (LIX 84) or a blended extractant
(LIX 984). The use of a modifier and an aldoxime extractant leads to easier stripping, as
less copper remains in Acorga M5640 after stripping than in LIX 860.
The differences in the extractant structure affect the extraction equilibrium. The extraction
and back-extraction (stripping) kinetics are indicated as an organic copper concentration
after 30 s of mixing (Table 2.5). The extraction kinetics with LIX 84 is slower than that
with LIX 860, but back-extraction with LIX 84 is slightly faster compared to LIX 860.
This behavior may be attributed to the extractant strength. LIX 984, a blend of two
extractants, has extraction kinetics that are almost equal to that of LIX 860, but the stripping
kinetics is similar to LIX 84. The addition of a modifier to an aldoxime (Acorga M5640)
does not affect on extraction kinetics compared to an unmodified aldoxime. However,
back-extraction becomes faster (Table 2.5).
The densities of undiluted hydroxyoxime type extractants are typically below unity
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Table 2.5: Extractive performance comparison of diluted LIX 984, LIX 84, LIX 860, and
Acorga M5640 extractants. LIX 984 is a blend of LIX 84 and LIX 860. The value of the
extractation and stripping kinetics is a fraction extracted measured at 30 s. The extractant
concentration is 8 % for LIX 860 and 10 % for the rest. The values in table were obtained from
an extractant manufacturer and were determined by the manufacturer’s standard test methods
for extraction. (Basf, 2015; Cytec, 2005).

Extractant LIX 984a LIX 84b LIX 860c Acorga M5640d
Type Blend Ketoxime Aldoxime Modified aldoxime

Extraction

Loading capacity, gCu/L 5.1–5.4 4.7–5.0 5.5–5.9 5.5–5.9
Equilibrium [�D]>A6, gCu/L ≥4.40 ≥3.65 ≥5.0 ≥4.3
Kinetics: 5� at 30 s, % ≥93 ≥90e ≥95 ≥95
Time for phase separation, s ≤60 ≤60 ≤70 ≤60

Back-extraction

Equilibrium [�D]>A6, gCu/L ≤0.50 ≤0.50 ≤3.50 ≤2.3
Kinetics: 5� at 30 s, % ≥90 ≥90 ≥95 ≥95f
Time for phase separation, s ≤80 ≤80 ≤80 ≤60
Net copper transfer, gCu/L ≥3.30 ≥3.30

a Basf (2013f) b Basf (2013d) c Basf (2013e) d Cytec (2011a) e Value measured at 60 s f Value measured at
15 s
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(approximately 0.9 g L−1), as they are organic compounds (Table A.3). As the extractant
and diluents consist of organic molecules, the densities of received extractants, diluents and
diluted extractants do not differ much. The density of latter is about 0.8 g L−1 (Tables A.5
and A.1). The viscosities of undiluted extractants are often much higher, one to two orders
of magnitude higher than that of diluent or diluted extractant (Tables A.3, A.5 and A.2).
This shows the one aspect of dilution. The undiluted extractant can be used, in principle,
but high viscosity makes dilution only practical choice. Otherwise, pumping and mixing
are too costly. The other benefit is that diluents can be used to adjust the organic phase
loading capacity.

2.2.3 Loading capacity of extractants

The loading of copper (!) is a measure of the fraction of extractant bound to metal
during extraction. It can be expressed as a gCu/L. Loading is defined as follows:
! = (2[Cu]>A6)/[HAmax]. The loading capacity or the maximum copper loading of the
extractant is the maximum amount of copper that a specific solvent can extract. It depends
on the organic-phase extractant concentration and it can be related to the hydroxyoxime
concentration ( [HA]max) and fraction (G>G8<4) in undiluted extractant. The loading capacity
can be determined by, using titration or by loading extractant in several successive stages
(Section A.6). The loading capacity of extractants is required in the model for copper
extraction (Chapter 5), for the calculation of the free extractant concentration in the organic
phase. If loading capacity is not measured, it can be estimated from ( [HA]max) or G>G8<4.
(Table A.4).
The copper loading capacity of 13 vol% LIX 984 is 7.1–7.3 gCu/L (Table 2.6). The values
were determined using loading extractant with copper (the present study, Oja (1994)).
Alternative method is titration, which was used in Paper I and they corresponded to
hydroxyoxime concentrations of 0.223 and 0.227 mol L−1, respectively. Loading capacity
of 13 vol% LIX 984 (diluent Exxsol D60) was determined by loading the extractant in nine
successive contacts (Section A.6).
The average active compound fraction in LIX 84, LIX 860 and LIX 860N are, 48 %, 66 %
and 49 %, respectively (Table A.4). The active component fraction in LIX 984N is 51 %
(Lazarova & Lazarova, 2005), which is roughly equal to the oxime content in the blend
components (LIX 84 and LIX 860N). The determined oxime content in LIX 984 varies from
55 % to 57 % (Table 2.6). The average oxime concentration in LIX 984, calculated from
the oxime contents of LIX 84 and LIX 860, is 57 %. Therefore, to determine the loading
capacity, multiple, subsequent contacts with a fresh copper solution ensures full loading
of the extractants. The loading capacity of 10 % LIX 984 given by the manufacturer is
5.1–5.4 gCu/L (Table 2.5) (Basf, 2013f). The loading capacity of 10 % LIX 984 calculated
based on the data in Table 2.6 is slightly higher (5.5-5.6 gCu/L).

2.2.4 Reactions in organic solutions

The organic solution species in hydroxyoxime solutions contain free extractants, metal-
extractant complexes and extractant self-associates. The self-associate, which is also
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Table 2.6: The measured copper loading capacity (!) of 13 vol% LIX 984. The hydroxyoxime
concentration in an undiluted extractant ([HA]max) was calculated from the maximum loading
capacity as [HA]max = 2!/i"Cu. (i = 0.13). The mass percentage of hydroxyoxime in an
undiluted extractant (G>G8<4) is equal to [HA]max"LIX 984/10dLIX 984. "LIX 984 = 293g mol−1

is the average molar mass of hydroxyoximes in LIX 984. LIX 984 contains both 2-hydroxy-5-
nonylacetophenone oxime (HNAPO) and 5-dodecylsalicylaldoxime (DSAO), as it is a blend
of LIX 84 and LIX LIX 860 (Basf, 2013f). For the extractant oxime contents, hydroxyoxime
molar masses, and densities, see Tables A.4 and A.3.

!, gCu/L [HA]max, mol L−1 G>G8<4, wt% Method Reference

7.1 1.72 55.4 Loading Oja (1994)
7.2 1.74 56.2 Titration Tamminen et al. (2013)
7.33 1.77 57.2 Loading This work

called a self-aggregate or a “dimer”, is bound together through hydrogen bonds (Fig. 2.6a).
Hydroxyoximes do not form microemulsions or other large organic-phase microstructures,
(Jääskeläinen, 2000) which is in contrast to other acidic extractants. See Paatero et al.
(1990), Paatero (1990), Yurtov and Murashova (2004), Jääskeläinen and Paatero (1999),
Jääskeläinen and Paatero (2000), Jääskeläinen (2000), Ahtiainen (2009) for more details on
phase equilibria of other acidic extractants. Extractant self-association or self-aggregation
can be expressed as follows:

2HA>A6 � (HA)2,>A6 (2.17)

The equilibrium constant of a self-association reaction is  066 = [(HA)2]>A6/[HA]2>A6
Organic phase extractant self-association constants are typically reported for specific
aqueous and organic-phase compositions. The self-association constants for hydroxyoximes
are measured in dry solutions. The observed constants vary depending on the extractant
and diluent. For an overview see Elizalde et al. (2018).
According to Piotrowicz et al. (1989) and Szymanowski (1993), the self-association of
hydroxyoximes decreases when the organic solution is wet. During extraction, water
is present both at the interface and in the solvent. Therefore, the bulk organic phase is
wet. Then, the hydrophilic head of the hydroxyoxime is hydrated (Paatero, 1982), and the
hydrophilic groups of the hydroxyoxime are bound to the water molecules. This reduces the
self-aggregation, similar to interactions with alcohol modifiers Szymanowski (1993). Self-
aggregation is negligible when the hydroxyoxime concentration is 20 % or less (Piotrowicz
et al., 1989). The extractant self-aggregation was assumed to be negligible in Paper I, as
extractant concentration was 13 vol%. The extractant concentration is used in this thesis
were below limit. Therefore same assumption was made for non-modified hydroxyoxime
extractants. Copper is shown to react with hydroxyoxime self-aggregate in some copper
extraction studies. The reaction would then be Cu2+ + 2(HA)2,>A6 � CuA2·HA2,>A6 + 2H+
(e.g., see Amores et al. (1997)).
Hydroxyoxime self-associate have to break before they can react with copper, as self-
associate are bound through hydrogen bonds between hydrophilic heads (i.e. the same part
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of molecule, which binds the copper) (Figs. 2.6a and 2.6b). In addition, self-aggregates
(Fig. 2.6a) are symmetric and they are presumed to be less surface active compared to
the hydroxyoxime monomer (Fig. 2.5a). The structure of hydroxyoxime self-associate
leads to decreased interfacial adsorption (Vasilyev et al., 2017). This is partly due to steric
hindrances and partly due to reduced interfacial tension, as situation with the dimeric
hydroxyoxime resembles that of copper complex. The copper is complexed with monomeric
hydroxyoxime, which is absorbed into the liquid-liquid interface, as copper extraction
mechanism by Flett et al. (1973), indicates (Eqs.(5.15)–(5.18)).
The copper complex of hydroxyoxime can adsorb to the interface, as indicated by the
interfacial tension of copper complex (f ≈ 30 mN m−1, Inoue et al. (1986)). The copper
complex is less surface active than the hydroxyoxime, as indicated by the interfacial tension
of hydroxyoxime f = 22 mN m−1 (Paper III).
Equilibrium studies have implied the formation of a hydroxyoxime solvated copper complex
(CuA2(HA)2) during copper extraction. However, it is presumed that copper complex
CuA2 forms at the interface (Eq. (1.1)) and is further solvated with hydroxyoxime in a bulk
organic solution (Vasilyev et al., 2017). The reaction is expressed as follows:

CuA2,org + 2HAorg � CuA2(HA)2,>A6 (2.18)

Studies on the organic-phase aggregation reactions of hydroxyoximes have focused mainly
on the reactions between extractant molecules, (i.e. extractant self-aggregation), and those
between the extractant and modifier molecules. Alcohols, such as tridecanol or nonylphenol,
are often used as modifiers. Modifier molecules can also undergo self-aggregation (Elizalde
et al., 2018). Oxygen-containing modifier molecules, such as alcohols, associate with
the polar head of hydroxyoxime through hydrogen bonds and solvate the extractant.
Consequently, the hydroxyoxime self-association decreases (Szymanowski, 1993). The
effect of organic-phase interactions is indicated in the equilibrium constants of copper
extraction (Baba et al., 2002; Komasawa & Otake, 1983; Szymanowski, 1993). When
copper extraction is conducted in strongly interactive solvents, such as 2-ethylhexanol or
n-butyl ether (Komasawa & Otake, 1983), the resulting extraction constant (log10  � ) is
about −2.5. This is 4-5 log10-units lower extraction constant compared to hexane. The
addition of hexanol to a solvent containing LIX 64N decreases the extraction (Blumberg &
Gai, 1979). The hexanol addition of up to 16 % linearly decreases copper extraction, after
which a roughly constant value is reached.
A modifier is added to solvent to affect their extractive or other properties. The addition of
nonylphenol in a hydroxyoxime solvent affects the strength of the formed hydroxyoxime
complex, as phenolic groups interact with the hydroxyoxime. This weakens the hydrogen
bonds of the chelate, and makes the complex less stable. This makes metal easier to
back-extract (Blumberg & Gai, 1979). The addition of nonylphenol or other alcohols
changes the composition and nature of the solvent. The properties of alcohols, as indicated
by the solubility parameter, are different from those of hydrocarbon diluents, especially
aliphatic diluents. A modifier can be added to solvent to change the phase equilibrium of
the solvent, to prevent the third-phase formation during extraction. The choice of modifier
can have notable effect on extraction and phase separation in extraction process (Ritcey &
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Lucas, 1974).
Vasilyev et al. (2017) modeled the extraction equilibria of copper using Acorga M5640, a
modified aldoxime. They found that self-association was not be negligible in this system.
The self-association constant was determined by modeling of extraction results (i.e. solvent
was wet). Acorga M5640 contains a modifier, and Vasilyev et al.’s (2017) organic phase
speciation model did not include modifier interactions. Therefore, the self-association
constant ( 066 = 4.37) determined by Vasilyev et al. (2017) is a combined measure of
extractant non-ideality. It contains not only extractant self-association, but also the other
interactions, such as association of hydroxyoxime with modifier. As a solvent consists
of technical-grade materials, there can be remnants of starting materials from extractant
manufacturing process, such as alkylphenols Basf (2020b), Elizalde et al. (2018)
Organic solution reactions were included in mathematical extraction model (Chapter 5)
of present study in a manner similar to aqueous phase speciation (i.e. as a equilibrium
reactions). The extractant self-association was assumed to be negligible in the copper
extraction modeling when the extractant did not contain a modifier. When the extractant
contained a modifier and the extractant’s self-association constant was known, it was
used in the calculations. For example, Acorga M5640 contains modifier, and the value
of  066 = 4.39 L mol−1 according to Vasilyev et al. (2017). The solvation of the copper
complex in the organic phase (Eq. (2.18)) was omitted for simplicity.

2.2.5 Diluents

The diluents in metal extraction with hydroxyoximes are hydrocarbon mixtures. Diluent
dissolve metal extractants, metal-extractant complexes and modifiers, but are not soluble in
the aqueous phase. Non-optimal diluent can lead to the formation of a third phase, which
needs to be avoided. Moreover, ideal diluents are inert and do not take part of chemical
extraction reaction (Ritcey & Lucas, 1974). However, diluents have interactions with
extractant (Ritcey & Lucas, 1974), which affect on extraction.
In early SX plants, locally sourced kerosene or even jet fuel was used as a diluent. These
diluents could contain large fraction of aromatic compounds and were not an optimized
solutions. Recently, diluents have been made specifically for solvent extraction and are
commercially available from several manufacturers. Moreover, diluent compositions are
now more consistent. Currently diluents with a higher flash point are in use, decreasing the
fire hazards. Other more recent development have led to a decrease in evaporative losses,
thus decreasing the cost of SX plant raw materials. (Brown, 2015; Ritcey & Lucas, 1974).
Typically, diluent are the largest component of an organic feed solution. The dilution of an
extractant also decreases the organic phase viscosity, as the undiluted extractant tends to be
viscous (Table A.3). The properties of the selected diluents are shown in Table A.5

2.3 Aqueous-phase complexation and solvent extraction
Metal extraction with an acidic extractant is a two-phase interfacial complexation reaction
in which one of the reactants is a metal cation in aqueous phase and the another part
in reaction is the extractant (i.e. a ligand). The structure and composition of a ligand
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affect the stability of the formed complexes (Section 2.1). The type of donor atoms
binding to a metal cation affects the complexation equilibrium (Hancock & Martell, 1996).
This is illustrated in Fig. 2.7, which compares aqueous-phase complexation and solvent
extraction. The Fig. 2.7 is a graphical illustration of the HSAB-principle. Complexes
with an equal hardness cluster along the same line (Hancock & Martell, 1996). The donor
atoms in hydroxyoximes are nitrogen and oxygen. Therefore, Fig. 2.7 shows the data of
the aqueous-phase complexation with ligands containing nitrogen, oxygen or both. The
aqueous-phase complexation constants concentrate along single line. Copper and nickel are
borderline acids according to Pearson (1963) and Hancock and Martell (1996) (Table 2.2).
Ligands, such as hydroxide (OH), ammonia and other ammines are hard bases. Therefore,
aqueous complexation data suggests that there is little difference in hardness ligands.
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Figure 2.7: Comparison of solvent extraction and to aqueous phase complexation of copper
and nickel. The aqueous-phase complexation data of both inorganic and organic ligands are
shown. Organic ligands and hydroxyoxime (LIX 65N) contain nitrogen, oxygen or both donor
atoms. The extraction data with LIX 65N with different diluents is from Szymanowski (1993),
Komasawa and Otake (1983), and Baba et al. (2002). The stability constant data for organic
and inorganic ligands are from Anderegg (1982), Anderegg et al. (2005), Bahta et al. (1997),
Berthon (1995), Kiss et al. (1991), Paoletti (1984), Popov et al. (2001), Portanova et al. (2003),
Irving andWilliams (1953), Bunting and Thong (1970), Irving et al. (1954), Borowiak-Resterna
and Szymanowski (1991), and Smith et al. (2004).

The LIX 65N extraction data for copper and nickel forms a single line (Fig. 2.7), but
the data is shifted up compared to aqueous phase data. The slopes of the extraction
and aqueous-phase complexation data are approximately equal, about 1. This suggests
that ligands and hydroxyoximes have roughly equal hardness, which is understandable
because they have same donor atoms (i.e. nitrogen and oxygen). The offsetting of extraction
data may be due to the biphasic nature or interfacial complexation in solvent extraction.
The extraction data also show the effect of diluents. The data on the solvent extraction
equilibrium in Fig. 2.7 seem to suggest that each solvent (i.e. an extractant-diluent pair)
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behaves like a ligand from a complexation point of view. This is interesting, because
hydroxyoximes are those that actually binds to metal during extraction. This shows that
the extent of hydroxyoxime interactions with diluent affects the extraction equilibrium, as
pointed out by Ritcey and Lucas (1974).
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3 Determination of the extraction equilibrium and rate
This chapter gives an overview of the different methods for studying liquid-liquid extraction
reaction kinetics. Some of these methods were used to determine the extraction rate data for
the present study. According to Hanna and Noble (1985), the rate of liquid-liquid extraction
depends on interfacial kinetics and diffusion. The mass transfer in extraction is dependent
not only on kinetics but also on the diffusion to and from the interface between phases.
A common way to distinguish between two contributions is to design a measurement
apparatus in such a way that the effect of kinetics can be neglected, or the effect of diffusion
can be deduced from an overall mass transfer rate (Hanna & Noble, 1985). The equipment
that can be used for the measurement of solvent extraction kinetics includes the following:

• Single droplet (Section 3.1)

• Constant interfacial area cells (e.g. Lewis cell)

• Rotating diffusion cell

• Conventional stirred tanks (Section 3.4)

• Highly agitated/high-shear reactors (Section 3.4)

In the equipment listed above, the interfacial area is well-defined in single droplets and
cells. Area is larger, but not as well-defined, in conventional stirred tanks and highly
agitated reactors. Examples of intensified solvent extraction equipment are AKUFVE
(Rydberg, 1969), and a Morton flask with high-speed stirring (Carter and Freiser (1980),
Carter (1981), Aprahamian Jr. (1985), Aprahamian et al. (1985), Dietz (1989), and Chen
(1994)). The rotor-stator stirred reactor was used to intensify extraction in Paper I. The
formed dispersion is dynamic, as droplets are breaking and coalescing continuously, and
the balance between droplet breakage and coalescence defines the DSD and interfacial
area. The constant area cells and droplets are certainly useful in determining the extraction
kinetics in known conditions. However, industrial-scale extraction is conducted using
equipment that generates more interfacial area and the choice of equipment is usually
a stirred tank (mixer-settler). Therefore, measuring extraction kinetics in stirred tanks
is important from a practical point of view. In the present study, aside form droplet
experiments, extraction tests were performed using both conventional stirred tanks and
CFRs equipped with high-shear, rotor-stator impellers. For a more detailed review of
extraction kinetic apparatuses, see Hanna and Noble (1985).

3.1 Single rising droplets in a column
The traditional single droplet extraction is conducted by forming droplets on the bottom
of a column filled with a continuous phase (Fig. 3.1). After the droplets detach, they rise
through the column and are collected at the top. The rising droplets are less dense than
the continuous phase. The experiment can also be performed by inverting the droplet and
continuous phases. The droplets are formed on top of the column and fall through the less
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dense continuous phase to bottom, where they are collected. As concentration analysis
usually requires a sample of several milliliters, a bunch of droplets are formed in the column
and collected after rising to form a sufficiently large sample for concentration analysis.
According to Hanna and Noble (1985), single droplet measurements are straightforward,
but the analysis of the results is not. The analysis requires the following:

• A constant feed-phase concentration

• A constant droplet size and spherical droplets

• Analysis of circulation pattern inside the droplets

• Mass transfer takes place during droplet formation in the funnel at the top where the
droplets coalesce and are collected

Only the first item above is usually satisfied with the traditional approach. Specifically, the
determination of a circulation pattern has traditionally been anything but straightforward.
To overcome these difficulties, a different approach was chosen in Paper III for concentration
measurement in single droplet column experiments. The concentration determination was
based on an image analysis of a recorded video of rising droplets. The video frames of the
droplets were processed using image analysis algorithms for droplet size, rising velocity,
and droplet concentration. A description of concentration analysis method can be found
from Section 3.7 and Paper III.
The approach used in Paper III benefits from the direct measurement of the droplets.
Similar to the traditional approach, the feed concentration variations are minimized by
using the same droplet feed batch in all the experiments. By limiting how much droplet
phase is fed through the column, continuous phase concentration changes can be kept at a
minimum. The concentration measurement from the droplets is direct, and thus, the other
requirements of the traditional approach can be by-passed. The other benefit is that the
droplet concentration measurement can be made freely at any point in the column where
droplets are visible. This is demonstrated in Paper III, in which the measurements were
made at the bottom of the column (just after the droplet detachment) and at the top (just
before the droplet collection funnel). This method produces both the average concentration
and the concentration profile of the droplets. The concentration profile can be used to
reveal information about the droplet’s inner circulation. It is possible to track the rise of
each droplet using several cameras or one camera with a large enough field-of-view.

3.2 Extraction into a single stationary droplet
Copper extraction into a stationary droplet was examined in a cell constructed for the
droplet breakage and coalescence experiments (Figs. 3.3 and A.2). A single sessile droplet
containing Acorga M5640 (20 vol%, diluent Exxsol D80) was formed into the tip of a
0.9 mm needle. The experimental set-up and operational conditions were the same as in the
breakage experiments presented in Paper VI. The stainless steel needle tip was ground flat.
The continuous phase was 0.16 mol L−1 (pH0 = 3.1). Droplet formation was conducted
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Figure 3.1: The experimental set-up for the column experiments on single rising organic
droplets. The approximate field-of-view positions of the cameras for measuring the top of
the are denoted by rectangles. This figure is from Paper III and is used here under a Creative
Commons Attribution (CC BY) license.

by dispensing the pre-determined volume with a syringe pump (World Instruments). The
droplet was recorded in a series of images taken using a Casio Exilim F-1 at pre-determined
times. The cropped images are shown in Fig. 3.2. The copper complex10 is dark brown
in color and its formation is clearly visible in the images. The images were analyzed for
copper complex concentration using the image analysis method described in Section 3.7
and in Paper III. No mechanical mixing was present in the measurement cell. Single
droplet experiment is similar to droplet micro-extraction (Jeannot & Cantwell, 1996, 1997).
The only difference is that the image analysis method enables the in-situ determination of
copper extraction into a single droplet. Therefore, the mass transfer into the same droplet
can be monitored as a function of time.

10The formation of a copper complex as shown in Fig. 3.2. The entire droplet surface darkens at the
beginning (during first 30 s). As the experiment proceeds, the lower part of droplet begins to become darker.
The difference remains as the whole droplet gradually darkens during first 5 min of the experiment. The
copper complex formed at the droplet’s inner interface is more dense than the surrounding organic solution,
and it flows along the droplet interface to the bottom of the droplet. The droplet’s inner circulation induced by
the density difference explains the streak in the middle of the droplet (visible from 36 s onwards). The denser
copper complex flows into the bottom of the droplet (and possibly into the needle) and pushes fresh extractant
solution (which has a lighter color) up into the middle of the droplet. The density of 20 vol% Acorga M5640
is 0.834 g L−1 as was determined in Paper III. Even the undiluted Acorga M5640 contains hydrocarbon
diluent (Cytec, 2008a). The density of related compounds, such as nonylbenzene and 4-nonylphenol, are 0.86
and 0.95 g L−1, respectively (Haynes, 2015). Therefore, the density of pure hydroxyoxime, which is an active
compound of extractant, is presumed to be closer to 1 g L−1. The copper-hydroxyoxime complex has an even
higher density, as the loading extractant increases density (Table A.1). The density difference between the
copper complex formed at the interface and the bulk organic phase is presumed to be over 0.1 g L−1, which
could explain the behavior observed in Fig. 3.2.
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3.3 Extraction during droplet breakage and coalescence
The effects of droplet coalescence and breakage during copper solvent extraction were
studied in a custom cell. The droplets in the breakage and coalescence experiments
contained Acorga M5640 dissolved with Exxsol D80, while the continuous phase was a
synthetic aqueous copper sulfate solution. The droplet coalescence experiments in Paper V
were performed in a cell filled with a continuous phase (aqueous copper or ammonium
sulfate solution) (Fig. 3.3). The droplets were formed on the tip of the needle using syringe
pump (World Precision Instruments). The syringe pump could be programmed to dispense
a predefined volume and then stop. Droplet sizes could be selected so that the droplets
be large enough to come into contact with each other. When the droplets were in contact,
and they do not move, the continuous phase film forms between them. As droplets remain
stationary, film thins and eventually breaks, which leads to coalescence of droplets. The
formation of droplets and their coalescence were recorded on video. The video frames
were analyzed for droplet size, rest time, and concentrations using image analysis method
developed in Paper III. Determining the droplet concentrations before and after coalescence
enabled the determination of the effect of droplet coalescence on mass transfer, as was
described in Paper V.
The effect of droplet breakage on mass transfer was examined in Paper VI, where a modified
version of coalescence set-up was used. The upper needle of the coalescence set-up was
replaced with a blade (Fig. A.2). A single organic droplet was formed on the tip of the needle
at the bottom of the cell. The droplet detached from the needle, rose through the continuous
phase, and collided with the blade. The droplet deformed and bent around the blade until it
broke into two. The droplet sizes, velocities, and concentrations were determined using
the image analysis method described in Paper III. Similar to coalescence experiments, the
droplet concentrations were measured before and after the droplet breakage, and breakage
effect on mass transfer was determined.

3.4 Stirred reactors
A conventional stirred tank was used for copper extraction in Paper I, Oja (1994), and
Pakarinen (2006). The impeller used in the stirred batch reactor (+A = 7.7 L) was made
from poly (methyl methacrylate) (acrylic plastic). The cylindrical tank diameter and height
were 21.5 cm, and it was equipped with four baffles (height 20.7 cm, width 1.8 cm). The
impeller was a pitched blade steel turbine (4PBT, �8< = 90 mm, four blades, width 21 mm,
blade angle 45°). Oja (1994) conducted additional experiments using a helical coil Spirok
impeller (�8< = 152 mm, height 173 mm). The experimental conditions of the extraction
experiments and the initial concentrations are presented in are presented in Tables 3.1
and 3.2, respectively.
The batch copper extraction experiment is described in Paper I and it was conducted as
follows. The aqueous feed solution was placed into the reactor first, and mixing began. The
organic feed was added to the reactor as fast as possible; the addition took a few seconds.
This was conducted to ensure that aqueous phase was continuous. The timer was started
after all the organic feed was placed into the reactor. The copper extraction experiment was
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1

2

Figure 3.3: The experimental set-up for the binary droplet coalescence experiments. The
droplets are formed on the tips of two identical needles using two syringe pumps. The
field-of-view of the camera is denoted by a rectangle. The set-up was later modified for droplet
breakage experiments by replacing the upper needle with a blade. See Fig. A.2 and Paper VI.
The image is adapted from Tamminen et al. (2018) under a Creative Commons Attribution (CC
BY) license.

Table 3.1: The conditions in the copper extraction rate measurement in the batch reactor and
in continuous-flow reactors equipped with rotor-stator mixers. The batch mixing tank (acrylic
plastic) had four baffles. It was originally used by Oja (1994) and later by Pakarinen (2006)
and Paper I. The turbine (4PBT) was a pitched blade turbine steel impeller with four blades (�
= 90 mm). Spirok is a helical coil impeller with a diameter of 152 mm. The IKA rotor-stator
impeller and reactor dimensions are shown in Table 3.3. The phase volume ratio (�/$) was
1.2:1 during extraction. The initial concentrations are presented in Table 3.2.

+A , mL # , rpm Impeller Extractant Diluent Reference

7700
200, 218,
243, 263,
300

Spirok LIX 984 Shellsol K Oja (1994)

7700 504, 550,
599 4PBT LIX 984 Shellsol K Oja (1994)

7700 550 4PBT LIX 984N Escaid 100 Pakarinen (2006)
7700 550 4PBT LIX 984N Orfom SX11 Pakarinen (2006)
7700 550 4PBT LIX 984N Shellsol D70 Pakarinen (2006)
7700 550 4PBT LIX 984 Exxsol D60 Tamminen et al. (2013)
9.5 15000 UTL-25 LIX 984 Exxsol D60 Tamminen et al. (2013)
9.5 13500 UTL-25 LIX 984 Exxsol D60 This summary

2.5, 3

8000,
10000,
15000,
20000

T8 LIX 984 Exxsol D60 This summary
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Table 3.2: Feed concentrations and other parameters of the copper extraction experiments in
stirred reactors. The extractant was either 13 vol% LIX 984 or LIX 984N. The phase volume
ratio (�/$) was 1.2:1 during the extraction. The total copper concentrations for both aqueous
and organic solutions are given. The other conditions are given in Table 3.1

[Cu]0, [Cu]>A6,0, [HA]0, [H+]0,
mol L−1 mol L−1 mol L−1 mol L−1 Reference

0.05 0.04 0.15–0.16 0.010 Oja (1994)
0.08 0 0.22 0.007 Pakarinen (2006)
0.052 0 0.22 0.015 Tamminen et al. (2013)

0.05–0.055 0 0.23 0.015–0.017 This summary

continued for 2 h, and the samples were taken at known times from the stirred dispersion.
The extraction equilibrium data were determined in a batch experiment, in which shaking
or stirring was continued for at least 30 min to reach equilibrium. Shaken batches were
made using 50 mL separation funnels. Equilibrium can also be reached when the kinetic
experiment is continued until the organic-phase copper concentration reached a stable value
(Fig. 7.2)
The CFR setup consisted of a high-shear rotor-stator impeller11 in a small mixing tank.
Two different rotor-stator units with volumes (+A) of 2.5 mL and 9.5 mL were used in the
experiments. The smaller reactor data is original for this study and larger reactor was used
for copper extraction at 15 000 rpm in Paper I. The set-ups used in the solvent extraction
experiments with CFRs are illustrated in Fig. 3.4. The dimensions and other parameters
of the impellers and reactors are shown in Table 3.3. The rotor-stator impellers and the
9.5 mL reactor were made of stainless steel. The 2.5 mL reactor was made of glass. The
reactor and impeller close-ups are shown in Figs. 3.5 and 3.6a.
Phase separation was aided with a continuous centrifuge for experiments involving with
a larger reactor. See Paper I. The samples were taken from the outlets of the centrifuge.
The 2.5 mL CFR was operated similarly to the 9.5 mL reactor (Fig. 3.4), except that the
phase separation was made in a small settling tank at the outlet of the reactor. Samples
were pumped through small membrane module. The smaller rotor-stator mixer was also
used in batch extraction in a 3 mL glass reactor. The batch reactor had no inlet or outlet,
but it had similar dimensions to the CFR (Fig. 3.6a). The batch reactor was placed into a
thermostated bath, and the whole reactor (i.e. test tube) was centrifuged for phase separation
after extraction.
Extraction experiments using CFRs were performed as reported in Paper I. The aqueous
feed was pumped into the reactor, and mixing was started. The organic feed was pumped
into the reactor. The goal was to ensure that aqueous phase was continuous. The experiment
was continued until the reactor system was in a steady state. Samples were taken to record
the fractions of extracted metals. The reactor residence time varied in the CFR experiments.
The experiments were repeated at different residence times (Table A.6). The impeller speed
was varied in the batch and in continuous flow experiments, in which a smaller rotor-stator

11Commonly called “high-shear mixers” in the literature.
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Figure 3.4: The experimental set-up in solvent extractionwith a intensified rotor-stator equipped
continuous-flow reactors impellers (The present study, Paper I). The reactor dimensions and
other information are shown in Table 3.3. Phase separation after the 2.5 mL reactor was
performed in a small settler, and that after the 9.5 mL unit was performed in a continuously
operated centrifuge (Cinc V-2, maximum throughput 2 L min−1, filling mass 200 g).
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Figure 3.5: The rotor-stator impellers used in this study and Paper I. Smaller and larger IKA
rotor-stator units were used in the 2.5 mLand 9.5 mL continuous-flow reactors, respectively.
The dimensions of the impellers and reactors are shown in Table 3.3.

(a) 2.5 mL reactor (b) 9.5 mL reactor

Figure 3.6: The 2.5 mL (a) and 9.5 mL (b) continuous-flow reactors equipped with rotor-stator
impellers. A close-up of 2.5 mL reactor equipped with IKA Ultra-Turrax T8 during copper
extraction with LIX 984 is shown in Figure (a). Due to the construction of glass reactor, the
first contact of the phases is about 3 cm before the reactor. The solutions enter the reactor from
the bottom and the outlet is on the right side. The outlet is elevated compared to the inlet,
ensuring that the liquid fills the reactor. The clearance between the rotor-stator impeller and the
reactor bottom is 2–3 mm. The intense mixing inside the reactor is indicated by a uniform look
of dispersion through the reactor. The droplet sizes are relatively small and droplets cannot be
easily distinguished from a image. A close-up of the 9.5 mL reactor is shown in Figure (b).
The reactor is opened to show the location of the rotor-stator impeller. The reactor inlet is in
the middle of the lid (not shown in the figure) which directs the feed flow in the middle of the
rotor. The turning of the rotor and the inlet flow push the liquid through the stator. The outlet
is located on the left side of the reactor.
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unit (IKA Ultra-Turrax T8) was used. The impeller speed and feed flow rates were set prior
to each experiment. The experimental conditions and initial concentrations are presented
in Tables 3.1 and. 3.2, respectively.
The residence time (g) of the high-shear reactor was varied between 0.75 and 12.7 s in CFR
experiments (Table A.6). The total flow rate is +C>C = +A/g. In the extraction experiments
the aqueous and organic feed flow rates are calculated as follows:

¤+0@ =
�/$

�/$ + 1
¤+C>C (3.1)

¤+>A6 =
1

�/$ + 1
¤+C>C (3.2)

where �/$ is the phase volume ratio that is equal to the ratio of flow rates, i.e. ¤+0@/ ¤+>A6 12
The corresponding value for the batch reactor is �/$ = +0@/+>A6.
The pH was measured from the aqueous phase samples. In the case of CFRs, the pH of the
aqueous phase can also bemonitored continuously from the outflow of the separated aqueous
phase. In the case of the 9.5 mL reactor, this can be conducted from the aqueous-phase
outlet of the in-line centrifuge. The feed solutions were at room temperature () ≈ 22 ◦C)
prior to the start of the experiment. The temperature variation was a few degrees of
Celsius. As indicated in Paper I, intensified mixing led to a temperature increase in the
9.5 mL reactor. However, the effect could be minimized by limiting the impeller speed
(#) to 15 000 rpm. The temperature increase became less of an issue when using a smaller
rotor-stator unit, which had a more open construction and less powerful mixing. The
temperature in the 7.7 L batch reactor remained constant during the experiment.

3.5 Preparation of feed solutions

The aqueous feed solutions in the copper extraction experiments were made by dissolving
reagent-grade CuSO4 · 5H2O in deionized water as was reported in Papers I and III. The
concentrations of the feed solutions for copper extraction are shown in Table 3.2. The
LIX 984 extractant was diluted with a commercial hydrocarbon diluent (Exxsol D60),
while Exxsol D80 was used in the case of Acorga M5640. The extractant concentration
was confirmed through titration prior to the experiments. Extractant washing and pre-
equilibration were conducted using larger separation funnels of sizes up to 1000 mL. The
preparation of feed solutions are described in more details in Papers I and III.
The physical properties of the 13 vol% LIX 984 solutions were determined. Density (d)
was measured using Anton Paar DMA 4500 density meter. The kinematic viscosities (a)
were measured using a glass capillary viscometer (Schott Geräte Type I and Ic) (IIa). A
viscometer was submerged in a water bath for temperature control. The dynamic viscosities
(`) were calculated from the kinematic viscosity and density (` = ad). Property data are
shown in Tabs. A.1 and A.2.

12The phase volume ratio can also be defined as: $/� = +>A6/+0@ (batch) and $/� = ¤+>A6/ ¤+0@
(continuous).
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Table 3.3: Dimensions and operational parameters of IKA Ultra-Turrax rotor-stator impellers
and continuous-flow reactors. The smaller rotor-stator unit was also used in the batch reactor
(+A = 3 mL). This table is reproduced and extended from Paper II.

+A = 2.5 mL +A = 9.5 ml

Unit T8 UTL 25 In-line
Used as Continuous/Batch Continuous
Diameter of the rotor (�'), mm 6.2 16.9
Inner diameter of the stator (�(, �), mm 6.8 17.8
Outer diameter of the stator (�(, $), mm 7.9 25.0
Width of the rotor-stator gap (;6), mm 0.3 0.45
Number of rotor blades 2 2
Number of stator slots 8 12
Reactor diameter (�A), mm 13 30
Liquid height in the reactor (;�), mm 22 15
Impeller speed (#), rpm 8000–20000 6200–23500
Shear rate in the rotor-stator gapa ( ¤W), s−1 8700–21600 12200–46200
Volumetric flow rate ¤+ , mL min−1 15–200 45–450

a Calculated from Eq. (4.11)

3.6 Sampling and analyses

Sampling in the determination of extraction equilibria and kinetics in the stirred reactors
was performed as follows: Samples were taken from both phases. Dispersion samples
were taken from the batch reactor with the help of a peristaltic pump as is shown in Paper I.
The samples were immediately centrifuged for phase separation. The samples from the
2.5 mL experiments were taken from the settling tank installed at the outlet of the reactor.
Samples were taken through a membrane filter using a peristaltic pump. When the smaller
rotor-stator unit was used in batch extraction, the whole batch was centrifuged, and the
phases were separated for analysis. In the case of the 9.5 mL CFR, samples were taken
from the outlet of the centrifuge. All the sample test tubes were centrifuged to remove
any remaining haziness. The settled phases were separated by pipetting immediately after
centrifugation.
Metal concentrations in the samples were measured using AAS (Atomic absorption
spectrometry) or an ICP-OES (Inductively couple plasma-Optical emission spectrometry)
spectrometry. Atomic absorption spectrophotometer was GBC 932 (GBC Scientific
Equipment) and the ICP-OES equipment was Iris Intrepid II (Thermo Scientific). If
necessary, the aqueous-phase samples were diluted either with purified water (AAS
analysis) or 14 w% HNO3-solution (ICP analysis). Dilution was considered when the
concentration in the sample was calculated as

20@,B0<?;4 = 20=0;HB43 ((+0283 ++0@,B0<?;4)/+0@,B0<?;4), (3.3)

where 20=0;HB43 is analyzed as the concentration of the diluted sample and the dilution



60 3 Determination of the extraction equilibrium and rate

factor is ((+0283 ++B0<?;4)/+B0<?;4). The dilution factor was between 2 and 10. In some
cases, further dilution was required in the AAS analysis to obtain the sample concentration
at the calibration range of the analyzer. Dilution ratios of up to 1000 were used.
Organic-phase samples were back-extracted using acid prior to analysis. In the AAS
analysis a concentrated sulfuric acid solution was used for back-extraction. The acid
concentration was high at 2 mol L−1 to ensure complete back-extraction. Prior to ICP
analysis, the organic-phase samples were back-extracted using 14 w% HNO3 solution. The
concentration of the organic phase sample is calculated as

2>A6,B0<?;4 = 20=0;HB43 (+0283/+>A6,B0<?;4), (3.4)

where (+0283/+>A6,B0<?;4) is phase volume ratio (i.e. 20:1) for the sample back-extraction.
The concentration analysis of the single droplet experiments was conducted using the
concentration-analysis method developed in Paper III. This method is described in following
section.

3.7 Concentration determination using image analysis
The image analysis method was developed for measuring the inner concentrations of
droplets for copper solvent extraction in Paper III. It was used to determine the copper
extraction in to the single droplets rising in the column in Papers III and IV. The copper
extraction during droplet breakage, and coalescence experiments were studied in Papers VI
and V, respectively. This method is based on the detection of the color of the formed
copper complex and the absorption of light by the solution.
The most common application for light adsorption is concentration analysis using an
ultraviolet-visible spectrophotometer. The sample solution is placed into a rectangular
glass vessel called a cuvette in the spectrophotometer analysis (Fig. 3.7). The intensity
of incoming radiation, or, specifically, light, is 80, and it decreases to intensity 8 as it
passes through the cuvette. Part of the light is adsorbed into the solution (Thomas, 1996).
The decrease in intensity is often described with absorbance (�1B = log10(80/8)) in
spectrophotometry. The concentration in the sample (2) is related to absorbance (�1B)
through the Lambert-Beer or Bouguer-Beer law (Berberan-Santos (1990), Liebhafsky and
Pfeiffer (1953), Thomas (1996) and Goldstein and Day (1954)):

�1B = Y;?2, (3.5)

where Y is the absorptivity (i.e. molar attenuation or absorption coefficient). The ;? is the
optical path length, or the distance that light travels in a solution. In a spectrophotometer
analysis, ;? is defined as the cuvette thickness. The spectrophotometer measures light
absorbance in a wavelength range. Fig. 3.8a shows an example of the resulting spectra
of Acorga M5640 standard solutions containing different amounts of copper. Fig. 3.9
illustrates the absorbances at a certain constant wavelength drawn as a function of [CuA2];?.
The dependence of absorbance and concentration is linear. The lines in Fig. 3.9 are denoted
by the Lambert-Beer law (Eq. (3.5)) and the slope of the line denotes the absorptivity (Y).
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Figure 3.7: The absorption of light as it passes through the liquid in a cuvette and droplet.
Light with intensity 80 passes through the cuvette filled with the sample solution or droplet
consisting of sample solution. The part of light will be absorbed into solution as it passes
through the liquid, reducing the intensity to 8. The concentration 2 is constant in both cases.
The optical path length (;?) in the case of cuvette, is thickness of cuvette. The optical path
length in the droplet varies between 0 and the droplet size (3). Therefore, light absorption
(�1B = log10(8>/8)) in the droplet varies even though the concentration is constant. The
relation of absorbance with concentration is described by Lambert-Beer law (Eq. 3.5).

When the absorptivity Y is known, the concentration of a sample can be determined by
measuring the absorbance with a spectrophotometer and calculating the concentration
using the Lambert-Beer law.
A digital camera can be used as to determine the concentrations in droplets, as shown in
Paper III. The digital camera sensors observed three colors, red, green and blue. Each color
channel of camera sensor has response maxima at different wavelengths. For example, a
Casio Exilim F-1, the camera used in Papers V and VI, has response maxima at 610, 540
and 440 nm, for red, green and blue, respectively (Odstrcil et al., 2012). The camera’s
color channel response maxima values are indicated in Fig. 3.8a as vertical lines. Each
color channel has a response over a wide range of wavelengths. Note that the Casio camera
used in this study is not unique, as the other digital color cameras have similar spectral
responses.
A digital camera sensor can be described as a spectrophotometer, albeit crude. The
bandwidth of Agilent 8543, a spectrophotometer used to measure the spectra in Fig. 3.8a,
is 1 nm. The bandwidth of the camera’s (Casio Exilim F-1) color channels is 100–200 nm,
The red and blue channels of the camera have a minor response over a larger wavelength
range (Odstrcil et al., 2012). The bandwidth of a device is an important parameter because
it affects the determined absorbances (Thomas, 1996).
The digital image consists of a matrix of picture elements (pixels) recorded by a separate
light sensing element in the camera sensor. In the color images, each pixel has a separate
value for each color channel. The most common digital pictures are 8-bit images. Each
pixel consists of three numbers, which can vary between 0 and 255. The pixel value (?) for
each color channel has 28 = 256 possible variations, and it is a measure for light intensity
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Figure 3.8: The absorbances of copper containing 20 vol% Acorga M5640 standard solutions
(Fig. a) and close-up images of cuvette filled with standard solutions (Fig. b). The absorbances
were measured using a spectrophotometer (Agilent 8543) and the images were recorded with
Casio Exilim Ex-F1 in a 10 mm cuvette. The approximate maxima of the camera color channels,
namely red, green and blue, are indicated as vertical lines in Fig. a. The camera and lens
settings and illumination were kept constant, as the images in Fig. b were recorded. The setup
was similar to that in Fig. 3.3, except that the coalescence cell was replaced with a cuvette.

Table 3.4: The measured pixel values and the corresponding absorbances determined for
20 vol% Acorga M5640 solutions containing different concentrations of copper. The pixel
value ?0 refers to the value determined at 2 = 0 mmol L−1. The pixel values were measured
using ImageJ (Schneider et al., 2012). The recorded images are presented in Fig. 3.8b.

Pixel values (?) �1B = log10(?0/?)
2, mmol L−1 Red Green Blue Red Green Blue

0 122 122 120 0.0 0.0 0.0
0.1 122 122 114 0.0 0.0 0.02
1 116 109 83 0.02 0.05 0.16
5 90 65 25 0.13 0.27 0.68
10 56 37 23 0.34 0.52 0.72



3.7 Concentration determination using image analysis 63

(Paper III). When the pixel value is 0, there is no light, and the color is black. When the
pixel value is 255, there is much light, and the color is white.
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Figure 3.9: Calibration lines determined for 20 vol% Acorga M5640 copper containing
standard solutions measured using using spectrophotometer (Agilent 8543, left figure) and
image analysis of digital images (right figure). Casio Exilim Ex-F1 camera was used. The
spectrophotometer data were measured at 440, 540 and 610 nm, which are the response maxima
of blue, green and red color channels of the camera, respectively The line show regression lines
and filled symbols indicate the data included in the regression. The absorbances are shown in
Fig. 3.8 and Table 3.4. ;? is constant (10 mm).

When the standard copper solutions containing different concentrations are placed in a
cuvette, the resulting images clearly show that the brown color of the solution intensifies
as the copper complex concentration increases (Fig. 3.8b). The determined pixel values
for a series of standard solutions are shown in Table 3.4. When solutions do not contain
copper, the pixel values are constant because the solution is almost colorless. As the
copper concentration increases, the blue color channel darkens first, followed by green
and red color channels. This is consistent with the measured spectra (Fig. 3.8a). The
copper complex has intense absorption at 440 nm, at which the blue color channel is the
most sensitive. The copper complex absorption is smaller at 540, which corresponds to
the green color channel’s response maxima. The red color channel’s response maxima
is at 610 nm, at which the copper complex absorption is the least intense. The higher
absorbance indicates that less light passes through the sample. This behavior is the same
as that can be observed in Table 3.4.
Absorbance in the case of the images is defined in Paper III as �1B = log10(?0/?), where
? is the pixel value. Same definition for absorbance have been used also in Takano
et al. (2015). It is calculated separately for each color channel because they represent
different wavelength ranges. The determination of absorptivity from the measured spectra
and images is illustrated in Fig. 3.9 and Table 3.5. As both devices observed same
the phenomenon, the figures and values are similar. The difference is due to the wide
bandwidth of the camera color channels, which leads to smaller absorptivities compared
to spectrophotometer (Paper (Tamminen et al., 2017)). Fig. 3.9 shows that the maximum
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absorbance is 0.7 before blue color channel of the camera is saturated. In principle, the
largest possible absorbance value for an eight-bit image is log10(255/1) ≈ 2.4. As expected,
the camera is less sensitive than the spectrophotometer, which becomes saturated when
�1B > 3.

Table 3.5: The molar absorptivities determined using a spectrophotometer and image analysis
in Fig. 3.9. The red, green and blue channel sensitivity maxima of the camera are 610, 550, and
440 nm, respectively. The absorptivities from the spectra are determined at these wavelengths.

Color Camera Spectrophotometer
L mmol−1 mm−1 L mmol−1 mm−1

Red 0.0032 0.005
Green 0.0052 0.0086
Blue 0.0137 0.0284

The camera, lens settings, and the illumination affect the magnitude of the pixel values.
When the camera settings and illumination are constant during measurement, the value of
?0 is the same in all images of the measurement series. A concentration analysis can be
performed as a photometric concentration analysis is based on the detection of a relative
light change (80/8 or ?0/?). The camera settings need to be adjusted to ensure that the
image’s background pixel and the sample’s (i.e. the droplet) pixel values are both within
range the of 0–255. One way to search for camera settings is by imaging a standard solution
with the highest concentration. In principle, different color channels can be used for
measurement of single phenomenon. It may even be possible to use separate color channels
to observe two or more different reactions or phenomena. Nevertheless, conducting a
concentration analysis for a single color channel is sufficient. There may be cases in which
it may be necessary to set up the other two color channels of camera too dark or bright for
analysis. This maximizes the usable calibration range of the channel selected for analysis.
The present method is not limited to the application or a camera. The only requirement
for method use is that should be a color change, which can be detected by a camera. If a
camera can detect wavelengths outside the visible range, i.e. at infrared or ultraviolet range,
method can also be applied in this case (Paper III). Another example of the use of image
analysis based concentration determination is the study of Takano et al. (2015). They
determined rate of reaction between phenolphthalein pH-indicator and sodium hydroxide.
Feed solution droplets were collided and color change due to reaction was observed after
droplets coalesced. Takano et al. (2015) applied Lambert-Beer equation for calculation
average concentration on droplet center. However, they did not determine concentration
profiles of the droplet, or made calibration for camera as was made in Paper III.
Background correction in the case of a colorful background can be conducted similarly to that
in spectrophotometry. As was described in Paper III, the formula for background correction
is �1B = �1B3 − �1B16, where �1B3 is the absorbance in a droplet and �1B16 is the
background absorbance. It can also be expressed as �1B = log10(?0/?3) − log10(?0/?16),
which is reduced to �1B = log10(?16/?3) when ?0 is constant. The subtraction of the
background pixel value from an image results in background correction.
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View from side

l1

l2

l3

20 vol% Acorga M5640 droplet

[CuA2] = 71.7 mmol/L[CuA2] = 0 mmol/L

Figure 3.10: The chord length variation in a stationary droplet located at the tip of the needle.
Photographs show a droplet containing 20 vol% Acorga M5640. A droplet with no copper
on the left, and a droplet containing 71.7 mmol L−1 of copper is shown in the middle. The
illustration of the variation in chord lengths at different positions in droplet is presented in the
right. The pixel positions for the chord lengths shown in the illustration are marked on the
center-line of other two images for comparison. The brown color in the droplet in middle image
is due to the copper complex of Acorga M5640. The complex concentration is constant. The
dark color at the droplet center, which gradually lightens towards the edge of the droplet, is due
to the differences in chord lengths (i.e. optical path length), as is indicated by the schematic on
the right. ;1 = 0.9, ;2 = 2.0 and ;2 = 2.3 mm.

Image analysis can be applied to analyze droplets with a spherical or spheroid shape, as
shown in Papers III; V, and VI. Fig. 3.10 illustrates the effect of droplet geometry on color.
The optical path length in the droplet (i.e. chord length) varies. It is equal to 3 at the
center of the droplet and decreases toward the edge (Fig. 3.10). The effects of the optical
path length on the absorbances are shown in Fig. 3.11a. The dependence of absorbance
and chord lengths is �1B = ��0 ;2ℎ + ��0 , where ��0 and ��0 are the coefficients for
green channel data (Fig. 3.11). Combining this with the Lambert-Beer law (Eq. (3.5))
gives �1B = ��0 ;2ℎ + ��0 = Y;2ℎ2. When solving this equation, the relation for apparent
absorptivity is as follows:

Y = YCuA2
+ ��
;2ℎ
, (3.6)

where YCuA2
= ��0/2, which is interpreted as the absorptivity of the copper complex.

Therefore, �� = ��0/2. The term
��
;2ℎ

describes the absorptivity change due to the droplet
curvature as a spheroid droplet refracts and diffracts light.
The concentration analysis method requires knowledge of droplet shape. In Papers III; V,
and VI, droplet geometry was determined using image analysis. For example, in Paper III,
the determination of geometry started with the detection of the droplet edge from the image.
Detection was conducted by using common image analysis procedures (See Paper III or
Kuronen (2018) for more details). Manual edge detection was used in Papers V and VI,
while Canny’s method (Canny, 1986; van der Walt et al., 2014) was used in the present
study. The droplet size (i.e. major and minor axis lengths), can be calculated from the
determined droplet edge. The droplet volume and surface area can be calculated from
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basic formulas for a spheroid. Droplet velocity can be determined by measuring the droplet
position in two different video frames with a known time interval.
The chord lengths of each pixel position can be calculated from the droplet geometry
as long as the droplet is assumed to have rotational symmetry. For a rising droplet, the
symmetry axis is in the direction of movement. For a stationary droplet located at the tip of
the needle, the symmetry axis is the H or the vertical axis. The chord length is the optical
path length at the position of each pixel. In principle, any droplet, even deformed ones, can
be analyzed, if the optical path length can be determined. However, geometry calculations
are easier when spheroid geometry with rotational symmetry can be used.
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Figure 3.11: The determination of the parameters of �1B = ��0 ;2ℎ + ��0 from calibration
data (Fig. a) and the comparison between Eq. (3.6) (Y = 0.0015+0.0017/;2ℎ) and the empirical
equation from Paper III (Y = 0.0021/ln (;2ℎ + 1) + 0.0005) (Fig. b) �1B = ��0 ;2ℎ + ��0 is
combined with Lambert-Beer law (Eq. (3.5)) to give Eq. (3.6). The edge of droplet image is
darker. Chord lengths shorter than 1 mm, which are located at or near the edge (Fig. 3.10),
were excluded from fit (Fig. a). The green color channel absorbances and absorptivities of the
Acorga M5640 droplet containing 71.7 mmol L−1 copper are shown (For droplet, see Fig. 3.10).
Image was recorded with Casio Exilim Ex-F1. The parameters of Eq. (3.6) are the median
values (See Fig. 3.12).

The standard Acorga M5640 solutions containing known amounts of copper were recorded.
The copper concentration varied from 0 to 180 mmol L−1. An example of the relation
between absorbances and chord lengths is shown in Fig. 3.11 (left figure). Dependence
is expressed as �1B = ��0 ;2ℎ + ��0 . The droplet image edge is dark (For example, see
left image in Fig. 3.10, and it is excluded from the fit. (Here ;2ℎ ≤ 1 mm) Note that
when chord length is 1 mm pixel is located close to the edge of the droplet image, as
shown in Fig. 3.10. While the chord lengths seem to imply that over one third of the
droplet is omitted from fit. However, it is only a minor fraction of the droplet image’s area
and thus droplet volume, which was excluded from the parameter determination of the
absorptivity equation (Eq. (3.6)). The dark color of the droplet image’s edge is indicated in
Fig. 3.11, as absorbances deviate from a linear trend at short chord lengths. Nevertheless,
the extrapolation of a linear trend has reasonable agreement even with the excluded data.
Deviations from linear trend at short chord lengths are partly due to reflections etc. on
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the droplet interface. The droplet interface is observed alongside at image edge, and
light passes through interface at longer distance compared to droplet center, where light
passes interface in perpendicular direction. The colorful copper complex is forming at
the interface and this is making interface region of droplet image darker compared to
rest of droplet. These effects may be difficult to quantify and droplet edge was omitted
from concentration analysis for simplicity. The parameters of Eq. (3.6) determined for all
calibration solutions are shown in Fig. 3.12. The median value is used to determine the
concentration.
The comparison of between the apparent absorptivities calculated from Eq. (3.6) and the
empirical equation (Y = ��/ln (;2ℎ + 1) + ��) used in Papers III; V and VI is shown in
Fig. 3.11 (right figure). Both equations agree with the data, but Eq. (3.6) gives smaller
absorptivities near the droplet image’s edge. The effect of the different values of Y at short
chord lengths is minimal as the edge region is excluded from the concentration calculations.
Note that the empirical equation used in Papers III; V and VI describes the characteristics
of the apparent absorptivity in the droplet.
The concentrations in the droplet were calculated using the Lambert-Beer law, as described
in Paper III. Eq. (3.6) was used as the equation for absorptivities and the determined
parameters differed from those used in Paper III. The chord lengths were calculated for
each pixel position from the measured droplet edge geometry by assuming that the droplet
had rotational symmetry. The droplet image’s edge was removed from the calculations.
The concentrations were calculated from each pixel data separately from 2?G = �1B/Y;2ℎ
as was shown in Paper III. The pixel in the droplet image represents volume (+?G), which is
expressed as +?G = ;2?G;2ℎ, where ;?G is the distance per pixel. The molar amount of copper,
which corresponds to the concentration detected by the pixel, is expressed as =?G = 2?G+?G .
The total amount of copper in the droplet can be calculated by adding all the determined
=?G values as follows: = =

∑
8

∑
9 =?G (8, 9), where indices 8 and 9 define the pixel location

in the droplet image. Finally, the average concentration in the droplet is expressed as
2 = =/+3 (Paper III).
Calibration can be performed using the same continuous phase as in the experiments
(Paper III). However, as standard solutions are not in equilibrium with a continuous phase,
some copper is extracted into calibrated standard solutions (Paper III). The effect can
be limited by using short droplet formation times. A different approach was chosen for
Papers V and VI. Calibration solution droplets were imaged in ammonium sulfate solutions.
As copper is absent from aqueous solution, there will be no additional extraction. The
differences between calibration and measurement were considered in the background
correction.
The median parameter values of Eq.(3.6) were used for concentration calculation in
the droplet analysis. The calibration standard droplets were analyzed as a samples for
comparison (Fig. 3.13). The extractant concentration was 20 vol% Acorga M5640, which
corresponds to 380 mmol L−1. The copper concentration varied from 0 to 180 mmol L−1,
Thus, the extractant was almost fully loaded with copper at highest concentration. The
concentrations using an image analysis method from the red and green channel image data,
had reasonable agreement with known solution concentrations up to 110 mmol L−1. The
measurement agreement of the blue channel was poor, which is likely due to the more
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intense absorption of the copper complex in that wavelength range. Blue color data show
saturation at about 100 mmol L−1. The color channels showed saturation indications in
the order of blue > green > red. This is the order in which copper complex absorption
decreases in the color channel response maxima (Fig. 3.8)
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Figure 3.12: The droplet calibration parameters calculated from the recorded images of
standard solution droplets, containing different concentrations of the copper hydroxyoxime
complex. The parameters were determined from the green color channel data of images
recorded using a Casio Exilim F-1 camera. The left figure shows the values for YCuA2

and
the right figure shows the �� values. The continuous phase was a 0.16 mol L−1 (NH4)2SO4
solution. The lines indicate the median parameter values (YCuA2

= 0.001 46 L mmol−1 mm−1

and �� = 0.001 71 L mmol−1) that were used in the concentration analysis.

The concentration analysis method described above enables the determination of inner
droplet concentrations, but it is not limited to them. Compared to the spectrophotometric
analysis, image analysis has more limited concentration range, and three possible colors
with much wider bandwidth. All these can be improved at least to some extent by using
different camera or by using narrow bandwidth filters when taking images. The strength of
the image analysis method lies in the massive parallel detection of the concentration, which
is not easily achievable using a traditional spectrophotometer. The present method can
directly applied to other wavelength ranges, such as infrared photography, provided that
the camera used can detect the reactant or the reaction product. This method is obviously
directly applicable to the analysis of images taken with spectral camera. The combination
of concentration analysis and other image analysis-based measurements (e.g. droplet size
and velocity) enables the direct determination of mass transfer. In principle, concentration
measurement can be combined with the determination of the contact angle, interfacial
tension, and other variables, which can measured using image analysis. This gives more
detailed view on mass transfer and other phenomena, as these variables are possible to
measure from the same experiment. When mass transfer into droplet forming at and
detaching from needle tip, size, concentration, contact angle and interfacial tension are, in
principle, possible to measure for same droplet.
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Figure 3.13: Comparison of the analyzed droplet concentrations with the standard solution con-
centrations. The standard solutions were 20 vol% Acorga M5640 containing 0-180 mmol L−1

of copper. The droplets were imaged using a Casio Exilim Ex-F1 camera and the parameters of
Eq. (3.6) were determined as shown in Figs. 3.11 and 3.12. The symbols denote the measured
values. The line denotes where the analyzed (20=) and the known solution concentration (2)
are equal for comparison.
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4 Mixing of liquid-liquid systems
Mixing is an essential condition in metal solvent extraction processes. This chapter provides
a summary of mixing in liquid-liquid systems. Liquid-liquid mixing defines the interfacial
area, which largely governs the rate of copper extraction. The feed solutions of copper
extraction include an immiscible, aqueous copper-containing solution and an organic
solution containing an extractant. The mechanical stirring of immiscible liquid solutions
results in dispersion in which one of the solutions forms droplets into another solution. The
droplets are not uniform in size and instead form a size distribution. Droplet size depends
on the impeller type and speed and the physical properties of the feed solutions (Ritcey,
2006). Droplet sizes in a stirred tank are a result of breaking and combining (i.e. the
coalescence) of droplets. The flow pattern and mixing intensity govern droplet dispersion
and coalescence. In zones where mixing intensity is high (i.e. near impeller), conditions
favor a droplet breakage. In zones far from impeller (i.e. near tank wall) mixing intensity is
lower and coalescence is more prominent (Leng & Calabrese, 2004). When the impeller
occupies large part of the tank, fewer differences are expected in the mixing intensity in
different parts of a mixing tank at reasonable range of the impeller rotation. This should
lead to a more uniform mixing and, thus, a narrower particle size distribution. Examples of
such impellers are Spirok mixer (Lilja et al., 2016) and in-line rotor-stator mixers (Paper I).
The rate of extraction (i.e. the mass transfer rate from one phase to another) depends on the
interfacial area of the droplets (Ritcey, 2006).

4.1 Mixing power
The mixing power of the stirred reactors can be calculated using a power number (Po). For
batch reactors, the mixing power is calculated as follows:

% = Pod#3�5
8<, (4.1)

where d is the density, # is the impeller speed and �8< is the diameter of the impeller. For
in-line rotor-stator mixers, mixing power is a combination of the effects of torque, fluid
flow through the rotor-stator gap and losses (Kowalski, 2009). The mixing power in the
turbulent range is expressed as follows:

% = Po/ d#3�5
8< + Po� ¤<#2�2

8< + %! , (4.2)

where first term is analogous to the batch reactor power number (Eq. (4.1)) and second
term describes mixing power due to flow in the rotor-stator gap. %! is power losses are
caused by friction in the bearings etc. Here �8< = �'. Eq. (4.2) without a power loss
term can also be written as Po = Po/ + Po�Fl, where Fl is the impeller pumping number
(Jasinska et al., 2015).
The mixing power and power numbers of rotor-stator impellers used in the CFRs were
determined in Paper II. For batch reactors, the mixing power was calculated using Eq. (4.1).
The impeller power numbers are shown in Table 4.2. The mixing power of a rotor-stator unit
of a smaller reactor (IKA Ultra-Turrax T8) was found using calorimetry in a batch reactor
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using water as a feed (Paper II). Temperature increase was measured as a function of time.
The amount of heat was calculated from the temperature difference (Eq. (A.2)). Mixing
power was determined as the slope of the amount of heat-time curve. The experiments
were repeated by changing the impeller speed and batch size. The determined mixing
power vary from 0.1 to 0.8 W (Paper II). The mixing power measured at each impeller
speed was plotted against the batch size, the slope of the regression line showed the specific
mixing power. Table 4.1 shows the specific mixing powers for the rotor-stator impeller of a
2.5 mL reactor.

Table 4.1: The specific mixing power for an IKA T8 rotor-stator mixer. The power data are for
batch reactor and are taken from Paper II.

# , rpm %/<10C2ℎ, W kg−1

8000 23.2
10000 23.4
15000 60.0
20000 116.4

The effect of flow on the mixing power of the rotor-stator mixer of a 2.5 mL reactor was
estimated in separate calorimetric experiments. An impeller speed of 15 000 rpm was
selected because it was in the turbulent range and was kept constant. Room temperature
water was used as a feed. Temperature was measured from the outlet of the reactor and from
the inside of the reactor. The temperature increase at reactor outlet was not very high, only
about half a degree, and the reactor’s inner temperature was measured for comparison. The
temperature difference was determined by fitting the regression line to the temperature data
to decrease variation. The reactor was insulated, but it was not possible to prevent losses
completely because of the small size and construction of the reactor. This is indicated by
the difference between the reactor and outlet data (See Fig. 4.1).
Mixing power (%) is calculated using Eq. (A.1). When % is plotted against ¤<#2�2,
(Eq. (A.5)), Po� can be determined as a slope of the regression line (Fig. 4.1). ¤< is mass
flow through the reactor. Temperatures were recorded from the reactor and the reactor’s
outlet, which lead to the power numbers (Po�) of 684 and 530, respectively. Thus, the
estimated power number Po� for 2.5 mL reactor was ≈ 600. Fig. 4.1 shows the line
calculated using PoF = 182.5, which was determined for the 9.5 mL CFR for comparison.
As this line is lower than the measured data, implies that the PoF-value determined for a
smaller rotor-stator unit may be the correct order of magnitude.
The mixing power of a larger (9.5 mL) high-shear reactor was determined using the
calorimetric method (Cooke et al., 2012) in Paper I. For an overview see Section A.1.
The temperature differences were determined at different impeller speeds and feed flow
rates. The parameters of Eq. (4.2) were obtained by minimizing the sum of the squared
differences between the measured and calculated temperatures. The density of the water
was used in the calculations. The determined parameters are shown in Table 4.2. The
power numbers (Po, Po/ and Po�) of the rotor-stator mixers are presented in Table 4.2.
The mixing power of Silverson 150/250 unit has been previously studied (Zhang et al.,
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Figure 4.1: Estimation of the power number Po� for a 2.5 mL continuous-flow reactor equipped
with an IKA Ultra-Turrax T8. Power estimation was based on a calorimetric method at a
constant impeller speed (15 000 rpm). The flow rates were changed from 1.8 to 10.5 mL min−1,
and the corresponding reactor residence times varied between 14 and 84 s. Temperatures were
measured from the outlet and inside the reactor. The slope of the regression line was equal to
PoF, and it was 684 (reactor) and 530 (outlet). The '2 is 99.4 % (reactor) and 98.6 % (outlet).
The line calculated using PoF = 182.5, a value determined in Paper II for the IKA Ultra-Turrax
UTL-25 (9.5 mL CFR), is shown for comparison. The filled symbol indicates the data included
in the determination of the power number. The estimated value of Po� for a 2.5 mL CFR was
≈ 600.
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2012). The power numbers (Po/ ) of in-line high-shear mixers are 0.11–0.254 in the
turbulent range. The reported values of (Po�) are between 6.9–10.6. These values are
smaller than power numbers of the rotor-stator units used in this study. However, the sizes
and geometries of the units used in this study (Table 3.3) differ from those in the literature.
The power numbers in the turbulent range for the batch rotor stator mixers depend on the
geometry of the stator (Zhang et al., 2012). The reported power numbers were 1.7–2.3 for
the Silverson unit and 2.4–3.0 for the Ross unit. Gallassi et al. (2019) determined the power
number for the IKA Ultra-Turrax S25N-18G rotor-stator mixer. This mixer resembles the
IKA Ultra-Turrax UTL-25 used in the present work. The power number of the batch reactor
(Po = 3.2) was constant for impeller speeds of 9500 and 13 600 rpm. The power number
(Po/ ) determined in the turbulent range was 0.9 and 1.75 for smaller and larger rotor-stator
units, respectively (Table 4.2 and Paper II). Therefore, the power numbers for the IKA
mixer in the present work are smaller than those reported for similar rotor-stator mixers.
Note that the impeller and reactor geometries are not the same.
Mixing power in the extraction experiments was calculated from Eqs. (4.1) and (4.2). The
estimation of the physical properties for dispersion are described in Section A.7. The
physical properties of the feed solutions and dispersion are shown in Tabs. A.1, A.2, A.9
and A.10.

Table 4.2: The dimensionless power and flow numbers of conventional impellers and IKA
rotor-stator mixers. The mixing power numbers of UTL-25 in the turbulent range are from
Paper II. The flow number (Fl) for the 2.5 mL unit mixer (IKA Ultra-Turrax T8) was not
determined because of the construction of the reactor. T8 refers to the Ika Ultra-Turrax T8
rotor-stator impeller, UTL-25 is the Ika Ultra-Turrax UTL-25 in-line rotor-stator mixer, 4PBT
is a pitched blade turbine with four blades and FBT is a flat blade turbine.

Impeller Po Po/ Po� Fl

T8 0.9a ≈ 600e
UTL-25 1.75a 182.5a 0.05f
4PBT 1.27b 0.79b
FBT 1–1.6d
Propeller 0.34b 0.4–0.6b
Spirok 0.74c

a Tamminen and Koiranen (2015) bHemrajani and Tatterson (2004) c Lilja et al. (2016) d Furukawa et al.
(2012) e See Fig. 4.1 f See Fig. 4.2

4.2 Generated flow of rotor-stator impellers

Impellers generate flow as they rotate during mixing. Flow can be correlated with the
pumping or flow number of the impeller (Fl) (Hemrajani & Tatterson, 2004).

¤+ = Fl#�3 (4.3)
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The water outflow from the 9.5 mL reactor was measured at different impeller speeds
(Section A.2) and without mixing (# = 0). The measured flow rates showed a linear
dependence of #�3, as suggested by Eq. (4.3). The slope of the linear regression line
(i.e. the impeller flow number Fl) was 0.05 for the 9.5 mL rotor-stator unit (See Fig. 4.2).
Interestingly, the Fl value of the UTL-25 is similar to the flow number of the Silverson
150/250 MS in-line rotor-stator mixer (Cooke et al., 2012). They found that Fl varied
from 0.051 to 0.054, depending on the stator type. When the stator was removed, the
Fl increased to 0.072. Jasinska et al. (2015) showed that the flow numbers of Silverson
150/250 MS and other configurations varied but were below 0.08. Higher flow numbers
(0.217) for Silverson 4LRT were reported by Utomo et al. (2008). Note that the Silverson
mixer has two concentric rotors and stators, whereas the IKA Ultra-Turrax UTL-25 has only
one rotor and stator. The flow number of a 2.5 ml rotor-stator unit could not be measured
using the same method, because the reactor has a more open construction.
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Figure 4.2: Determination of the impeller flow number (Fl) for the UTL-25, a rotor-stator
mixer of a 9.5 mL reactor. The impeller speed was varied and the volumetric flow rate ¤+ of
water through the reactor was measured. The flow number is determined using linear regression
as the slope of a line ('2 = 95.5 %). The slope is 0.0495; thus, Fl was 0.05.

4.3 Droplet breakage and coalescence
Stirring in liquid-liquid systems results in complicated flow patterns, which can lead to
complicated droplet breakage results, especially when mixing is turbulent. Consequently,
fundamental breakage studies have been conducted for single droplets in equipment in
which the flow fields are simple and well defined. A droplet breakage depends on the
rate at which the droplet is deformed. Shear strain or elongation rate is described using a
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dimensionless capillary number (Ca). The viscosities of the phases also have an effect.
When droplet deformation indicated by the capillary number, increases over a critical value,
the droplet becomes unstable and eventually breaks. The droplet-deforming forces are
balanced by cohesive forces caused by interfacial tension and droplet viscosity (Leng &
Calabrese, 2004).
Three different breakage mechanisms have been identified: binary breakage, capillary
breakage, and tip-streaming (Jansen et al., 2001). These mechanisms have been studied
using well-defined flow fields. Example of well defined flow fields is one existing between
two counter-rotating cylinders in a Couette apparatus (Bruijn, 1989). There the parallel
planes in flow remain parallel and at constant distance, while they are moving relative to
each other. Such flow field is called as a simple shear. Other types of flow field exist in a
four-roll mill (Bentley & Leal, 1986; Taylor, 1934), in which flow is a planar extensional
type and leads to an elongation-type droplet breakage. A different approach was taken
in Paper VI (Tamminen et al., 2021), in which the copper solvent extraction during the
breakage of a rising droplet was examined. Droplet collision with blade was used to break
the droplet. The equipment used in Paper VI was essentially a simplified static mixer.
Nevertheless, deformations caused by either flow or collision will lead to the breakage of
a droplet. Deformations can be described with a shear rate or a dimensionless capillary
number (Ca), which is expressed as follows(Taylor, 1934)

Ca =
`2 ¤W(3/2)

f
, (4.4)

where `2 is the continuous phase viscosity, ¤W is the shear rate, 3 is the droplet size, and f
is the interfacial tension.
As the shear or deformation rate increases, the capillary number increases. Once Ca
increases over a critical value, the droplet breaks. Fig. 4.3 shows the critical capillary
number values at different viscosity ratios (`3/`2) for a simple shear and elongation type
of breakage. The curves show that the elongation type occurs at lower capillary numbers.
Moreover, once the viscosity ratio increases to 4, a simple shear breakage cannot occur.
Rising droplet collides with the blade (Paper VI) and the set-up is different to Couette or
four-roll mill. It was concluded in Paper VI based on visual inspection of droplet breakage
videos that breakage is elongation type. As can be observed from Fig. 4.4, the breakage
involves both elongation and bending of droplet around the blade. In this case, the blade is
a very simplified static mixer and as such it was found out in Paper VI that breakage event
with blade and in a static mixer (Liu et al., 2008) are similar. The average capillary number
for experiments of Paper VI was estimated to be 0.07 (Fig. 4.3), which supports that the
breakage mechanism is elongation. A droplet breakage according to similar mechanisms
is also possible in stirred tanks, but a more complex flow may lead to different breakage
mechanism.
The shear rate estimation for stirred vessels used for extraction in Paper I was performed
according to the equations in Wu et al.’s (2006) study. The average shear rate around an
impeller can be calculated using the Metzner-Otto correlation (Hemrajani & Tatterson,
2004; Wu et al., 2006):
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Figure 4.3: The effect of viscosity ratio (^ = `3/`2) on a critical capillary number in a single
droplet breakage. Data for simple shear (Bruijn, 1989) and elongation type breakage (Bentley
& Leal, 1986; Stone et al., 1986) are shown. “This work” in the figure refers to the single
rising droplet breakage data from Paper VI. The experiments in Paper VI used an aqueous
copper sulfate solution as a continuous phase, and the droplet phase used was an Acorga M5640
solution. The figure is adapted from Paper VI under a Creative Commons Attribution (CC-BY)
license.

.
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¤W = � B#, (4.5)

where � B is the Metzner-Otto constant, which depends on the geometry of the impeller.
Wu et al. (2006) proposed that the value of � B is dependent on the impeller flow number,
which is constant in the turbulent range. Based on measurements with water using different
impellers, Wu et al. (2006) proposed the following:

� B =

{
≈ 7Fl for axial flow impellers
≈ 14Fl for radial flow impellers

(4.6)

The average shear rate in the tank is several orders of magnitude lower than the shear
around the impeller (Tables. 4.3 and A.7). Wu et al. (2006) estimated the averaged shear
rate on the impeller blade surface as follows:

¤W = ���
D2

2a
, (4.7)

where ��� is a drag coefficient. Its value is in the range of 0.004–0.01. Wu et al. (2006)
set the ��� value to 0.007. The velocity D in Eq. (4.7) depends on the tip speed of the
impeller as follows (Wu et al., 2006)

D =

DC8?
√[

1 + 4Fl
c2

]
for axial flow impellers

≈ DC8? for radial flow impellers,
(4.8)

where impeller tip speed (DC8?) is expressed as follows (Hemrajani & Tatterson, 2004):

DC8? = c#�8< (4.9)

Hemrajani and Tatterson (2004) showed a different relation for the maximum shear rate on
an impeller blade

¤W ≈ 2000# (4.10)

The estimated average shear rate for an impeller is shown in Table 4.3. The shear rate in a
9.5 mL CFR is three times higher than that in a batch reactor. The average shear rate in a
tank is about one magnitude smaller than the impeller shear rate (Hemrajani & Tatterson,
2004). The observed droplet sizes in Fig. 4.7 are two- to three-fold smaller in the CFR.
This implies that the average shear rates and average drop sizes are inversely proportional.
The shear rates on the impeller surface are much higher than those in the adjacent region
(Hemrajani & Tatterson, 2004). This is illustrated by the shear rate calculated for the rotor-
stator gap (Eq. (4.11)), which is 20-fold smaller than that on impeller surface (Table A.7).
This implies that the high shear rates on the impeller surface decrease rapidly as a function
of distance in the rotor-stator gap (gap width is 0.45 mm; Table 3.3). The maximum
impeller shear rates (Eqs. 4.7 and 4.10) are three orders of magnitude higher than the
average value in both reactors (Tables 4.3 and A.7). According to Atiemo-Obeng and
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Calabrese (2004), the shear rates in rotor-stator mixing devices are between 20 000 and
100 000 s−1. The calculated shear rates in Table A.7 for rotor-gap are in this range, while
the calculated rotor tip shear rates are about five-fold higher.
The shear rate ( ¤W) in the rotor-stator gap is calculated from Adler-Nissen et al.’s (2004)
study:

¤W = c�8<#/;6, (4.11)

where the impeller diameter �8< is taken to be that of rotor (�') and ;6 is the width of the
gap between the rotor and the stator. The shear rate on the rotor-stator gap can be compared
to the maximum shear rate in flow (Hemrajani & Tatterson, 2004).

¤W ≈ 150# (4.12)

Circulation times (C28A2 = +A/(�;#�8<3)) are about 1.5 s and 0.2 s for the batch reactor
(+A = 7.7 L, # = 550 rpm) and the CFR (+A = 9.5 mL, # = 13 500 rpm), respectively. The
maximum shear areas can deform droplets and break them up, as both Ca and ;34 5 are
greater than 0.3 (Table A.7). However, the maximum shear rate is present in very narrow
regions around the impeller tip (Wu et al., 2006). As the circulation times of the reactors
are under 2 s the droplets remain only for a short time in the region with the highest
shear. Droplet deformations and breakages are not instantaneous, as shown in Fig. 4.4.
The maximum shear regions can affect the breakage, but the short residence times of
the droplets in these regions is perhaps the reason why the average shear rate (Eqs. (4.5)
and (4.6)) correlate with the droplet size.
The droplet deformation (�34 5 ) is defined as follows (Taylor, 1934):

�34 5 =
3<0 9>A − 3<8=>A
3<0 9>A + 3<8=>A

, (4.13)

where 3<0 9>A and 3<8=>A are the elliptical droplet major and minor axes, respectively.
According to Taylor (1934), when deformations are small, the above equation is equal to

�34 5 =
19(`3/`2) + 16
16(`3/`2) + 16

Ca (4.14)

The critical elongation ratio (i.e. elongation above which a droplet breaks) varies as a
function of the viscosity ratio (Stone et al., 1986). Elongation ratio is defined as 3<0 9>A/34@E ,
where 34@E is the diameter of the sphere, which has the same volume as a spheroid droplet.
The critical value for 3<0 9>A/34@E was 4–5. Stone et al. (1986) used a four-roll mill in their
experiments. The elongation ratio calculated for stirred reactors (Table 4.3) is small, about
4 × 10−4 , which implies that droplets are, on average, close to a sphere in stirred reactors.
The effect of droplet breakage on mass transfer was examined in Paper VI, in which single
rising droplet containing Acorga M5640 in Exxsol D80 was broken (Section 3.3). The
droplet rises through the copper sulfate solution, hits the blade, deforms, and eventually
breaks into two. The droplet breakage was recorded in video, which was later analyzed
for the droplet’s inner copper complex concentration, size and velocity before and after
breakage.
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As the organic droplet collides with the blade, it elongates and bends around the blade
prior to the breakage (Fig. 4.4). The rising droplet is large enough that it wobbles as it
moves through the continuous phase. The droplet moves sideways due to wobbling, and the
collision point changes. This changes the sizes of the forming droplets and their breakage
times. In the ultimate case, the droplet moves further on the side resulting in asymmetric
collision. The droplet deforms but ultimately does not break. The elongation 3<0 9>A/34@E
is 1.1 for a rising droplet, 1.6 for a non-breaking droplet and 1.8 for a breaking droplets13.
The critical elongation observed in Paper VI was smaller than those observed by Stone
et al. (1986), and it was presumed to be due to bending around the blade. The changes in
the collision point did not seem to affect maximum elongation much. This is also shown in
Fig. 4.4.

Figure 4.4: Rising droplet breakage after collision with a blade. Each row of images shows
the breakage of a droplet containing Acorga M5640. The continuous phase is aqueous copper
sulfate. During experiment, copper was extracted into a droplet, as indicated by the dark brown
color on the droplet surface. The droplet wobbled as it rose, and the droplet collision point
with the blade changed, altering the sizes of forming droplets. This figure is adapted from
Paper VI under a Creative Commons Attribution (CC-BY) license.

The effect of a droplet breakage on mass transfer was studied in Paper VI. A concentration
analysis was conducted using an image analysis method presented in Paper III (Section 3.7).
The experimental work was made in Peltola (2017). The breakage was found to increase the
copper extraction to 0.5 mmol L−1. This concentration increase is due to the limited time (≈
0.1 s) available for extraction during breakage. The relative droplet concentration increased
1.1–1.2-fold during droplet breakage. The increase in droplet breakage in interfacial area
was 1.1–1.4-fold. The increase due to the breakage was presumed to be caused by the
increased interfacial area and the increased internal mixing of the droplet.

13Elongation ratios were estimated from video frames using ImageJ (Schneider et al., 2012) (imagej.net).
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Table 4.3: Estimation of the average shear rate in a batch reactor and a 9.5 mL continuous-flow
reactor. The variable values needed for the estimation of the shear rates, the capillary numbers
and the droplet deformation are shown. The mixing is in a turbulent range (Table A.8).
Impellers: 4PBT is a pitched blade turbine with four blades, and UTL-25 is an Ika Ultra-Turrax
UTL-25 rotor-stator mixer.

Batch 9.5 mL CFR Note

Impeller 4PBT UTL-25
Impeller type Axial Radial
Fl 0.79 0.05 See Table 4.2
# , rpm 550 13500
3, µm 325 86a See Section 4.4
`3/`2 1.63 1,63 See Table A.10
� B 5.53 0.7 Eq. (4.6)
¤W, s−1 50.7 157.5 Eq. (4.5)
Ca for reactor 3.9 × 10−4 3.2 × 10−4 Eq. (4.4)
;34 5 for reactors 4.3 × 10−4 3.5 × 10−4

a Residence time > 5 s

The energy dissipation rate during a single droplet breakage was found to be correlated
with the maximum droplet size in Paper VI. The maximum droplet size and specific power
input (%/<) correlated with a wide variety of contacting devices (Davies, 1987) (Fig. 4.8).
The relation between droplet size and %/< implies that single droplet observations could
also be applied to stirred tanks (Paper VI). This indicates that the droplet breakage also has
an effect on mass transfer in stirred tanks.
Droplet coalescence is the reverse process of droplet breakage, in which droplets combine
together to form larger droplets or the droplet coalesces at the planar interface between
the droplet and continuous phases. If two droplets, with a suitably low velocity difference
approach each other, the coalescence can take place according to Ritcey (2006). The
coalescence process starts when droplets almost touch each other. After the initial contact,
the droplets do not combine immediately because they are still separated by a thin layer of
continuous phase between the droplet interfaces. This layer begins to thin as soon as the
droplets approach each other. Layer or film thinning occurs as the continuous phase flows
out of the film between the droplets. As film thinning continues, the critical thickness is
reached at which the film ruptures. Surface oscillations start the film rupture. Thinning and
rupture take rest time, during which the droplets remain close to each other. If the droplets
have a too large velocity difference, they move away before the film is thinned enough
for coalescence to happen. The rest time varies because of stochastic nature of the film
rupture. After the film ruptures, the droplet contents start to flow together and form a larger
droplet (Ritcey, 2006). The droplet coalescence has same steps, whether it occurs with
another droplet or at the phase interface. The coalescence can be also be partial affecting
on DSD (Ritcey, 2006). Fig. 4.5 shows an example of binary droplet coalescence after film
rupture. The coalescence sequences observed in copper and ammonium sulfate solutions
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are similar to each other and to the flow simulation. This indicates that the presence of
copper extraction does not have much effect on coalescence.
The effect of coalescence on mass transfer in copper extraction was examined in Paper V,
in which copper concentrations in the Acorga M5640 droplets before and after coalescence
were determined using an image analysis method (Paper III). Mass transfer was not affected
by coalescence in copper extraction because of the short coalescence time (0.03 s) and
absence of mixing during coalescence. The droplet approach is gentle, and there are no
rapid collisions or movements prior to coalescence, which could lead to additional mixing.
The short coalescence time together with decrease of interfacial area and minimal mixing,
did not led to additional mass transfer in coalescence. It was thus concluded in Paper V that
droplet coalescence does not enhance mass transfer for the operating conditions studied.
These findings are in contrast to those in the breakage study (Paper VI), which found that
droplet breakage enhanced mass transfer. Droplet collision and subsequent breakage are
much more energetic processes than coalescence, leading to better mixing in and around
the droplet during breakage. Moreover, breakage increases, and coalescence decreases the
available interfacial area, which leads to higher mass transfer due to breakage.
The droplet breakage and coalescence, together with droplet the collision rate, determine
the DSD in stirred tanks (Lovick et al., 2005). The droplet size determines the interfacial
area and affects the diffusion path length, as indicated by Eq. (A.9). Coalescence decreases
the interfacial area. As it is gentler process than breakage, it does not lead to an observed
increase in mass transfer. Conversely, breakage generates more interfacial area because
breakage results from collisions or shearing, which also lead to enhanced mixing. In stirred
tanks, there are regions with intense mixing near the impeller, where breakage dominates,
and regions with relatively gentle mixing, where coalescence dominates. Therefore, the
behavior observed in the single droplet breakage and coalescence experiments presented in
Paper VI and in Paper V, is presumed to also occur in stirred tanks.

4.4 The measured droplet sizes
The droplet sizes were measured for copper extraction in Paper I, as a chord lengths using
laser back-scattering (3D-ORM) (Section A.4). The chord length distributions are shown
in Fig. 4.6. The chord lengths and thus the droplet sizes generated by 9.5 mL CFR are
clearly smaller compared to 7.7 L batch reactor. This is due to intensified mixing present
in CFR. The feed flow rate, and thus residence time of CFR does not change distribution
mode, which is approximately 40-50 µm. However, the increase in feed flow rate seems to
increase fraction of smaller droplet sizes.
Conversion to droplet sizes was not conducted in Paper I because chord lengths were
considered sufficient for the purposes of the study. The conversion of chord lengths to
droplet sizes requires knowledge of the geometry of droplets. Conversion can be performed
using Pandit and Ranade’s (2016) method, in which droplets are assumed to be spheres. The
estimated average capillary numbers for the impeller are small in both reactors (Table 4.3
and Section 4.3). The droplet deformations estimated from Eq. (4.14) indicate that the
droplets are, on average, spherical in both reactors. Therefore, the method of Pandit and
Ranade (2016) is applicable in this case.
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Figure 4.5: Binary coalescence of stationary pendant and sessile droplets in copper solvent
extraction. The interfaces in the film between the droplets break and droplet contents start to
flow together. Eventually, the droplets combine into a single, larger droplet. The droplet phase
was 20 vol% Acorga M5640. The experimental coalescence sequence without extraction (first
row) and with extraction (second row) was compared with the flow simulations (third row).
The continuous phase was 0.16 mol L−1 (NH4)2SO4 or CuSO4. The simulation was based on
a level-set method implemented in Comsol Multiphysics. The figure is adapted from Paper V
under a Creative Commons Attribution (CC-BY) license.
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Figure 4.6: The chord length distribution as the in-line measurement for copper solvent
extraction measured in 9.5 mL continuous-flow and 7.7 L batch reactors. The impeller speed
was 13 500 rpm in continuous-flow reactor. In a batch reactor, a conventional pitched blade
turbine impeller was used at 550 rpm. The feed concentrations and other parameters were
the same as in the extraction experiments (Tables 3.2 and 3.1). The measurements in a
continuous-flow reactor were made by varying the total volumetric feed flow rate. The figure
in Paper I was reproduced from the original data.
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The chord length data were converted to droplet sizes using Pandit and Ranade’s (2016)
method. The DSD is determined as an inverse problem in which parameters (mean and
standard deviation) of log-normal DSD are first guessed. The DSD and corresponding
chord length distribution (CLD) are then calculated. The calculated and measured CLD
are then compared and DSD parameters are changed until the CLDs match. In practice this
is done by fitting the DSD parameter values. Fig. A.3 shows an example of the calculated
DSD and fitted and measured CLDs.
The characteristic droplet sizes are calculated from the DSD. One such droplet size is
the Sauter mean diameter (332), which has practical importance. It is related to specific
interfacial area (0 = �/+) as follows:

0 =
6G>A6
332

(4.15)

Another characteristic droplet size is �90. 90 % of droplets in the DSD have a smaller
size than �90. The largest measured droplet size can vary greatly from measurement to
measurement due to presence of gas bubbles. The maximum stable droplet size �<0G) was
thus approximated with �90.
The chord lengths in the reactor were monitored through continuous periodic measurement
for at least 25 min to ensure that the CFR was in a steady state or that the batch reactor
was in equilibrium. The repeated chord length measurements were converted to droplet
sizes. The median droplet size (332) decreases as a function of residence time (Fig. 4.7).
The median values decrease from 160 µm to 80 µm, as the residence time increases from
1.3 s to 5 s. At longer residence times, the droplet size remains constant. The chord lengths
were found to decrease as a function of the reactor residence time in Paper I.
The mixing power of 9.5 mL CFR was found to decrease as a function of residence time
(Paper II). This is caused by the flow through rotor-stator gap, as indicated by Eq. (4.2).
The inlet flow enters in the middle of 9.5 mL CFR and outlet is on side (Fig. 3.6b). The
construction of the 9.5 mL reactor ensures, that the flow is forced through the rotor-stator
gap. However, this added mixing power does not translate to smaller droplets (Fig. 4.7).
This is presumably caused by droplet breakage (Fig 4.4) and coalescence, which are not
instantaneous processes. Fig. 4.7 illustrates the droplet breakage kinetics in an in-line
high-shear mixer. A residence time of 5 s is required until a minimum droplet size is
reached in the 9.5 mL CFR (# = 13 500 rpm, %/< = 3800 W kg−1).
Kolmogorov microscale length (_ = (a2/(%/<))1/4 indicates the smallest scale of
movement in turbulent reactors. The microscale length depends on the mixing power, and
the generated droplets are larger than _ (Leng & Calabrese, 2004)). Fig. 4.7b shows a
comparison of the Sauter mean diameter determined for a 7.7 L batch reactor and a 9.5 mL
CFR to the Kolmogorov microscale length. The figure shows that at the shortest residence
times of the CFR, the droplet size increases, while _ decreases. This behavior is due to
the droplet breakage kinetics in the CFR (Fig. 4.7a). The droplet sizes decrease until the
residence time is greater than 5 s The line in Fig. 4.7b indicates the trend in the steady state
droplet size data.
In this study, the 332 value calculated from the DSD was 323–327 µm (impeller = 4PBT,
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Figure 4.7: The effect of residence time (g) of 9.5 mL CFR on determined droplet size (a) and
the observed Sauter mean diameter as a function of Kolmogorov length scale (_ ) (b). The
droplet sizes were measured in Paper I using 13 vol% LIX 984 and copper sulfate solutions.
The filled symbols in (a) indicate median droplet size and the open symbols show droplet sizes
presented in Paper I (Fig. 4.6). The error bars in (a) indicate 95 % confidence limits. The
droplet sizes in the 9.5 mL CFR are in steady state, when g > 5 s (a). The trend is indicated
with line in (b). The filled symbols indicate data included in trend line fit. The inset shows the
close-up of CFR data for easier comparison.

# = 550 rpm). Navarro Donoso et al. (2020) found based on settling rate measurement,
that an average droplet size is 389 µm. They mixed organic phase containing LIX 984N
in Shellsol 2046AR and aqueous copper sulphate solution at 400 rpm. The droplet sizes
measured for stirred reactors in this study and in Navarro Donoso et al. (2020) were roughly
the same order of magnitude and consistent in the sense that a higher impeller speed
gave a smaller droplet size. Chen (1994) measured the droplet sizes for a Morton flask
with high-speed stirring using the interfacial adsorption of active component of LIX 860.
Carter and Freiser’s (1980) interfacial adsorption method can be used to measure the
interfacial area. The specific interfacial area was found to be 194.8±10 cm−1 at 5000 rpm.
This translates into a 332 of 123.5 ± 6.3 µm (Eq. (4.15)). It is larger than droplet sizes
measured for 9.5 mL CFR at longer residence times (Fig. 4.7a). The droplet sizes from
other high-speed stirring studies (Aprahamian Jr., 1985; Chamupathi, 1987; Dietz, 1989)
are in approximately the same order of magnitude. The droplet sizes decrease as the
impeller speed increases in Morton flask. However, when # > 5000 rpm, the droplet sizes
reach a constant value according to Aprahamian et al. (1985), Aprahamian Jr. (1985). A
higher impeller speed and a smaller droplet size were observed in this study compared to
Chen (1994). moreover, the droplet size can decrease well below 1 `m, when the local
power increases to 109 W kg−1 (Fig. 4.8). Therefore, the droplet size plateau observed by
Aprahamian et al. (1985) and, Aprahamian Jr. (1985) is presumed to be a device-dependent
phenomenon.
As expected, droplet sizes decrease when mixing is intensified. The mixing in both reactors
is turbulent (Table A.8). Davies’s (1987) local power approach was used in correlating
the droplet size data for copper extraction (Fig. 4.8a). The power that dissipated in the
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Figure 4.8: Correlation (332 ∝ (%/<)��) of the measured droplet sizes as a function of local
power is shown in (a). The data from Davies (1987) and single droplet data from Paper VI
are shown for comparison. The steady-state droplet sizes of the continuous-flow reactor were
included into fit (Fig. 4.7). Note that interfacial tension correction was not made for copper
extraction data (Davies, 1987). The exponent �� for copper extraction is compared to the
values determined at different dispersed phase volume fractions (b). The correlations for
different datasets by Desnoyer et al. (2003) were fitted by present Author. The data from Davies
(1987) and Desnoyer et al. (2003) were reproduced digitally using Engauge Digitizer (Mitchell
et al., 2018).

region of the impeller blade tips, the so-called local power, was used by Davies (1987) to
correlate of droplet sizes with power for different devices. The volume of the impeller tip
region was taken as half of the impeller swept-out volume, which is equal to c(�8</2)2;1ℎ,
where ;1ℎ is the height of the impeller blade. Fig. 4.8 shows the droplet size data from
7.7 L batch reactor and 9.5 mL CFR plotted against local power. As expected, the droplet
sizes decrease as the mixing power increases (Fig. 4.8a). The droplet size is proportional
to local power to the exponent of −0.24
When a specific mixing power (%/<) is used instead of local power, the correlations
were 332/`m =

%/<
W kg−1

−0.157
102.492 (Table 7.1) and �90/`m =

%/<
W kg−1

−0.157
102.612. The

difference between the local and specific power correlations is due to differences in device
geometries. The mixing in both reactors is turbulent (Table A.8). The steady-state droplet
sizes of the 9.5 ml CFR (Fig. 4.7) were used in the fit, together with the batch reactor data.
The data in Fig. 4.8a shows that 3 ∝ (%/<)−0.4 (Leng & Calabrese, 2004). The effects of
the dispersed phase volume fraction on the value of the exponent �� in 3 ∝ (%/<)−�� are
shown in Fig. 4.8b. The exponent values determined from the data of Desnoyer et al. (2003),
show that value of �� decreases from 0.4 to 0.25, as i increases from 0.1 to 0.6. The
exponent �� value in a low dispersed phase volume fraction is 0.4 (Fig. 4.8b) Therefore,
the differences in the droplet size trends shown in Fig. 4.8a are due to differences in the
dispersed phase volume fraction. The decreasing value of exponent �� can be attributed to
the increased number of collisions; thus, coalescence, as a dispersed phase volume fraction
and the number of droplet increase. The value shown in Fig. 4.8a agrees reasonably with
the data of Desnoyer et al. (2003) (Fig. 4.8b).
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5 Modeling of the copper solvent extraction
The mathematical model for copper extraction is described in this chapter. The modeling
includes aqueous and organic speciation reactions. The model was used to determine the
extraction kinetic and equilibrium constants. The copper solvent extraction model for
the hydroxyoxime-type extractant was based on Paper I. The aqueous- and organic-phase
reactions are described in Section 5.1. The aqueous- and organic-phase speciation models
shown in Paper I were extended to include copper hydrolysis and extractant self-association,
respectively.
The aqueous and organic reactions, along with the mass balances (Section 5.2), are used
when solving the species concentrations in both phases. After speciation is calculated, the
model can be used to calculate either the extraction equilibrium (Section 5.3) or the kinetic
constant (Section 5.4). A different reactor model is used for the batch reactor and CFR
(Section 5.5). The same approach can be used when modeling the solvent extraction of other
metals when the necessary aqueous- and organic-phase speciation constants are known
(Table 5.1). The reaction rate equation may vary depending on the extraction mechanism
for each metal and extractant. Extending the model to multi-metal extraction should be
straightforward. The present model was developed for extraction at room temperature, but
use in other temperatures is possible provided that the constants for the speciation and
extraction equilibrium are known.

Table 5.1: Extraction model parameters.

Constant Symbol Unit Value source

Kinetic : L mol−1 s−1 Kinetic data (Section 5.4)
Extraction equilibrium  � Equilibrium data (Section 5.3)
Initial [H2SO4] [H2SO4]0 Calculations (Section 5.4)
CuSO4(aq) formation  CuSO4

L mol−1 Powell et al. (2007)
HSO –

4 formation  HSO −
4

L mol−1 Smith et al. (2004)
H2SO4(aq) formation  H2SO4

L mol−1 Ringbom (1963)
Hydrolysis  ∗ Powell et al. (2007)
Extractant self-associationa  066 L mol−1 Vasilyev et al. (2017)
Loading capacity [HA]max mol L−1 Measurements (Table 2.6)

a Used when the extractant is Acorga M5640.

5.1 Speciation
Metal cations can form complexes with aqueous phase anions such as sulfate (Section 2.1).
When metal is complexed with sulphate anions, it cannot directly react with the extractant.
Any complex formation reduces the concentration of a hydrated metal cation. As indicated
in Eq. (1.1), the hydrated metal cation is the species that reacts with the extractant. The
metal cation concentration can be calculated from the aqueous-phase speciation model
when the formation constants for all reactions are known.
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Speciation reactions occur in the bulk aqueous phase (Casas et al., 2000; Hu & Wiencek,
2000). In Paper I, these reactions were assumed to be faster than copper extraction with
hydroxyoxime at the phase interface. The aqueous-phase complexation reaction, such as the
formation of aqueous copper sulfate (Eq. (5.6)), are fast reactions. : > 107 s−1 for formation
of CuSO4(aq). This is close to the water exchange rate of copper (Eigen & Wilkins,
1965). The formation of bisulfate ions (Eq. (5.1)) is even faster (: = 1.1 × 1011 L mol−1 s−1)
(Benson (1960)). The equilibrium constant for forming aqueous copper sulfate and bisulfate
is 101.0 (Fig. 2.3) when the ionic strength ≈ 0.1 mol L−1. Therefore, the kinetic dissociation
constant for aqueous complexes is six (CuSO4(aq)) and ten (HSO –

4 ) orders of magnitude
higher than the kinetic constant (: = 5.6 L mol−1 s−1) measured for 9.5 mL CFR for copper
extraction in Paper I. The aqueous speciation reactions are much faster than the intensified
extraction. Therefore, aqueous-phase speciation reactions are practically in equilibrium
at all times. This confirms the assumption made in Paper I. When metal is extracted and
the metal cation concentration in the aqueous phase decreases, metal-sulfate complexes
start to break due to a shift in equilibrium, thus releasing metal cations, which can then be
extracted.
When the aqueous phase pH is low enough that hydrolysis can be omitted, the aqueous
speciation reactions included in the copper extraction model are as follows:

SO 2−
4 + H+ � HSO −

4 (5.1)

Cu2+ + SO 2−
4 � CuSO4(aq) (5.2)

HSO −
4 + H+ � H2SO4 (5.3)

H2O� OH− + H+ (5.4)

The corresponding equilibrium constants are as follows:

 HSO −
4
=
[HSO −

4 ]
[SO 2−

4 ] [H
+]

(5.5)

 CuSO4 (aq) =
[CuSO4(aq)]
[Cu2+] [SO 2−

4 ]
(5.6)

 H2SO4
=

[H2SO4]
[HSO −

4 ] [H
+] (5.7)

 F = [OH−] [H+] (5.8)

The effect of ionic strength on aqueous speciation equilibria is considered using Eq. (2.15).
The main organic-phase species in copper extraction are diluent, copper complex CuA2
and hydroxyoxime (HA) (Section 2.2). In the extraction, the organic solution is saturated
with water, and the self-association of hydroxyoximes (Eq. (2.17)) can be assumed to be
negligible (Piotrowicz et al., 1989). This approach was used in Paper I. When extractant
contains a modifier, such as Acorga M5640, the extractant-modifier interactions can
affect the extraction equilibrium. For example,Vasilyev et al. (2017) reported that the
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self-association constant ( 066) of Acorga M5640 is 4.39 L mol−1. Vasilyev et al.’s
(2017) speciation model does not contain interactions with a modifier. The  066-value
is presumed to be a combined measure for organic-phase extractant interactions, and it
includes interactions of the extractant with a modifier as well as a possible extractant
self-association. The data from Vasilyev et al. (2017) was recalculated using the model
described in this chapter using  066 = 4.39 L mol−1.
To the best of present authors’ knowledge, the kinetics for the organic-phase reactions such
as extractant self-association, are not known. However, because these reactions occur in the
bulk organic phase, they are presumed to be much faster than extraction reaction, similar to
aqueous phase speciation reactions.

5.2 Mass balance equations
The mass balances for copper, sulfur and hydrogen are based on equations presented by Hu
and Wiencek (2000), Casas et al. (2000) and Paper I. The mass balances for copper, sulfur
and hydrogen are as follows, respectively:

[CuSO4]0 i0@ = ( [Cu2+] + [CuSO4(aq)])i0@ + ([CuA2]>A6 − [CuA2]>A6, 0)i>A6 (5.9)

[CuSO4]0 + [H2SO4]0 = [CuSO4(aq)] + [SO 2−
4 ] + [HSO −

4 ] + [H2SO4(aq)] (5.10)

2 [H2SO4]0 + 2
�

i0@
= [H+] + [HSO −

4 ] + 2 [H2SO4(aq)] (5.11)

where � is defined as the copper concentration difference due to the mass transfer from the
aqueous to the organic phase. i0@ and i>A6 are volume fractions of aqueous and organic
phase, respectively. The definition of � is as follows:

� = ( [Cu]0@, 0 − [Cu]0@) i0@ = ( [Cu]>A6 − [Cu]>A6, 0) i>A6 (5.12)

The copper concentrations in Eq. (5.12) are the total concentrations in each phase. For
backextraction, � is negative because copper transfers from the organic to the aqueous
phase. Finally, the charge balance of aqueous-phase species should be satisfied:

2 [Cu2+] + [H+] = [OH−] + [HSO −
4 ] + 2 [SO 2−

4 ] (5.13)

The aqueous-phase concentrations were calculated from the speciation equations (Sec-
tion 5.1) and mass balances. The pH of the aqueous feed was 1.814 and it was adjusted

14Avelar et al. (2017) presented that HSO –
4 and SO 2–

4 are predominant and [H2SO4 (aq)] negligible in
uranium sulfate solutions (pH = 0–0.6). Calculations of present study showed that [H2SO4 (aq)] is small
compared to concentrations of sulfate and bisulfate at the studied pH-range. However, H2SO4 (aq) was not
omitted from speciation model, as same model was used also in modeling of back-extraction data in Paper I
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with concentrated sulfuric acid. The volume of acid added to the feed (+ (H2SO4)0) was
calculated using a minimizing equation ( [H+]<40B, 0 − [H+]20;2, 0)2. [H+]<40B, 0 was calcu-
lated from the pH by assuming that pH = − log10 [H+]<40B, 0. Corresponding [H2SO4]0
and other initial values were used in the calculation of the composition of the aqueous
phase. The speciation equations are a function of � (see Eq. (5.12)), and they are solved
using the non-linear conjugate gradient algorithm (Virtanen et al., 2020).

5.3 Copper extraction equilibrium
The extraction of copper with hydroxyoxime is an equilibrium reaction. When divalent
copper is extracted with hydroxyoxime (HA), the reaction has stoichiometry shown in
Eq. (1.1) (Flett, 1977; Flett et al., 1973). The apparent equilibrium constant of the
reaction (Eq. (1.1)) is a ratio of the extraction (forward reaction, : 5 F) to the back-extraction
(backward reaction, :1F) kinetic constants and can be expressed as follows:

 � =
: 5 F

:1F
=
[CuA2]>A6 [H

+]2

[Cu2+] [HA]2>A6
(5.14)

In addition to hydroxyoximes, Eq. (1.1) describes the copper extraction stoichiometry with
Kelex 100 (Molnar, 1980). Eq. (5.14) describes the extraction equilibria with Kelex 100.
The extraction equilibrium constant was calculated from Eq. (5.14) after the aqueous and
organic speciation equations (Section 5.1) were solved.

5.4 Copper extraction kinetics
Copper transfers from one phase to another at a certain rate during extraction. The
rate depends on initial conditions, such as copper concentration and pH in the aqueous
feed and the extractant, copper, and possible modifier concentrations in the organic feed.
Temperature, diluent, phase volume ratio, mixing power, and impeller type are other
parameters affecting the extraction rate.
In this study, the pseudo-homogeneous kinetic constant for a copper extraction reaction was
calculated. Reactor models were constructed for a batch reactor and a CFR. By determining
the lumped parameter, knowledge of the exact value of the interfacial area and diffusion
path length is not necessary for comparing reactors. The mixing intensity defines the
droplet size and thus available interfacial area and diffusion path length. The lumped
kinetic parameter contains other effects such as temperature, initial concentrations and
mixing. Consequently, lumped kinetic parameter is equipment specific.
The copper extractionmechanism for hydroxyoximes by Flett et al. (1973)was used in Paper I.
The copper extraction mechanism was also examined by Miyake et al. (1986), Paatero
(1982), and Freiser (1988). During extraction, copper complexation with hydroxyoxime
occurs in the vicinity of the interface, on the aqueous side of the interface (Komasawa
et al., 1980; Miyake et al., 1983; Paatero, 1982). The extraction mechanism of copper
presented by Flett et al. (1973) begins when the extractant molecule (HA) adsorbs from the
bulk organic phase to the liquid-liquid interface:
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HAorg � HA (5.15)

Copper reacts with hydroxyoxime at the interface and forms a labile intermediate complex
CuA+:

Cu2+ + HA� CuA+ + H+ (5.16)

Copper and hydrogen ions reside at aqueous side of interface. As extraction proceeds,
copper ions diffuse from bulk aqueous phase towards interface trough the stagnant interfacial
layer. The copper ion diffusion is caused by extraction of copper ions, which are complexed
with hydroxyoximes and ultimately transferred into organic phase. This decreases in
copper concentration at the vicinity of the interface. At the same time, the hydrogen ions
are released into aqueous side of interface. The changes in copper and hydrogen ion
concentrations near interface are the driving force for the diffusion of H+ and Cu2+ to and
from the bulk aqueous phase.
Complexation continues with the addition of a second hydroxyoxime molecule into the
complex. An electrically neutral interfacial complex CuA2 is formed as follows:

CuA+ + HA� CuA2 + H+ (5.17)

This complex can desorb from the interface and diffuse to the bulk organic phase, because
it does not have a charge:

CuA2 � CuA2, org (5.18)

The overall reaction of this reaction series is as follows:

Cu2+ + 2 HAorg � CuA2, org + 2 H+, (5.19)

which is identical to reaction (1.1). The hydration water molecules are omitted from
the above equations. The same mechanism was used in the modeling of extraction and
back-extraction in Paper I. According to Molnar (1980), copper extraction with Kelex 100
has the same stoichiometry. The copper extraction mechanism with Kelex 100 has the
same complexation steps (i.e., Eqs. (5.16) and (5.17)), and the rate determining step (RDS)
is the second complexation, as in the case of copper extraction with hydroxyoximes. The
similar copper extraction mechanisms with hydroxyoximes and Kelex 100 may be due to
the structure of extractant molecules (Fig. 2.5). Both molecules have nitrogen and oxygen
in the hydrophilic head, in the positions where they can bond with copper.
Copper complexation with hydroxyoximes (Eq. (5.17)) involves the replacement of water
molecules from the hydration shell of a copper cation with a hydroxyoxime ligand.
According to Paatero et al. (1990), the replacement of hydration waters during copper
extraction can proceed through the Eigen mechanism for ligand exchange. The oxime
group in extractant is also hydrated (Paatero, 1982), and complexation results in less
hydrophilic copper chelate, which are readily transferred to the bulk organic phase15. The

15This is illustrated in the the aqueous solubility of E-LIX 65N and Z-LIX 65N, which are 0.33 and
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divalent copper cation is hexa- or penta-hydrated in aqueous solutions, and hydroxyoximes
are bidentate ligands. Therefore, at least four hydration water molecules are replaced, as
indicated in reaction (5.19). Typically extracted complex is given as CuA2, which implies
that all water molecules are released during the extraction.
According to Freiser (1988), copper extraction with hydroxyoximes is unusual, as the
copper extraction rate has a second-order ligand concentration dependence, and the RDS in
the mechanism by Flett et al. (1973) is the formation of CuA2 (reaction (5.17)). First-order
ligand concentration dependence is frequently observed (Freiser, 1988). An example of
such a reaction is nickel extraction with LIX 65N. First-order ligand dependence implies
that the RDS is a formation of NiA+ (in comparison to reaction (5.16)). In the case of
copper, the first complexation of hydroxyoximes is fast, as the hydrated copper cation
has added lability due to the Jahn-Teller effect. After the hydroxyoxime is complexed,
the Jahn-teller effect is absent. (Section 2.1.3). This shows that the RDS of the copper
extraction mechanism is the second complexation (i.e. formation of CuA2). The nickel
cation does not have the Jahn-Teller effect and behaves the opposite way, according to
the Eigen mechanism. The first complexation of hydroxyoxime with nickel increases the
lability of the remaining hydration water molecules and increases the rate of the second
complexation. Therefore, the extraction mechanisms for copper and nickel are consistent
with the aqueous-phase water exchange rates (Helm & Merbach, 2005).
The interfacial nature of copper extraction is illustrated in Fig. 3.2. The organic-phase
color changes from brown to black as extraction proceeds. Conversely, the brown color is
absent from the aqueous phase, due to the low aqueous phase solubility of hydroxyoximes.
Solubility is about a few mg L−1 (Ashbrook, 1972; Flett, 1977; Hanson et al., 1978). The
copper cation, as an ionic species, has low solubility in the organic phase. Therefore,
the droplet interface is where both compounds are present at higher concentrations. The
droplet edge is dark, as shown in Fig. 3.2. To some extent, this is due to the light refraction
and reflections in the droplet, and partly to the formation of a colorful copper complex at
the interface.
The formation rate of copper complex at the interface during extraction can be much higher
than the observed extraction rate. For example, Carter and Freiser (1980) examined copper
extraction with LIX 65N using high-speed stirring and observed extraction rate of 1.37.
This corresponds to the complexation rate of 2.2 × 107 L mol−1 s−1, which is similar to a
typical divalent copper cation substitution reaction rate (Carter & Freiser, 1980). Therefore,
copper complexation with hydroxyoximes can be faster than the extraction rate, but this
complexation is confined to the interface. The resulting extraction rate is constrained by
the available interfacial area.
The copper extraction mechanism begins with the adsorption of the monomer into the
interface (reaction (5.15)). When the extractant’s self-association in the organic phase
cannot be neglected, part of the extractant exists as a self-associated “dimer” in the
organic phase. This species dissociates according to (HA)2, >A6 � 2HA>A6, releasing the
hydroxyoxime monomer into the bulk organic phase. Copper reacts with the monomer
(Eqs. (5.16) and (5.17)) and the formed copper complex desorbs from the interface

1.03 ppm, respectively. The solubility of copper and nickel complexes are lower, at 0.1 ppm (Szymanowski,
1993).



5.5 Reactor models for solvent extraction 95

(reaction (5.18)). In this study, forward reaction is defined as the formation of a copper
complex (i.e. extraction).
When the RDS of this reaction series is reaction (5.17) (Flett et al., 1973), then reac-
tions (5.15), (5.16) and (5.18) are slow and are assumed to be in equilibrium. Then the
rate of the copper extraction is as follows:

A = :
[Cu2+] [HA]2>A6

[H+] − :

 �
[CuA2]>A6 [H

+] (5.20)

The extraction rate is zero at equilibrium and the combined forward and backward reaction
rates should lead to equilibrium stoichiometry and the corresponding equilibrium constant
(Cox & Flett, 1991). The derived rate equation for copper extraction (Eq. (5.20)) is
consistent with the copper equilibrium equation (Eq. (5.14))16.
The kinetic constant (:) is calculated from chemical reactor model for macrofluid and it is
a reactor-specific measure for the extraction reaction rate (Section 5.5). Kinetic constant
combine effects of mixing, (i.e. interfacial area and diffusion path length), composition of
the phases, temperature, and reactor geometry etc. into one lumped parameter. Moreover,
the kinetic constant calculated from Eq. (5.20) is also a measure for mass transfer, and thus
it is related to an overall mass transfer coefficient.

5.5 Reactor models for solvent extraction
The reactor models describing the extraction rate in stirred dispersion are presented in this
section. When the impeller speed is sufficiently high, the droplets in the mixed dispersion
can be considered evenly distributed in the continuous phase. Then, dispersion in the
reactor can be thought as a macro-fluid, in which each droplet behaves like a batch reactor
(Levenspiel, 2001). The copper extraction into a single droplet presented in Fig. 3.2
implies that this is indeed the case. Macro-fluid in a batch reactor can be modeled using
common batch reactor equations (Levenspiel, 2001). The aqueous- and organic-phase
species concentration equations are expressed as a function of � (Eq. (5.12)) in Paper I and

16At equilibrium, when the overall reaction rate is zero, i.e. (A = 0), Eq. (5.20) becomes:

A = :
[Cu2+] [HA]2>A6

[H+] − :

 �
[CuA2]>A6 [H

+] = 0

After rearrangement, the above equation becomes

:

:
 �

=
[CuA2]>A6 [H

+]
[Cu2+ ] [HA]2>A6

[H+ ]

 � =
[CuA2]>A6 [H

+]2

[Cu2+] [HA]2>A6
The above equation is equal to the equilibrium constant (Eq. (5.14)), and the equilibrium constant equation

is a special case of a rate equation.
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used to calculate the reaction rate. Here, the reaction rate of copper extraction is expressed
as follows (Paper I):

3�

3C
= A ( [Cu2+], [HA], [H+], [CuA2]) (5.21)

The values of aqueous and organic concentrations, such as [Cu2+] and [CuA2], were
calculated from the values of �20;2, after the kinetic model was fitted. As copper extraction
is an equilibrium reaction, the same model can be used in the modeling of both extraction
and back-extraction (Paper I). The kinetic constant of extraction (:) is obtained from the
model in both cases. The rate constant of back-extraction :1F (i.e. backward reaction) can
be calculated from  �G = :/:1F.
In the case of the CFR, the copper concentration difference (�̄BC) at steady state in a
segregated flow is obtained by integrating the following equation, as is described in Paper I:

�̄BC =

∫ ∞

0
�(C)10C2ℎE(t) (5.22)

where subscript BC refers to the steady-state conditions in the CFR. �10C2ℎ is solved from
batch reactor model and E is the residence time distribution of CFR. For ideal CSTR,
residence time distribution (E) is (Levenspiel, 2001) as follows:

E(C) = 4
−C/C̄

C̄
, (5.23)

where C̄ is the mean residence time. In Paper I (Tamminen et al., 2013), three different
RTD models for the 9.5 mL reactor were compared. The models were an ideal CSTR, two
parallel ideal CSTR with different sizes, and a series of two ideal CSTRs with different sizes.
No clear difference was found between the three RTD models in Paper I. The modeling
results imply that the 9.5 mL CFR is an ideal CSTR. Further comparison of the 2.5 mL
reactor to the 9.5 mL reactor in Paper II showed that both mixers are close to the ideal
mixers. The ideal CSTR model was used for both the 2.5 mL and 9.5 mL CFRs in this
thesis. When the data presented in Table A.13 were modeled, the reactors were assumed to
be ideal. The numerical integration of Eq. (5.22) was made using Simpson’s rule (Virtanen
et al., 2020). The mean residence time of the reactor was calculated from the measured
data (see Paper I). Other option was to use C̄ = +A/ ¤+ . The volume of the reactors and the
volumetric feed flow rates were assumed to be constant during the experiment.
The feeds of extraction are immiscible and both feeds were pumped into reactor continuously.
The first contact of the feeds was outside the reactor as close as possible to the reactor
inlet. The mixing in the reactor was vigorous and dispersion did not settle immediately
after mixing. Therefore, it is possible that reactions continue in the tubing after the CFR.
However, mixing intensity in the tubing after the reactor is minimal compared to that inside
the reactor. Therefore, the extraction in the tubing before and after the reactor is assumed
to be negligible compared to that in the reactor. The effect of tubing can thus be omitted
from extraction model for the CFR.
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The modeling, calculations and data analysis were conducted using custom-made program
based on that used in Paper I (Tamminen et al., 2013). The programs for this summary were
written using Python language, and existing libraries (Table A.11) were used where possible.
The modeling program used in Paper I was originally written in the Python language
version 2, and it was changed to conform to version 3. The other upgrades to the program
included the addition of aqueous-phase hydrolysis and organic-phase self-association into
the speciation. The minimization algorithm was based on Levenberg-Marquart method
(Newville et al., 2014), and the quasi-Newton-type algorithm (Virtanen et al., 2020; Zhu
et al., 1997) was used in Paper I.
The reaction rate model, such as Eq. (5.22), was solved using an ordinary differential
equation solver (Virtanen et al., 2020), which utilizes the ordinary differential equation
system solver (LSODA) (Hindmarsh, 1983). When the reactor model was solved, the
aqueous and organic speciation equations were calculated for every time step using the
equations shown in Sections 5.1 and 5.2. The parameters of the equation were fitted by
minimizing the sum of the residuals

Sum =

=∑
8=1
( 5<40B, 8 − 520;2, 8), (5.24)

where 5<40B is the measured value and 520;2 is the corresponding calculated value. In the
case of Eq. (5.22) the parameter was kinetic constant. All calculations for this study were
made on a personal computer with a dual-core, 64-bit Intel processor running on a 64-bit
Linux operating system.
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6 Extraction equilibria
The effects of various parameters on extraction equilibria are presented in this chapter.
Data from the literature are presented and compared to those calculated from the model
(Chapter 5). The extraction equilibrium constant is needed to calculate of the kinetic
constant from the model for copper (Chapter 5). The copper extraction equilibria of this
study and Paper I were compared to literature values and the  � -values calculated using
the model from the data collected from other studies (Table A.12).
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Figure 6.1: The effects of different hydrocarbon diluents on copper and nickel solvent extraction
equilibria. The extraction equilibrium constants are shown as a function of the diluent solubility
parameter. The extractant was HNBPO, the active compound of LIX 65N. The extraction
equilibrium of nickel is shown for comparison. The ionic strength of the aqueous phase is
denoted by different symbols. The lines denote the trend in the data for � = 0.5 mol L−1. The
aqueous phase consisted of sulfate, nitrate, or perchlorate solutions. Data were taken from Baba
et al. (2002), Komasawa and Otake (1983) and Szymanowski (1993) The solubility parameters
of the diluents were obtained from Abboud and Notari (1999), Barton (1983) and Hansen
(2007).

Metal extraction is a two-phase reaction, and the nature of the aqueous and organic phases
affects the extraction equilibria. This can be found out in the extraction equilibrium
constants (Baba et al., 2002; Komasawa & Otake, 1983; Szymanowski, 1993). They are
affected by the diluent and ionic strength of aqueous phase (Figs. 6.1 and 6.2). The lines
in Fig. 6.1 show a decreasing trend as the diluent solubility parameter increases. Similar
correlation (log10  = ��X + ��) can be applied in the complexation in organic diluents
(Barton, 1983). According to Vasilyev et al. (2017), the equilibrium constant of copper
extraction with Acorga M5640 varies, as  � = 50.23(1− tanh(3.16[HA])). This shows the
effect of the increasing extractant concentration, which leads to a decrease in the extraction
equilibrium constant.
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The nickel equilibria are presented in Fig. 6.1 for comparison. The equilibrium data in
Fig. 6.1 are scarce, especially for nickel. However, the data imply the following trends: The
effect of the diluent change on the equilibrium constant is roughly similar for both copper
and nickel. When the diluent changes from heptane to toluene, the solubility parameter
changes from 15.3 to 18 MPa1/2. A decrease in the equilibrium constant due to diluent
change is two log10-units for copper and nickel. The same is indicated in Fig. 6.2, in which
copper extraction data for heptane and toluene diluents are shown. The extraction constants
of nickel are 6 log10-units lower than those of copper in Fig. 6.1. The difference between the
copper and nickel extraction equilibria is presented in Fig. 2.1. The pH1/2 -value of copper
is 5 pH- units higher than that of nickel. This indicates that the copper hydroxyoxime
complex is more stable of the two. This is consistent with the aqueous-phase complexation
(Table 2.1), in which the copper forms more stable complexes due to Jahn-Teller effect
(Choppin, 2004) (Section 2.1).
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Figure 6.2: The effect of aqueous-phase ionic strength on the extraction equilibrium of
copper with HNBPO (active compound of LIX 65N). The aqueous phase was sulfate, nitrate,
or perchlorate media. The extraction data were taken from Komasawa and Otake (1983),
Szymanowski (1993), and Baba et al. (2002).

An increase in the aqueous-phase ionic strength leads to a decrease in the equilibrium
constant of copper (Fig. 6.2). The decrease is one log10-unit in both heptane and toluene,
which implies that the effect of ionic strength is the same for both diluents. The organic-
phase diluent changes the level of the equilibrium constant, but the data imply that the
diluent does not affect the ionic strength dependence of the equilibrium constant. As the
two phases are immiscible, the composition change in one phase does not directly affect the
other. In this case metal ions are only components, which are extracted from one phase to
another. Therefore, the compositions of both phases affect the equilibria but not each other.
The ionic strength data in Fig. 6.2 may have a Debye-Hückel-type dependence on ionic
strength, which is found in aqueous-phase complexes (Fig. 2.3). However, available data
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are scarce and imply linear dependence. The changes in the diluent solubility parameter,
the ionic strength of the aqueous phase, the extractant concentration, and loading lead
to changes in the activities of the aqueous- and organic-phase species, which change the
extraction equilibrium.
The equilibrium constants of copper extraction were calculated using the model for copper
extraction (Section 5.3). The modeled datasets were taken from this thesis (Figs. 7.4
and 7.3) and from Paper I. The modeled datasets were also fromMolnar (1980), Oja (1994),
Pakarinen (2006), Slater et al. (1974), Vasilyev et al. (2017), Whewell and Hughes (1979),
and Whewell et al. (1979). The initial conditions are shown in Tables 3.1 and A.12.
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Figure 6.3: The effect of the loading of a hydroxyoxime-type extractant on the copper extraction
equilibrium. The extractant concentration is indicated by the color of the symbol and the
extractant by the symbol shape. The sources of the data and experimental conditions are shown
in Tables 3.1, 3.2, and A.12.

The effects of loading and extractant concentration on the extraction equilibria are shown
in Fig. 6.3. The results presented in Fig. 6.3 were calculated by using Eq. (5.14). An
increase in extractant concentration leads to a smaller equilibrium constant value, as
observed by Vasilyev et al. (2017). The extraction equilibrium constants (log10  � ) for the
extractants, such as LIX 984 and AcorgaM5640 are between 1–2. The diluents are kerosene
(Exxsol D60 or Exxsol D80) and their solubility parameters are 15 MPa1/2 (Table A.5).
The calculated constants for Kelex 100 are in the same range, when loading is not high.
The extraction equilibrium constants for LIX 64N are ±0.5 log10-units and they are lower
than the  � -values for the other extractants. The calculated extractions are similar to those
reported in the literature (in comparison to Fig. 6.1).
An increase in extractant loading does not have a large effect on the value of  � in the
constant extractant concentration. However, the value of log10  � starts to decrease as
the loading of hydroxyoximes increases to 60 %–70 %. This implies that the solvent
non-ideality starts to have an effect on extraction when the extractant loading is high.
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Table 6.1: The effect of diluents on the kinetic constants of copper extraction in LIX 984 and
LIX 984N in a 7.7 L batch reactor. The impeller was a pitched blade turbine and the impeller
speed was 550 rpm. The other experimental conditions are listed in Table 3.1.

Extractant Diluent �, mol L−1 X, MPa1/2 : , L mol−1 s−1  � , - Ref.

LIX 984 Exxsol D60 0.10 15.1 0.034a 15.2
LIX 984 Exxsol D60 0.10 15.1 0.040 ± 0.002b 15.7 1

LIX 984 Exxsol D60 0.10 15.1 0.031 ± 0.001b 15.7 1

LIX 984 Shellsol K 0.11 15.8 0.068 ± 0.008 43.0 2

LIX 984N Escaid 100 0.15 15.5 0.034 ± 0.001 9.0 3

LIX 984N Orfom SX11 0.15 14.7 0.115 ± 0.014 41.0 3

LIX 984N Shellsol D70 0.14 15.5 0.098 ± 0.007 134.7 3

1 Paper I 2Oja (1994) 3 Pakarinen (2006) a Fitted simultaneously into the two datasets from Paper I bThe
datasets of Paper I were recalculated separately for present study.

This may be due to changes in the organic-phase component activities or in the extracted
complexes. Other possible explanation is that the unreacted extractant concentration and
thus driving force for extraction decreases as loading increases. To the best of present
Author’s knowledge, it is not known how extractant loading affect on composition of
extracted copper hydroxyoxime complex. However, it is known that increase in loading
leads to changes in zinc complex of D2EHPA17. Similarly, if extracted copper complex
changes from CuA2 as copper loading increases, it could be used to explain observed
behavior at the high loading. In the case of Kelex-100, the extraction equilibrium is also
constant when loading is below 80 %. At higher loading values, the equilibrium constant
starts to increase, which is in contrast to the hydroxyoxime equilibria. Difference between
extractants is presumed to be related to the structures of the extractant active compounds,
that is, the differences between hydroxyoximes and hydroxyquinoline (Kelex 100).
Hydrocarbon diluents intended for industrial metal extraction (Table A.5) were used in
the present study, Paper I, Oja (1994), Pakarinen (2006), and Vasilyev et al. (2017). The
extraction equilibrium and kinetic results at a constant impeller speed in the 7.7 L stirred
tank are presented in Table 6.1. The extractant was either LIX 984 or LIX 984N. The
results of Paper I were recalculated because there were changes in the model (Section 5.5).
The difference in the  � values calculated with the different model versions was 3 %, which
may be due to the difference in the modeling of the speciation or to other changes made into
model’s program. The observed extraction equilibrium constant (log10  � ) varied from 1
to 2.1 (Table 6.1, compare to Fig. 6.3). The results are similar to the LIX 65N equilibria in
the same solubility parameter range (Fig. 6.1). The experiments in Pakarinen (2006) were
conducted using different diluents. The difference between diluents causes changes in the
extraction equilibrium, but the trend observed in Fig. 6.1 is not observed in Table 6.1. This

17Changes in extracted complex at high extractant loading has been observed earlier in zinc extraction
with D2EHPA. When loading is below of about 60–70 % complex is ZnL2HL (L = D2EHPA) (Mansur et al.,
2002; Pereira et al., 2021). When extractant loading is higher, zinc complex changes to aggregate Zn2L4
according to Pereira et al. (2021).
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may be due to too-narrow solubility parameter range used in the experiments shown in
Table 6.1.
Ionic strength was practically constant in the extraction experiments of Oja (1994),
Pakarinen (2006), Tamminen et al. (2013) and present study. The increase in ionic strength
seems to lead to decreased calculated values of  � , similar to Fig. 6.2. The diluent and
aqueous-phase ionic strengths have some experimental variations (Table 6.1). According
to the data of previous studies (Fig. 6.1) the diluent solubility parameter and ionic strength
need to be varied further, until their effects can be clearly seen.



104 6 Extraction equilibria



105

7 The rate of solvent extraction
The rate of solvent extraction is a measure of mass transfer from one phase to another. Rate
is an important parameter for the extraction process. The copper extraction kinetic data
were measured using different contacting devices (Chapter 3). The following sections will
describe experimental copper extraction reaction rate results in different contacting devices.
The results will be presented in the order of increasing mixing power, starting from a
single stationary droplet experiments, which did not have mechanical mixing. The copper
extraction was studied in a conventional batch reactor and an intensified reactors, equipped
with a rotor-stator impellers. The kinetic constant of the extraction was calculated from
measurements using model for copper extraction (Chapter 5). The rate constants determined
in stirred reactors were correlated with mixing power. Interfacial area was determined
from droplet size (Section A.4) and diffusion path length from correlation (Eq. (A.9)). The
rate constants of single droplet, conventional batch and intensified continuous flow reactor
were correlated with interfacial area and diffusion path length.

7.1 Single droplet extraction
A simple set-up for extraction is a single droplet. The experiments with a single droplet
setup are presented in Chapter 3. The copper extraction into a single organic droplet
containing 20 vol% Acorga M5640 showed a gradual transfer of the copper to an organic
phase (for droplet images, see Fig. 3.2). Extraction can be readily followed, as the extracted
copper complex has an intense dark brown color. The extraction rate was monitored by
taking droplet images at known times. The copper concentration inside the droplet was
determined using an image analysis method (Section 3.7 and Paper III). The determined
copper concentration inside stationary organic droplet containing Acorga M5640 are shown
in Fig. 7.1.
The droplet phase did not contain copper at the beginning. The droplet was formed at the
tip of the needle during the first few seconds of the experiment. The copper was extracted
into the droplet, as can be observed in Fig. 3.2. The extraction is at equilibrium after of
about 900 s (Fig. 7.1). The organic phase copper concentration was about 0.1 mol L−1 at
equilibrium and the corresponding loading was about 60 %.
The single droplet extraction kinetic and equilibrium constants were calculated from the
model for the copper extraction (Chapter 5). The aqueous phase and, thus, copper were
present in large excess, as the droplet volume was 9.2 `L. The volume of the aqueous
phase was 100 mL, and the phase volume ratio (A/O) was 11 000. The aqueous phase
concentrations were calculated by assuming that the droplet extracts copper within stagnant
diffusion layer only18. The effective A/O was 7. The copper extraction equilibrium and

18The droplet was stationary in single droplet copper extraction (Fig. 7.1). There was no mechanical mixing
in the cell and only part of the aqueous phase exchanged copper with the droplet. The droplet was surrounded
by a stagnant diffusion layer, and the volume of the diffusion layer was taken as an effective aqueous phase
volume. For a stagnant particle (D = 0 mm s−1), ;38 5 = 3/2 as indicated by Eq. (A.9). Assuming that both the
droplet and the diffusion layer are concentric spheres, the diffusion layer has a diameter of 23. The stagnant
layer volume is 7+3 and the effective A/O is 7.
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Figure 7.1: Copper extraction into a single stationary droplet containing 20 vol%AcorgaM5640
(+3 = 9.2 `L). Diluent was Exxsol D80 and the aqueous solution was 0.16 mol L−1 CuSO4.
pH0 = 3.1 (see Fig.3.2 for the droplet images). The equilibrium constant ( � ) was calculated
from organic phase copper concentration measured at 1800 s. The kinetic constant (:) was
fitted into model. The line denotes the organic-phase copper concentration calculated from the
model for copper extraction ('2 = 98.5 %). For the model details, see Chapter 5.

kinetic constants could then be calculated from the model for copper extraction (Chapter. 5).
The equilibrium constant calculated for the single droplet extraction was small at 0.03,
which could be due to the high phase ratio. The single droplet data were modeled using
the copper extraction model for an ideal batch reactor. The resulting calculated kinetic
constant for a single droplet was 1 × 10−4 L mol−1 s−1. No mechanical mixing was used in
single droplet experiment. As a consequence kinetic constant value is small, which can be
attributed to to the small interfacial area and the comparatively large diffusion path length
present. The interfacial area is equal to the droplet surface area, and the diffusion path
length is ;38 5 = 3/2 (Eq. (A.9)), as the droplet does not move. The measured organic-phase
copper concentrations and those calculated from an ideal macro-fluid batch reactor model
have reasonable agreement. The modeling results show that a single droplet can behave
like a batch reactor, thus supporting the use of macro-fluid models (Levenspiel, 2001) for
copper extraction.
The copper extraction into single rising droplets was examined in Papers III and IV. The
results were also discussed in Lahdenperä (2019). These studies were conducted using
rising organic solution droplets containing Acorga M5640 in a column filled with aqueous
copper sulfate solution. The droplets were formed by continuously pumping the droplet
phase into column through a needle with a flat tip. The results showed that roughly equal
sized droplets were generated (+3 = 28– 29 `L), while the formation time was decreased
ten-fold from 17 s to 2 s. The copper transfer to the forming droplets was governed by
the droplet formation time (i.e. extraction time), as the droplet was stationary, and the
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droplet size was constant. The observed copper droplet phase concentration after 6 s of the
extraction was 1.7 mmol L−1 and 3.4 mmol L−1 in Paper III and Fig. 7.1, respectively. The
observed concentrations were not high due to the limited extraction time. The differences
between the studies could be due to the different droplet sizes.
The droplet detached from the needle tip after formation and rose through the continuous
phase. The copper concentration was measured at the bottom and top of the column. The
difference in the measured concentrations is the copper extraction during the droplet rise.
The observed copper extraction during rise increased linearly as a function of the feed
flow rate (Paper III). This result cannot be explained by droplet size, velocity, or rise time
because they are constant. A possible explanation given in Paper III was that concentration
difference between the phases was increased, which is due to decreasing formation time and
mass transfer during droplet formation. The droplet formation time was below 2 s at the
highest feed flow rate. Fig. 3.2 suggests that there is circulation inside the droplet during
formation. The inner circulation of the droplet leads to increased mixing and decreased ;38 5
inside the droplet, which can explain the higher copper extraction observed in Paper III.
Similarly, the changes in the interfacial area and the internal mixing can explain the
effect of droplet breakage and coalescence on mass transfer in copper extraction. See
Paper VI (Tamminen et al., 2021) and Paper V (Tamminen et al., 2018) for breakage and
coalescence experiments, respectively. The interfacial area increases in breakage and
decreases in coalescence. The internal mixing is larger in droplet breakage (Fig. 4.4)
than in coalescence (Fig. 4.5) due to the collision of the droplet prior to breakage, which
leads to energy dissipation. The internal mixing of a droplet is assumed to occur in single
droplet experiments and stirred reactors. In principle, the experimental results of the mass
transfer (Papers VI and V) of single droplet coalescence and breakage can be combined in
population balance models (e.g. see Alopaeus et al. (1999) and Alopaeus et al. (2002)) to
model the mass transfer in stirred tanks. This model can provide valuable in-sights into
metal extraction and liquid-liquid mixing in the extraction. However, the construction of
such a model is beyond the scope of present study.

7.2 Extraction in stirred reactors
The copper extraction experiments were performed in a conventional stirred tank (Fig. 7.2)
and in 2.5 mL (Fig. 7.3) and 9.5 mL (Fig. 7.4) CFRs. The initial concentrations in the
extraction experiment are presented in Table 3.2 and the other parameters in Table 3.1. The
experimental procedures and the model for copper extraction are discussed in Chapters 3
and 5, respectively. The experimental and modeling results are presented in the following
text and in Table A.14.
The extraction results in Paper I, which used a stirred tank equipped with a pitched blade
turbine impeller, are shown in Fig. 7.2. The measured and modeled concentrations of
the organic- and aqueous-phase species are illustrated in Fig. 7.2a. The concentrations
show the ion-exchange nature of the extraction (Eq. (1.1)). This is evident in the decrease
in the copper concentration in the aqueous phase and the increase in the hydrogen ion
concentration in the aqueous phase. The binding of copper to hydroxyoxime is shown not
only in the increase in [CuA2] but also in the decrease in [HA]. Fig. 7.2b illustrates the
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changes in pH, which mirror the changes in the fraction extracted of copper. This also
shows that extraction is an ion-exchange reaction.
Extraction in a batch reactor is in equilibrium after 240 s. The equilibrium 5� is 92 %,
similar to in Table 2.5. Fig. 7.2b shows slower kinetics than Table 2.5. This is due to
the lower impeller speed used in the present work than that in Table 2.5, in which # =
1750 rpm was used (Basf, 2015). The pH value was measured using a pH-meter and an
electrode, and [H+] was determined independently from the copper concentration in the
aqueous and organic phases. The model was in good agreement with all measurements
(Fig. 7.2a). The kinetic constant was determined simultaneously for two batch reactor
experiments (# = 550 rpm) in Paper I and it was 0.034 L mol−1 s−1. The kinetic constants
in Paper I were recalculated for this study for verification purposes. The recalculated value
is 0.035 L mol−1 s−1, which is 3 % different from that in Paper I. The two batch reactor
experiments were modelled also separately to show variation. The values of : for two batch
experiments are 0.031 and 0.040 L mol−1 s−1 (Table A.14). Thus, experimental variation
is larger than the variation between two model versions.
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Figure 7.2: The copper solvent extraction rate in the batch reactor (+A = 7.7 L). The measured
and calculated concentrations of the organic- and aqueous-phase species participating the
extraction reaction are shown in (a), while fraction extracted ( 5� ) and pH presented in (b). The
impeller was pitched bladed turbine. # = 550 rpm. Two parallel extraction experiments were
performed, which are shown in (b). The feed concentrations are given in Table 3.2 and the
other parameters in Table 3.1. Symbols denote measured values and lines with same color
values calculated from model (Chapter 5). '2 = 98.4 %. The extraction data is from Paper I.

The results of the copper extraction using a smaller rotor-stator unit (IKA Ultra-Turrax
T8) are shown in Fig. 7.3. The extraction experiments were conducted using the same
rotor-stator impeller in continuous-flow and batch reactors. The impeller speed varied in
both reactors from 8000 to 20 000 rpm. The fraction extracted ( 5� ) increased as a function
of impeller speed. However, extraction is usually over 50 %, even at the shortest residence
times, due to the high mixing intensity in the reactor. In the ultimate case, when the highest
impeller speed is used, the extraction is already in equilibrium at the shortest residence
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time of 1 s. Therefore, the accuracy of the kinetic constant determination can be improved
if additional experiments with even shorter residence times are conducted. Decreasing the
residence time is possible to some extent. However, due to the construction of the reactor,
the use of too-high a feed flow rate can lead to flooding in the reactor.
Similarly, the extraction results of the batch reactor equipped with an IKA Ultra-Turrax T8
were close to equilibrium, as the extraction times were 10 s at the shortest. Only a small
variation at the shortest extraction times was observed, which was due to the high impeller
speed used in the experiments. Interestingly, the extraction measured at 10–20 s both in the
batch and CFR were similar in magnitude. The reactor geometries were similar, and the
feed concentrations and impeller were the same in both cases. The mixing power of in
rotor-stator equipped reactors are high, which results rapid extraction and similar kinetic
curves in both batch reactor and CFR (See Fig. 7.3). Similar to conventional batch reactor
(Fig. 7.2), the changes in pH were opposite to the changes in the fraction extracted.
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Figure 7.3: The effect of impeller speed on copper extraction in a 2.5 mL continuous-flow
reactor and a 3 mL batch reactor. The impeller in both reactors was the IKA Ultra-Turrax T8.
Both reactors were made of glass and had similar geometry. The batch reactor was a test tube
with a round bottom. The continuous-flow reactor resembled a test tube with exception that it
had inlet and outlet attached (Fig. 3.6a). The measured (symbols) and modeled (lines) values
of fraction extracted and the pH are shown. '2 was 69.8–93.2 %, and 96.6–99.9 % for CFR
and batch reactors, respectively. The extractant was 13 vol% LIX 984 dissolved in Exxsol D60.
The kinetic constant values and their uncertainties are presented in Table A.14. The initial
concentrations are shown in Table 3.2.

Copper extraction experiments were also conducted in the 9.5 mL CFR (Fig.7.4). The
experimentswere preformed in this study (# = 13 500 rpm) and in Paper I (# = 15 000 rpm).
A minimal difference was found between extraction measured in 9.5 mL CFR at different
impeller speeds. This may be due to the large mixing intensity in the reactor at these
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impeller speeds. This is similar to that observed in the 2.5 mL CFR at the highest impeller
speeds (Fig. 7.3).
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Figure 7.4: The copper solvent extraction in the +A = 9.5 mL continuous-flow reactor was
made at 13 500 rpm (the present study, '2 = 96.4 %) and at 15 000 rpm (Paper I, '2 = 99.3 %).
The feed concentrations are given in Table 3.2 and the other parameters in Table 3.1. The
measured values are denoted by symbols, and the modeled values are denoted by lines with
corresponding color. The measurement and calculation results in Paper I were reproduced
from the data.

7.3 Correlations for the extraction rate constant
The comparison of a single droplet setup with the conventional stirred tank and rotor-stator
equipped CFR (Fig. 7.5) shows that the extraction rate increases when mechanical stirring is
present. This is due to the generation of droplets caused bymixing. The increased extraction
and mixing intensity can also observed by comparing the stirred reactor (Figs. 7.2, 7.3
and 7.4) with the single droplet data (Fig. 7.1). The single droplet extraction reached
equilibrium at 900 s, whereas the batch reactor reached equilibrium after 240 s. In the
rotor-stator impeller-equipped batch reactors (Fig. 7.3), this time decreased to 30–60 s.
The rotor-stator equipped CFRs reached equilibrium in a few seconds. The measured data
were close to the equilibrium values at higher mixing intensities making it difficult to
distinguish between the differences. This is shown in the comparison between the 2.5 mL
reactor results at 20 000 rpm (Fig. 7.3) and the 9.5 mL reactor data (Fig. 7.4). The observed
extraction is almost constant as a function of the reactor’s residence time, making the
determination of the kinetic constant less accurate. The kinetic constant uncertainties also
illustrate this. Uncertainties are larger at high mixing intensities (Table A.14). Therefore,
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determining the kinetics constant more accurately at the highest impeller speeds requires
experiments at shorter residence times.
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Figure 7.5: The comparison of the copper extraction in single droplet, in conventional
batch reactor and in intensified 9.5 mL continuous flow reactor. The measured organic-phase
concentration values are denoted as symbols. The lines denote the calculation results of the
model (Chapter 5). Calculations were made by using : and  � values. The extractant was
20 vol% Acorga M5640 in the single droplet and 13 vol% LIX 984 in the reactor experiments.
Data from the batch and continuous-flow reactor data were taken from Paper I.

The copper extraction was performed in various stirred reactors (Section 7.2) with varied
impeller speeds and mixing intensities. The mixing power was determined (Chapter 4)
and it was used to correlate calculated kinetic constants (Fig. 7.6). The kinetic data were
calculated from the model for copper extraction (Chapter 5). When a specific mixing
power increased 1000-fold (three orders of magnitude), the resulting change in the kinetic
constant is 100-fold, and (Fig. 7.6) the resulting correlation is : ∝ (%/<)0.625. When a
specific mixing power increases over 1000 W kg−1, the kinetic constant seems to reach its
maximum value. However, this is not a plateau region similar to that observed in cells with
a constant interface area, in which kinetic constant reaches a constant value due to the
constant interfacial area. This is caused by the high mixing intensities that lead to extraction
being at equilibrium, even at the shortest residence times (Fig. 7.3). Even a residence time
of 1 s is enough for copper extraction to be at equilibrium in intensified extraction in-line
reactors. However, this leads to a less accurate kinetic constant determination. This is
evident in the kinetic constant uncertainties (Table A.14), which tend to increase along
with the mixing power.
The dependence of metal extraction kinetics on mixing power has been reported previously
by Ryon et al. (1960). They examined uranium extraction using a Dapex solvent in
batch reactors and CFRs. The power data were converted into SI-units and correlation
calculated from data of Ryon et al. (1960) by the present Author. The correlation is
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Figure 7.6: The correlation of a specific mixing power (%/<) to the kinetic constant of copper
extraction using LIX 984 and aqueous sulfate solutions. '2 = 92.1 %. The diluent was either
Shellsol K or Exxsol D60. The experimental conditions are shown in Table 3.1 and the results
of reaction rate modeling are presented in Table A.14. The model for copper extraction is
presented in Chapter 5. The extraction data were from Oja (1994), Paper I and the present
study. Mixing power was calculated using Eqs.(4.1) and (4.2) using the constants presented
in Table 4.2. The information on the reactors, the impellers, and the impeller speeds with
corresponding mixing power are listed in Table A.14



7.3 Correlations for the extraction rate constant 113

:

min-1 =
(
%/<
,/:6

)0.40
10−0.23. Ryon et al. (1960) used less intense mixing and a different

extractant than the present work. Nevertheless, the dependence on %/< is similar, as the
exponents are 0.625 (Cu extraction) and 0.40 (U extraction).
The resulting correlation is compared to the copper extraction kinetic data determined
using other extractants in Fig. 7.7. The data were taken from Slater et al. (1974), Molnar
(1980) and Pakarinen (2006). The data in Molnar (1980) were obtained from a constant
interface area cell, whereas Slater et al. (1974) and Pakarinen (2006) used stirred reactors.
The stirred reactor data followed the trend in the LIX 984-data shown in Fig. 7.6. However,
the measurement was made by varying the phase volume ratio. When the phase volume
ratio was close to unity, the results agree with the correlation in the LIX 984-data. When
the phase volume ratio increases, the kinetic constant data shift down, but the trend remains
similar to that in the LIX 984-data. The shift in data may be due to changes in droplet size
as the phase volume ratio changes. The data in Molnar (1980) were measured in a constant
interface area cell, which uses low mixing power (%/< < 10−2 W kg−1). The variation
in impeller speed did not have much effect on the rate. In constant area cells the main
effect of impeller speed increase, is decreased diffusion path length, which leads to gradual
increase in rate. Fig. 7.7 shows increase in rate, when mixing power is increased from
smallest value. On the other hand, the rate in constant area cell is varied about two orders of
magnitude, when feed solution composition such as pH, copper or extractant concentration
was changed. In stirred tanks both the area and diffusion path length changed as the mixing
power increased. In constant area cells, the impeller speed changes on diffusion path length,
when impeller speed is small enough that it did not affect the interfacial area. The kinetic
constants of constant interfacial area cell agreed well with the extrapolated correlation
(dashed line in Fig. 7.7). Fig. 7.7 shows that the specific mixing power can increase over
108-fold and can lead to an increase in the extraction rate.
The kinetic constant of the extraction depends on the interfacial area and the diffusion path
length (Paper I (Tamminen et al., 2013)), both of which change due to the mixing-generated
droplet size (Eqs. (4.15) and (A.9)). According to Paper I : ∝ �2/;38 5 . It was estimated in
Paper I, based on droplet sizes and kinetic constants determined in the 9.5 mL CFR and
in the 7.7 L batch reactor, that the diffusion path length decreased 3-18-fold. The droplet
sizes in the stirred reactors were determined (Section 4.4) and were correlated with mixing
power (Section 4.4). The specific interfacial area in stirred reactors can be determined
based on the Sauter mean diameter (Eq. (4.15)). The kinetic constant correlation with
the mixing power is presented in Fig. 7.6. The correlations and parameters for kinetic
constant is are shown in Table 7.1. The specific mixing power for the 7.7 L batch reactor at
550 rpm and the 9.5 mL CFR at 13 500 rpm was 0.75 and 3650 W L−1, respectively. Based
on the correlations, the diffusion path length difference was 15.2 ± 5.7, which is at the
upper end of the range given in Paper I. The calculation of ;38 5 from Eq. (A.9), gives a
7.7-fold decrease in the diffusion path length in the CFR19. Although the values differ to
some extent, they are well within the range given in Paper I.
The relationship between the kinetic constant of the copper extraction and the different

19The droplet size is taken as a number average and size is 168 µm and 86 µm for the batch reactor and
CFR, respectively.
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Figure 7.7: The effect of mixing power on kinetic constants of copper extraction with
hydroxyoxime-type and Kelex 100 extractants. The correlation (: = (%/<)0.62510−1.156)
for LIX 984-data (Fig. 7.6) is shown for comparison (continuous line). Correlation was
extrapolated to lower power values for easier comparison (dashed line). The experimental
conditions are shown in Tabs. 3.1 and A.13. Aside from the data presented in Fig. 7.6, data
from Pakarinen (2006), Molnar (1980), and Slater et al. (1974) were modeled using the model
for copper extraction (Chapter 5). Mixing power was calculated from Eqs.(4.1) and (4.2) using
the constants presented in Table 4.2.

Table 7.1: The specific power correlations for the reaction rate constant and the Sauter mean
droplet size. The rate constants and droplet sizes were determined for the copper extraction
with LIX 984. See Figs. 7.6 and 4.8 for correlations.

Parameter :

L mol−1 s−1 =

(
%/<

W kg−1

)��
10�� 332

µm =

(
%/<

W kg−1

)��
10��

�� 0.625 ± 0.04 −0.157 ± 0.0030
�� −1.156 ± 0.07 2.492 ± 0.0033
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variables is illustrated in Fig. 7.8. The rate constants for the single droplet (Fig. 7.1), the
conventional stirred tank (Fig. 7.2) and the intensified rotor-stator equipped CFR (Fig. 7.4)
are compared. The reaction rate constant is plotted against a specific interfacial area (0),
interfacial area (�), diffusion path length (;38 5 ) and �2/;38 5 . Among these, the specific
interfacial area and diffusion path length do not correlate well with the kinetic constants. As
shown in Fig. 7.8 the correlation with interfacial area is better. The �2/;38 5 gives the best
correlation with the kinetic constant from the single droplet to CFR with highly intensified
mixing, as shown in Paper I. The mass transfer in copper extraction is mainly governed by
available time, temperature, feed concentrations, interfacial area, and diffusion path length.
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Figure 7.8: Comparison of copper extraction rate constant with specific interfacial area (0),
interfacial area (�), diffusion path length (;38 5 ) and with �2/;38 5 . The rate of copper extraction
was determined in the single droplet, stirred tank and rotor-stator equipped continuous-flow
reactor. The interfacial area was determined from measured droplet sizes. The extraction
kinetic constant and droplet size were calculated from the correlations with a specific mixing
power (Table 7.1). The diffusion path length was determined using Eq. (A.9).

Fig. 7.8 shows that the kinetic constant of copper extraction can be increased by five orders
of magnitude. The question is how much extraction rate can be increased? As shown in
Fig. 4.8, droplet sizes can decrease below 1 µm. The minimum diffusion path length is
at 10−3–10−4 cm (Danesi, 2004). The ;38 5 for the 9.5 mL CFR is 0.02 cm. It is estimated,
based on the correlations (Table 7.1), that the diffusion path length can be decreased until a
specific power is increased up to about 2 × 104 W/kg. The droplet size can be decreased
using local power values of up to 109 (See Fig. 4.8). The highest local power values are
achieved in devices such a colloids mills, liquid whistles and ultrasonic reactors (Leng &
Calabrese, 2004). Therefore, the extraction rate can be further increased further by using
mixing intensities beyond the range used in this work.
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8 Conclusion
The intensification of copper solvent extraction was examined in this work. An overview
of the copper solvent extraction is provided in Chapter 1. Copper extraction uses two
feeds: aqueous and organic solution. Accordingly, the copper extraction and feed solution
compositions and relevant reactions are reviewed in Chapter 2. Chapter 3 discusses the
measurement techniques used to determine the extraction reaction rate. The methods used
in this work were single droplet, conventional batch and highly stirred reactors. The mass
transfer into a single droplet was measured using the developed image analysis method.
Using this image analysis method enabled the direct determination and monitoring of mass
transfer into droplets. The method provides the inner concentration profile and average
concentration of the droplet. Other relevant data, such as droplet size and velocity can also
be obtained using image analysis.
The developed concentration analysis method is based on the pixel-level application of
the Lambert-Beer law (Section 3.7). The digital camera imaging sensor has three color
channels (Red, Green and Blue), which all have spectral response over a wide range of
wavelengths. Thus, the camera sensor has much wider bandwidth than a spectrophotometer.
The digital camera can be used to achieve linear calibration, but the camera sensor becomes
saturated at lower absorbances compared to a spectrophotometer. This is partly due to the
limited sensitivity of camera sensor, the color levels in a eight-bit color channel and the
larger bandwidth in camera. The method is not limited to the camera or the application.
The main benefit of the method is that even inexpensive camera sensors have several million
pixels that all can perform photometric concentration analyses. This enables the massively
parallel concentration measurement and determination of droplet inner concentration
profiles. When recording a video or taking series of images at known times, the evolution
of the concentration can be tracked as a function of time.
The solvent extraction is generally conducted in stirred tanks. The liquid-liquid mixing
has important variables, such as mixing power, which affects copper solvent extraction
(Chapter 4). The experimental extraction data were measured in different mixing devices,
which include both batch and CFRs. The power numbers of the rotor-stator mixers used in
CFRs were determined. The mixing power was measured using the calorimetric method.
It was used in correlating other results, such as droplet size and lumped kinetic constants.
The droplet sizes were measured for copper extraction using the laser back-scattering
method (Chapter 4). The analysis provide the CLD as a result, which was converted to DSD.
The droplet sizes in the 9.5 mL CFR (IKA Ultra-Turrax UTL-25) decreased as residence
time increased. Steady state droplet size was reached when g > 5 s. The measured droplet
sizes in 9.5 mL CFR and in 7.7 L batch reactor were correlated with local power of the
impellers. Correlation was �max ∝ local power−0.24. Davies (1987) reported local power
correlation with an exponent of −0.4. This difference may be due to higher dispersed phase
volume fraction used in present study.
The reaction rate model based on macro-fluid concept for copper extraction is presented
in Chapter 5. The model includes aqueous-phase speciation for compounds, like Cu2+
or HSO –

4 . Organic phase speciation is also considered. Speciation and mass balance
equations are used for calculation of species compositions in both phases prior to solving
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either equilibrium or reaction rate constant.
The copper solvent extraction is a two-phase interfacial complex formation and an ion
exchange reaction. The extraction equilibria of copper extraction are presented in Chapter 6.
The copper extraction equilibria are affected by the properties of both phases. For example,
the equilibrium constant ( � ) decreases as the aqueous-phase ionic strength increases.
This is similar to aqueous-phase complexation. The nature of the organic phase also
affects, as  � decreases as a function of the increasing diluent solubility parameters. The
equilibrium constant values (log10  � ) for copper extraction were approximately between
1 and 2. The observed value is equal to the equilibrium constants reported for a similar
ionic strength and diluent solubility parameter range. The copper extraction equilibrium
constant is constant until the extractant loading increased over of about 60 %–70 %. The
equilibrium constant decreases as loading increases further. This may be due to either the
organic-phase non-idealities or the changes in the extracted complex.
Chapter 7 discusses the reaction rate or mass transfer experimental results. The image
analysis method was used in measuring the copper extraction into a stationary and rising
droplet and in measuring the mass transfer during droplet breakage and coalescence. The
single droplet was found to behave like a batch reactor, consistent with the as macro-fluid
concept. The mass transfer into a single droplet rising through a continuous phase was
determined in a column. In a traditional column measurement, tens of droplets are needed
to obtain the required sample volume for analysis. Thus, the sample was an average
concentration of all the collected droplets. The sample collection takes time, and additional
mass transfer occurs in the sample collection funnel during the experiment. When using
the image analysis method, the concentration can be measured directly from each droplet.
The copper extraction into a droplet during rise was determined as the difference between
concentration measured after droplet formation and after the rise. The copper extraction
during droplet formation was found to be governed by the droplet formation time. The
mass transfer into a rising droplet was found to increase linearly as a function of the droplet
phase feed flow rate. As droplet size, velocity and rise time are constant, they cannot
explain the observed trend. The extraction and droplet formation time decrease as flow
rate increase. This is presumed to lead to the increased extraction during rise as driving
force for extraction is larger. Another possibility is that the droplet’s inner circulations are
larger when droplet formation is faster. The droplet inner circulations bring fresh extractant
to the interface and move copper complex away from the interface, leading to enhanced
extraction during droplet rise.
Copper extraction during droplet coalescence did not show an increase in mass transfer.
Conversely, the mass transfer increased during droplet breakage. These effects are due
to the available interfacial area, time and mixing. The duration of the coalescence and
breakage experiments were a few seconds. Consequently, the observed concentrations were
typically a few mmol L−1. Breakage is more violent process compared to coalescence. The
droplet’s collision with the blade and the subsequent elongation of droplet lead to energy
dissipation and mixing on both sides or interface. The interfacial area decreases during
coalescence and increases during breakage. During breakage, the increased interfacial
area does not contain a copper complex because its color is absent from the newly formed
interface. The absorption of unreacted hydroxyoxime leads to increased extraction together



119

with internal mixing during droplet breakage. The mass transfer area decreases and the
absence of internal mixing during coalescence leads to no additional mass transfer.
The kinetics of copper solvent extraction were determined in a batch reactor with conven-
tional mixing. The high-shear, rotor-stator impellers were used in the batch and CFRs.
Two differently sized units were used and the impeller speed was varied in the experiments.
The increased impeller speed led to increased extraction, and the intensified mixing at the
highest impeller speeds led to rapid extraction of copper. The extraction was so fast that
observed organic-phase copper concentration was close to equilibrium, even though the a
short residence time of 1 s was used.
The results were modeled for the kinetic constant using the copper extraction model. The
kinetic constant increased from 0.03 to 22.4 L mol−1 s−1 in stirred reactors as the mixing
power increased. The : ∝ (%/<)0.625 correlation shows trend in data over wide mixing
power range. The interfacial area and diffusion path length correlated with the kinetic
constant from the single droplet and stirred reactors with highly intensified mixing. The
intensification of mixing in the extraction, as indicated by mixing power led to smaller
droplet sizes. This results in higher extraction rate constants and emphasizes the interfacial
nature of copper solvent extraction.
This study shows that using of intensified mixing in extraction is possible using laboratory
scale reactors. The use of intensified mixing even in larger scale copper extraction is
presumed to be straightforward. Especially at larger scale extraction, the complicated part
may be phase separation. Even if intensified mixing and subsequent phase separation can
be conducted in a reasonable time, the mixing energy consumption of these mixing devices
may limit their applications in industrial processes.
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A Appendix

A.1 The measurement of mixing power for the in-line rotor-stator
mixers

Mixing power (%) determination is based calorimetric method (Cooke et al., 2012;
Kowalski, 2009). It is based on the measurement of temperature increase, when the
feed flows through the stirred reactor. The inlet and outlet temperatures of the vessel are
measured and difference (Δ) = )>DC − )8=) is determined. Mixing power is then:

% = ¤<�?Δ), (A.1)

where ¤< is mass flow rate through the reactor and �? is heat capacity of feed. The mass
flow rate of the feed ( ¤<) can be calculated as ¤< = ¤+d, when volumetric flow rate ( ¤+) and
density (d) are known. When the feed is water or dilute aqueous solution, the value of
4180 J kg−1 ◦C−1 was used for the heat capacity.
The power number values of 9.5 mL unit were determined using calorimetry and Eqs. (4.2)
and (A.1) in Paper II. (Table 4.2). Same approach could not be used with smaller (2.5 mL)
unit in Paper II, as the Δ) measured for CFR was too low for calorimetric mixing power
determination, when residence time was 1–10 s. Therefore, the power numbers Po/ and
Po� were determined separately: A batch of water was mixed in insulated 3 mL glass
reactor using a rotor-stator mixer and temperature was measured as a function of time. The
released amount of heat (&) is:

& = <�?Δ) (A.2)

Temperature difference in Eq. (A.2) is defined as difference of the start of experiment
(C = 0 s) and time C, i.e. Δ) = ) (C) − ) (C = 0 s) The mixing power is then calculated from
a gradient:

% = Δ&/ΔC (A.3)

When mixing power determination was repeated at different impeller speeds and batch
sizes, the measured mixing power (%) was expressed as a function of batch size in Paper II:

% = (%/<)< + %! , (A.4)

where < is mass of batch. When power from Eq. (A.3) is plotted as function of mass of
batch, the slope is specific mixing power (%/<) and intercept defines power losses of the
rotor-stator unit. This is graphically presented in Paper II. Parameters of Eq. (A.4) (%/<
and %!) were determined with linear regression.
The power number Po� was determined separately for smaller (+A = 2.5 mL) CFR using
water as a feed. Temperature difference between inlet and outlet of the thermally insulated
glass reactor was recorded at several feed flow rates. The impeller speed was kept constant
at 15 000 rpm, while residence time of reactor (g) was varied from 14 to 84 s. Temperatures
inside the reactor and at the outlet were monitored until stable reading was observed.
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The relatively small mixing power of 2.5 mL reactor leads to small temperature increase
during mixing. The reactor was insulated, but reactor size was small, and rotor-stator
mixer size was large compared to reactor. The mixer was made of steel and it was entered
into reactor from top. All these factors will contribute to the heat losses. Temperature
difference was measured from inside reactor and at outlet as close the reactor as possible.
The power was calculated from Eq. (A.1). Here, the impeller speed was kept constant and
the Eq. (4.2) becomes:

% = Po� ¤<#2�2
8< + (%) + %!) (A.5)

When measured % is plotted against ¤<#2�2
8<
, slope of regression line is equal to Po� . The

use of Eq. (4.2) is justifiable in this case as Re = 9600.

A.2 Determination of impeller Flow number
Flow through 9.5 mL rotor-stator reactor was measured using water as feed. The tank with
bottom valve was installed on the inlet of 9.5 mL continuous flow reactor. Positions of
feed container and reactor were kept constant during experiment series, in order to have
constant hydrostatic pressure difference. Feed container had one liter of water at the start
of each experiment. Contrary to extraction (Fig. 3.4), only one inlet was used in here. The
outflow of reactor was directed on the vessel placed on the balance. The bottom valve of
feed tank was opened. Water flow through the reactor began and the mixing was started
immediately after. The cumulative outflow of the mixer was measured as a function of
time using balance and stopwatch. Experiment was stopped before feed container was
empty. Impeller speed was varied in experiments and experiment without mixing was
made. The flow rate through the system was calculated and the flow number determination
is shown in Fig. 4.2. The flow through smaller (+A = 2.5 mL) continuous flow reactor was
not measured due to its construction.

A.3 Flow rate and type in continuous flow reactor experiments
The flow rates and corresponding continuous flow reactor residence times are shown in
Table A.6. The flow type inside reactor can be characterized using impeller Reynolds
number, which is defined as (Hemrajani & Tatterson, 2004):

Re =
d#�2

8<

`
(A.6)

The flow in reactor is laminar, when Re is below 10. When Re is between 10 and 104, flow
is considered to be in transitional regime. As Re increases approximately above 104, flow
becomes fully turbulent. (Hemrajani & Tatterson, 2004). The calculated impeller Reynolds
numbers for rotor-stator mixers are shown in the Table A.8. The calculations were made for
power measurement using physical properties of water (d = 1000 kg m−3, ` = 1 m Pa s).
In case of 2.5 mL reactor, flow becomes turbulent, when impeller speed rises above of
about 15 000 rpm. On the other hand, mixing in 9.5 mL reactor is fully turbulent in whole
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studied impeller speed range. Impeller speed used in batch extraction experiments was
550 rpm (Tamminen et al., 2013) and corresponding impeller Reynolds number is 74 000,
i.e. flow is fully turbulent.

A.4 The measurement of the droplet sizes
Droplet sizes were measured using copper solvent extraction feeds in the 9.5 mL CFR
and 7.7 L batch reactors in Paper I. The droplet sizes were determined using MTS 3D
ORM-analyser (MTS-Duesseldorf, Germany). The analyzer measures laser back-scattering
from the droplets and gives chord length distribution, as a result. (Lovick et al., 2005) have
described measurement technique in more details, and it is not discussed further here.
The size of analyzer probe was large compared to CFR, and it was not possible to fit probe
inside the reactor. The probe was placed as close as possible to the CFR outlet, so that the
coalescence after the reactor was minimized. Impeller speed was 13 500 rpm. In case of
batch reactor, probe was placed inside the vessel. The impeller speed of 550 rpm was used.
The feed composition was same as in copper extraction experiments. Experiments were
made in same way as the extraction experiments (Section 3.4) and it was done in order to
control phase continuity.
The drop size measurement was continued for more than 20 min, using measurement
interval of about 20 s. 20 min was long enough for extraction to be in equilibrium in batch
reactor and steady state conditions were presumed in CFR. Samples for concentration
analysis were taken from the outlet of the reactor to confirm this (See Fig. 7.4).

A.5 Measurement of pH dependence of extraction equilibria
The pH dependence of extraction equilibria (Fig. 2.1) was determined for 13 vol% LIX 984.
Metals (Cu2+, Fe3+, Ni2+ and Zn2+) were added as sulfates into aqueous solution. 20 =
0.01 mol L−1 for all metals. The pH of aqueous feed was adjusted to 0 with concentrated
sulfuric acid prior the experiment. Extraction of all metals was determined simultaneously.
The feed solutions were mixed in a jacketed glass vessel equipped with four steel baffles.
(A/O = 1:1, +C>C = 500 mL). Flat paddle impeller made from PTFE with two blades was
used in mixing.
The feeds were added and the pH electrode was placed into reactor. Mixing was started
and pH was continuously monitored during mixing. The aqueous solution pH was adjusted
by ammonia gas. Ammonia gas was stripped from aqueous ammonia by bubbling nitrogen
gas through it. Gas mixture was bubbled in reactor during mixing. Ammonia dissolves into
reaction mixture and increases aqueous phase pH. The ammonia addition led to minimal
volume changes and phase ratio was assumed to constant. After desired pH was reached,
nitrogen flow was closed and dispersion was mixed until pH reading was stable. This
typically took about 15-20 min. Mixing was stopped and samples were taken from both
phases after phase separation. Sampling was made from both phases in order to maintain
phase ratio. The pH was increased in steps using ammonia and the sampling was repeated.
Samples were analyzed using ICP-OES for metal concentration.
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A.6 Measurement of extractant loading capacity
The organic and aqueous copper solutions were shaken in a separation funnel 30 min at
350 rpm. (A/O = 1:1). A small sample was taken from organic phase for concentration
analysis after phase separation. Aqueous phase pH was measured and the organic phase
was added to next stage together with an equal volume of fresh aqueous solution. The
volume decrease due to sampling was taken into account. The [Cu]0@,0 was increased from
0.36 to 3.1 g L−1 in four first stages. In remaining stages [Cu]0@,0 was 4.9 g L−1. The pH of
feed solutions were not adjusted. The [Cu]>A6 were determined after back-extraction with
concentrated acid solution (A/O = 20:1). The copper concentration in acid solution was
analyzed using atomic adsorption spectrometry (AAS). The copper loading was monitored
using pH measurement. The feed pH was about 4.2. The equilibrium pH was 1.5-2 in first
four stages and loading was continued until equilibrium pH rose over 4. The pH was 4.1
after ninth loading and the extractant was then considered to be fully loaded. The [Cu]>A6
rose from 0.35 to 6.3 g L−1 during four first stages. The final [Cu]>A6, i.e. copper loading
capacity, was 7.33 g L−1.

A.7 The estimation physical properties of dispersion
The density of dispersion in copper extraction and back-extraction is estimated from
densities of the feeds using following relation:

d3 = i0@ ∗ d0@ + i>A6 ∗ d>A6 (A.7)

The densities of aqueous and organic feed solutions together with calculated dispersion
density are shown in Table A.9. The viscosity of dispersion was calculated from Eq. (A.8),
which, according to Pal (2011), predicts viscosity of simple emulsion well:

`A4;

[
2`A4; + 5(`3/`2)

2 + 5(`3/`2)

]3/2
=

[
1 − i

imax

]−2.5imax

, (A.8)

where `A4; = `38B?/`2. `3 and `2 are dispersed (drop) and continuous phase viscosities.
i is dispersed phase volume fraction and imax is maximum packing volume fraction. For
spherical droplets in random close packing imax is about 0.64 (Pal, 2011). The Eq. (A.8)
applies when capillary number (Ca) approaches to zero. The capillary number for impellers
used in extraction experiments are about 4 × 10−4 (Table 4.3). The average shear rate
in tank and thus capillary number are about one order of magnitude smaller (Hemrajani
& Tatterson, 2004), which implies that Eq. (A.8) can be applied here. The calculated
dispersion viscosities are presented in Table A.10.
The interfacial tension of AcorgaM5640 in (20 vol%) in Exxsol D80–0.16 mol L−1 aqueous
CuSO4 is 22 mN m−1 (Tamminen et al., 2017). The interfacial tension of hydroxyoximes
(SME 529 andAcorga P50) in aqueous copper sulphate-heptane are 19–20 mN m−1 (Hughes
& Kuipa, 1996) ([HA] = 0.05 M, [Cu] = 0.01 M). According to Watarai et al. (1986),
interfacial tension of SME 529 in heptane-water is about 25 mN m−1, when extractant
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concentration is 10−2. Therefore, for LIX 984–aqueous CuSO4, the interfacial tension is
assumed to be 22 mN m−1.

A.8 The diffusion path length
The regions at both sides, and adjacent to the liquid-liquid interface are stagnant. The
thickness of these layers change as impeller speed and mixing power are varied. According
to Danesi et al. (1980), thickness of the stagnant layer in constant interface area cells
decrease rapidly as impeller speed is increased. Layer thickness in rotating diffusion
cell is given by Levich equation (Hanna & Noble, 1985; Hughes & Kuipa, 1996), which
is as follows: ;38 5 = 0.643#−1/2a1/6�1/3

38 5
, where ;38 5 depends on impeller speed (#),

kinematic viscosity (a) and diffusion coefficient (�38 5 ). Levich equation is an approximate
solution for thickness of diffusion layers, and it shows, that ;38 5 ∝ #−0.5. The data by
Danesi et al. (1980) indicates that ;38 5 ∝ #−1.27.20 From the mixing power equation
(Eq. (4.1)) it follows that # ∝ (%/<)1/3. Combining this with Levich equation, result is
that ;38 5 ∝ (%/<)1/3−0.5 ≈ (%/<)−0.167. In similar manner, combination relation with data
of Danesi et al. (1980), results ;38 5 ∝ (%/<)1/3−1,27 ≈ (%/<)−0.94

The diffusion layer thickness does not decrease to zero, even when mixing is vigorous. It
has a limiting value of about 10−3–10−4 cm, (Danesi, 2004). Duroudier (2016) presented
that thickness of diffusion layer around particle depends on particle size and Schmidt
and Reynolds numbers. The equation is based on mass transfer correlation of type
Sh2 = 2 + �1Re��Scc

�� (Kumar & Hartland, 1999), where Sh is Sherwood number, Re is
Reynolds number and Sc is Schmidt number. The coefficients are �1, ��, and ��. The
equation by Duroudier (2016) is as follows:

;38 5 =
3

2 + 0.6Re1/2Sc1/3 . (A.9)

For dispersion in stirred tank Re = (�4/3
8<
(%/<)1/3d)/`.

A.9 Additional tables and figures

Table A.1: The measured densities (d) of 13 vol −% LIX 984 at different extractant copper
loadings (!). Diluent was Exxsol D60. ) = 25 ◦C. The densities were measured using Anton
Paar DMA 4500 density meter

!,% d, g mL−1

0 0.79966
52.6 0.80384
100 0.80747

20Relation was determined for this summary by reproducing data of Danesi et al. (1980) digitally (Mitchell
et al., 2018). The exponent was determined by regression.
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Figure A.1: Effect of ionic strength on the formation constant of aqueous copper hydroxide
(CuOH+(aq)). The concentration stability constants were calculated from Eq. (2.14) using the
parameter values determined by Sun et al. (1980) and Paper I. The best fit of the data (Powell
et al., 2007) resulted in values of �1 = �2 = 0.018 (Table 2.3).

Table A.2: The kinematic viscosities (a) of 13 vol −% LIX 984 were measured at different
copper loadings (!). Diluent was Exxsol D60. The measurement of kinematic viscosity was
repeated and results of individual measurements are a1, a2, a3 and a4. Calculated average
(a0E6) of kinematic viscosity is also shown. The dynamic viscosity (`) was calculated from
kinematic viscosity and density (Table A.1), as ` = ad. ) = 25 ◦C. The viscosities were
measured using Ubbelohde type capillary viscometer (Schott Geräte, capillary Ic), which was
placed into water bath for temperature control.

!, a1, a2, a3, a4, a0E6, `,
% mm2 s−1 mm2 s−1 mm2 s−1 mm2 s−1 mm2 s−1 m Pa s

0 2.092 2.096 2.097 2.096 1.676
52.6 2.167 2.173 2.164 2.166 2.168 1.742
100 2.182 2.183 2.185 2.184 1.764
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Table A.3: The comparison of undiluted extractants LIX 984, LIX 84, LIX 860, and Acorga
M5640. Typical values for physical properties are presented.

Extractant LIX 984a LIX 84 LIX 860 Acorga M5640

Hydroxyoxime HNAPO,DSAO HNAPO DSAO NSAO
Type Blend Ketoxime Aldoxime Modified aldoxime
G(HA), wt% 57i 46b, 49c 69d, 66e 57f
Density, g cm−3 0.90–0.92j 0.9g 0.91g 0.95–0.96h
Viscosity, m Pa s 26g 37g <200h

a LIX 984 is 1:1 volume blend of LIX 84-I and LIX 860-I (Basf, 2013f) b Lazarova and Lazarova (2005)
cAverage of values from Elizalde et al. (2008), Elizalde et al. (2017), Hu and Wiencek (2000) d Elizalde
et al. (2017) e Average of values from Elizalde et al. (2017), Ocio et al. (2004), Ocio et al. (2009) f Agarwal
et al. (2012), Ferreira et al. (2010) g Basf (2015), ) = 30 ◦C, for viscosity data h Cytec (2011a), ) = 25 ◦C
i This work, see Table 2.6 j (Basf, 2013f)

Table A.4: The compositions of selected hydroxyoxime type extractants. LIX extractants
consists of hydroxyoxime and hydrocarbon diluent. Acorga M5640 consists of oxime, diluent
and modifier. The hydroxyoxime is the active compound of extractants, which binds with metal
cation.

Extractant Hydroxy oxime " , g mol−1 G>G8<4, wt% Method Ref

LIX 84 HNAPO 277.4 48 1

LIX 84-I HNAPO 277.4 46 Loadingd 2

LIX 84 HNAPO 277.4 49.8±3.4 DPVa 3

LIX 84 HNAPO 277.4 49.9±1.2 DPVa 4

LIX 860 DSAO 305.4 64.82±0.96 HPLCb 5

LIX 860 DSAO 305.4 66.6±2.0 GC-MSc 6

LIX 860 DSAO 305.4 65.7±1.9 DPVa 4

LIX 860-I DSAO 305.4 69.4±1.9 DPVa 4

LIX 860N-I NSAO 263.4 47.7±2.3f DPVa 3

LIX 860N-I NSAO 263.4 49.7 Loadingd 2

LIX 860N-IC NSAO 263.4 70.6±3.7 DPVa 3

LIX 63 DEHDO 271.4 >70 7

LIX 65N HNBPO 339 44.6,39,2 Loadingd 2,10

LIX 64N HNBPO,DEHDOg 45,40.1 8,10

LIX 984N HNAPO,NSAOh 270e 50.61 Loadingd 2

Acorga M5640 NSAO 263.4 57 9

1Hu and Wiencek (2000) 2 Lazarova and Lazarova (2005) 3 Elizalde et al. (2008) 4 Elizalde et al. (2017)
5 Ocio et al. (2004) 6 Ocio et al. (2009) 7 Basf (2013c) 8 Atwood and Miller (1973) 9 Agarwal et al. (2010)
10 Flett and Melling (1991) a Differential Pulse Voltamperometry b High-performance liquid chromatography
cGas-chromatography-Mass Spectrometry d Extractant is loaded with copper until its loading capacity is
fully used. eValue given by Lazarova and Lazarova (2005) f LIX 860N-I contain also 7.6 % HNAPO
according to Elizalde et al. (2008) g LIX 64N contain 1 % LIX 63(Atwood & Miller, 1973; Szymanowski,
1993) h 1:1 mixture of LIX 84 and LIX 860N
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Table A.5: The properties of selected solvent extraction diluents. The densities were measured
at 15 or 20 ◦C (indicated by )), while viscosities were measured at 25 ◦C. The Kauri-butanol
(KB)-numbers and Hildebrand solubility parameters (X) are also shown.

Diluent d, kg L−1 )d, ◦C a, mm2 s−1 KB X, MPa1/2 X2
k, MPa1/2

Shellsol D70 0.789a 15a 2.0a 29a 15.5a 15.25
Exxsol D60 0.792b 15b 1.81b 32c 15.1c 16.0
Orfom SX-11 0.811d 15.5d 6.5e 24.5d 14.1
Escaid 100 0.79f , g 20f , g 1.78h, g 34h 16.5
Shellsol K 0.785i 20i 15.8j

a Shell (2007) b Exxon (2005) c Flick (1998) d Brown (2015) e Chevron (2013) f Ritcey and Lucas
(1974) g Ritcey (2006) hYoung et al. (1992) iMackenzie and Cabassi (1990) j Barton (1983) k The
KB-number and solubility parameter (X) can be correlated (Barton, 1983). The KB numbers and X for
aliphatic hydrocarbons and their mixtures were collected from Barton (1983), Exxon (2005), Knothe and
Steidley (2011), Ritcey and Lucas (1974), Shell (2007). The linear regression for aliphatic hydrocarbon data
gives (X/MPa1/2) = 0.25KB + 8, which applies when KB < 35.

x

y

1

2
Droplet phase
feed pump

a

(a) (b)

Figure A.2: The schematics of experimental set-up for droplet breakage experiments (a) and
photograph of cell (b). The droplet is formed on the tip of needle using syringe pump. Droplet
detaches from needle and rises through cell, until it collides and breaks. Breakage set-up was
modified from coalescence cell used by Tamminen et al. (2018), by replacing upper needle by
blade. The field-of-view of the camera is marked with rectangle. Image is from Paper VI and
is used here under Creative Commons Attribution (CC-BY) license.
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Table A.6: Total volumetric feed flow rates used in extraction experiments in 2.5 mL and
9.5 mL reactors.

+A = 2.5 mL +A = 9.5 mL
g, s ¤+ , mL min−1 g, s ¤+ , mL min−1

0.75 200 1.3 450
1.0 150 1.6 360
1.5 100 1.9 300
2.0 75 2.5 225
3.0 50 3.2 180
4.0 38 3.8 150
6.0 25 5.1 113
8.0 19 7.6 75
10.0 15 10.1 56
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FigureA.3: The determination of droplet size distribution (DSD) from chord length distribution
(CLD). Chord length distribution was measured for copper solvent extraction in 9.5 mL
continuous flow reactor, when residence time was 1.3 s (# = 13 500 rpm). The parameters
log-normal DSD are fitted and the chord length distribution (CLD) is calculated from estimated
DSD and compared to measured CLD until best fit is reached. The extraction results are
presented in Fig. 7.4
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Table A.7: The estimated shear rates for impeller, maximum in flow and in rotor-stator gap.
The capillary number for impeller tip and corresponding droplet deformation (;34 5 ) are also
shown. The calculations are made for 7.7 L batch reactor and 9.5 mL continuous flow reactor.
The mixing is in turbulent range (Table A.8). See Table 4.3 for impeller speed. 4PBT is pitched
blade turbine with four blades. UTL-25 refers to Ika Ultra-Turrax UTL-25 rotor-stator mixer.

Batch 9.5 mL CFR Note

Impeller 4PBT UTL25
DC8?, m s−1 2.59 11.95 Eq. (4.9)
D 3.42 11.95 Eq. (4.8)
¤W, maximum in flow, s−1 1375 33750 Eq. (4.12)
¤W in rotor-stator gap, s−1 26500 Eq. (4.11)
¤W for impeller surface, s−1 40000 488000 Eq. (4.7)
¤W, maximum for impeller, s−1 40000 450000 Eq. (4.10)
Ca for impeller tip 0.30 0.98 Eq. (4.4)
;34 5 for impeller tip 0.34 1.10 Eq. (4.14)

a Residence time > 5 s

Table A.8: The flow regimes and impeller Reynolds numbers for continuous flow and batch
reactor used in Paper I (Tamminen et al., 2013). The feed was an aqueous solution. The
physical property values used in calculation of Re were d = 1000 kg m−3 and ` = 1 m Pa s.

Continuous flow reactor Batch reactor
+A = 9.5 mL +A = 7.7 L

# , rpm Re Regime # , rpm Re Regime

13500 64300 Turbulent 550 74000 Turbulent
15000 71400 Turbulent

Table A.9: The densities of aqueous phase (d0@ , CuSO4 solution), organic phase (d>A6 13 vol%
LIX 984) and dispersion (d38B?)in copper solvent extraction. Densities of aqueous copper
sulphate were calculated using linear interpolation from literature data () = 20 ◦C) (Haynes,
2015). Organic phase properties for feed and equilibrium were measured at ) = 25 ◦C for ! =
0 % and ! = 52.6 %, respectively (Table A.1). The dispersion properties were estimated from
Eq. (A.7).

d0@, g L−1 d>A6, g L−1 d38B?, g L−1

Feed 1.0067a 0.8018 0.913
Equilibrium 0.9987b 0.8060 0.910

a Value for [Cu] = 0.052 mol l−1 b Value for [Cu] = 0.003 mol L−1
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Table A.10: Dynamic viscosities of aqueous feed (`0@ CuSO4 solution), organic feed (`>A6
13 vol −% LIX 984) and dispersion (`38B?) in copper solvent extraction. The viscosities of
aqueous copper sulphate solution were calculated using linear interpolation from literature
data () = 20 ◦C) (Haynes, 2015). Organic phase properties for feed and equilibrium were
measured at ) = 25 ◦C for ! = 0 % and ! = 52.6 %, respectively (Table A.2). The dispersion
properties were estimated from Eq. (A.8). The aqueous phase was assumed to be continuous in
calculation.

`0@, m Pa s `>A6, m Pa s `38B?, m Pa s

Feed 1.030a 1.676 3.88
Equilibrium 0.996b 1.742 3.82

a Value for [Cu] = 0.052 mol L−1 b Value for [Cu] = 0.003 mol L−1

Table A.11: The programming language and libraries used in modelling and data analysis.
The libraries are those provided by operating system (Ubuntu, version 20.04, ubuntu.com).

Name Description Version Reference

Pythona Base language and standard li-
brary 3.8.10 Van Rossum and Drake

(2009)

Numpyb Array extension to Python and
basic mathematical routines 1.17.4 Harris et al. (2020),

Scipyc
Collection of scientific mathe-
matical routines complementing
Numpy

1.3.3 Virtanen et al. (2020),

Pandasd Python data analysis toolkit 0.25.3
McKinney (2010), The
pandas development
team (2020)

Matplotlibe Plotting library for Python 1.33 Hunter (2007)

Seabornf Statistical data visualization li-
brary based on Matplotlib 0.10.1 Waskom (2021)

LMfitg Least squares minimization and
curve fitting library 1.0.0 Newville et al. (2014)

Scikit-imageh Image processing algorithms for
Python 0.16.2 van der Walt et al.

(2014)
awww.python.org b numpy.org c scipy.org d pandas.pydata.org ematplotlib.org f seaborn.pydata.org
g lmfit.github.io h scikit-image.org
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Table A.12: The initial concentrations and other parameters in the literature copper extraction
equilibrium studies.

Extractant Diluent [Cu]0@,0, ?H0 [HA]max, �/$ Ref.
mol L−1 mol L−1

Acorga
M5640 Exxsol D80 0.01–0.69 0.11–4.16 0.05–0.46 0.1–12 1

Kelex 100 n-heptane 0.008–0.08 2.0–3.4 0.02–0.12 0.5–5 2

Kelex 100 Escaid 100 0.06–0.46 1.0 0.52 0.5–4 3

LIX 64N Escaid 100 0.02–0.14 1.2–4.0 0.05–0.5 0.1–9 4

LIX 64N

Bromobenzene,
Chloroben-
zene,
Decalin,
Heptane,
Toluene,
Trichloroethene,
Trimethylpen-
tane

0.09 1.99 0.21 0.1–9 5

1Vasilyev et al. (2017) 2Molnar (1980) 3Slater et al. (1974) 4Whewell and Hughes (1979) 5Whewell
et al. (1979)

Table A.13: The initial concentrations and other parameters of extraction kinetics studies of
Slater et al. (1974) and Molnar (1980).

Reactor Solvent # , [Cu]0, ?H0 [HA]max, �/$
rpm mol L−1 mol L−1

Lewis cell1,a Kelex 100
in Heptane

120–
320

0.01–
0.08 2.0–3.6 0.024–0.12 1.0

CFR2,b
Kelex 100
in Solvesso
150

300–
1400

0.04–
0.46 1.0 0.37–0.52 0.5–4.5

CFR2,b LIX 64N in
Escaid 100

200–
1000

0.01–
0.04 1.9 0.27 1.5–4.5

1 Slater et al. (1974) 2 Molnar (1980) a Two-bladed disk impeller b Marine impeller



Appendix 149

Ta
bl
e
A
.1
4:

Th
e
re
su
lts

of
ki
ne
tic

m
od
el
lin

g
of

co
pp
er

so
lv
en
te
xt
ra
ct
io
n.

Th
e
ta
bl
e
in
cl
ud
es

ex
tra

ct
io
n
re
su
lts

fro
m

th
is
w
or
k
an
d
ot
he
re
xt
ra
ct
io
n
stu

di
es

m
ad
e
us
in
g
LI
X
98
4
an
d
LI
X
98
4.

Th
e
re
su
lts

of
Ta
m
m
in
en

et
al
.(
20
13
)w

er
e

re
ca
lc
ul
at
ed

fo
rt
hi
sw

or
k.

Ex
tra

ct
an
t

D
ilu

en
t

Re
ac
to
r

+
A
,

Im
pe
lle

r
�
8<
,

#
,

%
/<

,
�,

:
,

 
�
G

Re
f.

m
L

m
m

rp
m

W
kg
−1

m
ol

L−
1

L
m

ol
−1

s−
1

LI
X
98

4
Sh

el
lso

lK
Ba

tc
h

77
00

Sp
iro

k
15

2
20

0
0.
29

0.
12

0.
03

0
±
0.
00

6
54

.0
1

LI
X
98

4
Sh

el
lso

lK
Ba

tc
h

77
00

Sp
iro

k
15

2
21

8
0.
37

0.
11

0.
04

2
±
0.
00

4
36

.2
1

LI
X
98

4
Sh

el
lso

lK
Ba

tc
h

77
00

Sp
iro

k
15

2
24

3
0.
52

0.
12

0.
04

8
±
0.
00

5
22

.3
1

LI
X
98

4
Sh

el
lso

lK
Ba

tc
h

77
00

Sp
iro

k
15

2
26

3
0.
66

0.
11

0.
09

7
±
0.
01

1
40

.7
1

LI
X
98

4
Sh

el
lso

lK
Ba

tc
h

77
00

Sp
iro

k
15

2
30

0
0.
97

0.
11

0.
10

2
±
0.
00

8
30

.3
1

LI
X
98

4
Sh

el
lso

lK
Ba

tc
h

77
00

4P
BT

90
50

4
0.
58

0.
12

0.
04

9
±
0.
00

4
27

.9
1

LI
X
98

4
Sh

el
lso

lK
Ba

tc
h

77
00

4P
BT

90
55

0
0.
75

0.
11

0.
06

8
±
0.
00

8
43

.1
1

LI
X
98

4
Ex

xs
ol

D
60

Ba
tc
h

77
00

4P
BT

90
55

0
0.
75

0.
10

0.
04

0
±
0.
00

2
15

.7
2

LI
X
98

4
Ex

xs
ol

D
60

Ba
tc
h

77
00

4P
BT

90
55

0
0.
75

0.
10

0.
03

1
±
0.
00

1
15

.7
2

LI
X
98

4N
Es

ca
id

10
0

Ba
tc
h

77
00

4P
BT

90
55

0
0.
75

0.
14

0.
03

4
±
0.
00

1
9.
0

3

LI
X
98

4N
O
rfo

m
SX

11
Ba

tc
h

77
00

4P
BT

90
55

0
0.
75

0.
15

0.
11

5
±
0.
01

4
41

.0
3

LI
X
98

4N
Sh

el
lso

lD
70

Ba
tc
h

77
00

4P
BT

90
55

0
0.
75

0.
14

0.
09

8
±
0.
00

7
13

4.
7

3

LI
X
98

4
Sh

el
lso

lK
Ba

tc
h

77
00

4P
BT

90
59

9
0.
97

0.
11

0.
09

0
±
0.
00

7
35

.2
1

LI
X
98

4
Ex

xs
ol

D
60

Ba
tc
h

3.
0

T8
6.
2

80
00

23
0.
11

0.
56
±
0.
01

41
.0

4

LI
X
98

4
Ex

xs
ol

D
60

Ba
tc
h

3.
0

T8
6.
2

80
00

23
0.
10

0.
20
±
0.
02

41
.0

4

LI
X
98

4
Ex

xs
ol

D
60

Ba
tc
h

3.
0

T8
6.
2

10
10

0
23

0.
10

0.
62
±
0.
03

41
.0

4

LI
X
98

4
Ex

xs
ol

D
60

Ba
tc
h

3.
0

T8
6.
2

15
10

0
60

0.
11

0.
82
±
0.
01

41
.0

4

LI
X
98

4
Ex

xs
ol

D
60

Ba
tc
h

3.
0

T8
6.
2

20
40

0
11

6
0.
11

0.
50
±
0.
01

41
.0

4

LI
X
98

4
Ex

xs
ol

D
60

Ba
tc
h

3.
0

T8
6.
2

20
40

0
11

6
0.
10

0.
67
±
0.
04

41
.0

4

LI
X
98

4
Ex

xs
ol

D
60

CF
R

2.
5

T8
6.
2

78
00

17
4

0.
11

1.
35
±
0.
13

41
.0

4

LI
X
98

4
Ex

xs
ol

D
60

CF
R

2.
5

T8
6.
2

78
00

17
4

0.
11

2.
13
±
0.
37

41
.0

4

LI
X
98

4
Ex

xs
ol

D
60

CF
R

2.
5

T8
6.
2

10
35

0
29

3
0.
10

7.
96
±
0.
55

41
.0

4

LI
X
98

4
Ex

xs
ol

D
60

CF
R

2.
5

T8
6.
2

14
80

0
60

5
0.
10

6.
25
±
0.
38

41
.0

4

LI
X
98

4
Ex

xs
ol

D
60

CF
R

2.
5

T8
6.
2

20
80

0
12

06
0.
11

22
.4
4
±
5.
71

41
.0

4

LI
X
98

4
Ex

xs
ol

D
60

CF
R

9.
5

U
TL

25
16

.9
13

50
0

38
27

0.
10

9.
19
±
0.
27

15
.7

4

LI
X
98

4
Ex

xs
ol

D
60

CF
R

9.
5

U
TL

25
16

.9
15

00
0

51
21

0.
10

6.
84
±
0.
61

15
.7

2

1
O
ja
(1
99

4)
2
Ta
m
m
in
en

et
al
.(
20

13
)
3
Pa
ka
rin

en
(2
00

6)
4
Th

is
w
or
k



150 Appendix



Publication I

Tamminen, J., Sainio, T., and Paatero, E.
Intensification of metal extraction with high-shear mixing

Reprinted with permission from
Chemical Engineering and Processing: Process Intensification

Vol. 73, pp. 119–128, 2019.
© 2013, Elsevier





Chemical Engineering and Processing 73 (2013) 119– 128

Contents lists available at  ScienceDirect

Chemical  Engineering  and  Processing:
Process  Intensification

jo ur nal homepage: www.elsev ier .com/ locate /cep

Intensification  of  metal  extraction  with  high-shear  mixing

Jussi  Tamminen,  Tuomo  Sainio ∗, Erkki  Paatero
Lappeenranta University of  Technology, Laboratory of Industrial Chemistry, P.O. Box  20, FI-53851 Lappeenranta, Finland

a r t i  c  l e i  n  f  o

Article history:

Received 14 April 2013
Received in revised form 16 July 2013
Accepted 16 August 2013
Available online 1 September 2013

Keywords:

High shear mixing
Solvent extraction
Process intensification
Modeling
Copper
Sulfate media

a b  s t  r  a c  t

A  laboratory flow  reactor  (Vr = 9.5  mL) with a  high  shear  mixer  was  used  to  study the intensification  of
extraction and  stripping.  The stirring rate  was 15,000 rpm  and  the reactor  space-time  was varied  from
1.3 to  13 s  in extraction  experiments.  The phases were  separated with  an  in-line  centrifuge. Results  were
compared  to those made  in batch reactor  (Vr = 7.7  L)  equipped  with conventional  pitched-blade  turbine
impeller.  The residence  time and  drop  size  distributions of flow  reactor were measured.  Copper extraction
was made  from sulfate  solution  using  a  hydroxyoxime  reagent  (LIX 984).  Both extraction  and stripping
reached  equilibrium  in a  few seconds  in  the  flow  reactor,  while  the  same  required  about  250  s in the
batch reactor.  Residence  time distribution was utilized  in  the model  of extraction kinetics.  Calculated
pseudohomogeneous  extraction  kinetic  constants of  the flow  reactor  and  the batch  reactor  were 5.9  and
0.034  L mol−1 s−1, respectively. Difference  was over  150-fold. Measured drop  size  distributions indicate
that differences in generated  interfacial  area can  explain only a  part of  rate increase.  Such dramatic
intensification  of  extraction  in flow  reactor  is  interpreted  here  to be  due  to both  increased  interfacial
area  and  decreased  diffusion path  length.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The aim of process intensification is to develop innovative
equipment and techniques to reduce the size of the process equip-
ment [1].  At the same time it  is required, that the production
capacity of the process remains the same. Process intensification
can be achieved by using traditional unit operations in non-
conventional way. Unit operations can  also be combined with each
other or  separation can be combined with reaction in  single stage.
There are also many examples how intensification of the mix-
ing can  substantially reduce the equipment size (for review see
Stankiewicz [1]).

Typical mixing rates used in industrial scale solvent extraction
plants are low and  the impeller design (e.g. the Spirok mixer) aims
to avoid high shear rates in order to avoid entrainment due to the
formation of tiny droplets [2]. Typically, there are two  mix  tanks,
primary and secondary, connected in  series in mixer-settler unit.
The specific mixing power of laboratory scale hydrofoil and spiral
agitators, are in the range of 0.1–0.46 kW m−3.  In full scale design
power of hydrofoil placed in secondary mix  tank is  in the range of
0.06–0.1 kW m−3 [3]. For comparison, e.g. in case of  Spirok-mixer,
the nominal mixing power is  about 0.15 kW m−3 in a 90 m3 indus-
trial mixer.

∗ Corresponding author. Tel.: +358 403578683.
E-mail address: tuomo.sainio@lut.fi (T. Sainio).

In the present work, high  mixing rates are used in order to
intensify the phase contact in the hydrometallurgical liquid–liquid
extraction equipment. The mixing power in high shear mixer is
focused on a very small volume and the power consumption can be
1000 kW m−3 or even higher [4]. The gain is,  of course, larger inter-
facial area. Watarai [5] has estimated, that by  increasing the stirring
rate from 200 to 5000 rpm  in  laboratory mixer, the interfacial area
is increased about 500-fold. By utilizing high shear mixing, it  is
therefore possible to use smaller reactors and contact times, and
still achieve same production capacity.

The in-line rotor–stator mixing devices have been recently stud-
ied by  several authors. Power draw of  different devices has been
studied by using  both torque and calorimetric measurements [6–8].
According to  Kowalski [7]  part of mixing power of  high shear mixer
is needed to rotate  rotor against liquid in the gap between rotor
and stator and liquid flow through the same gap requires part of
the power. Some of the mixing power is  consumed by vibration,
noise, bearing and other losses. Typical application of  high shear
mixers is liquid–liquid emulsification and drop sizes generated by
high shear mixers are studied in several studies. Hall  et al.  [9] found
that generated drop size distributions are in practice log-normal,
when low-viscosity oil and water were mixed together. When high-
viscosity oil was used distributions were skewed toward smaller
drops. Log-normal drop size distributions were also reported in
other studies [10]. In  single-pass in-line high  shear mixers, there
was found out  to be critical mixing rate above which droplet sizes
does not decrease significantly. Similarly, Aprahamian et  al.  [11]
observed that average drop size reaches constant value, as mixing

0255-2701/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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rate is increased to about 5000–6000 rpm. Atiemo-Obeng and Cal-
abrese [4],  Utomo et al. [12] and Hall  et al.  [9] have discussed the
scale-up of the rotor–stator mixers. Zhang et al.  [10] have reviewed
different applications and studies, such as  mixing power, flow pat-
tern and energy dissipation properties of high shear mixers.

Carter and Freiser [13], Forney et  al. [14] and Nitsch and  Hoff-
mann [15] have presented high shear mixing contactors of their
own design in  solvent extraction. The AKUFVE laboratory unit was
developed for liquid–liquid extraction studies [16]. The main com-
ponents of  this apparatus are  a mixing chamber, where vigorous
mixing is  used and a high-speed centrifuge for phase separation.
The AKUFVE can  be operated either batch wise or continuously.
Flett et al. [17] have used AKUFVE system for the study  copper
solvent extraction kinetics.

Solvent extraction of copper is  the most widely  used applica-
tion of  liquid–liquid extraction in metallurgical industry. Extraction
of copper with hydroxyoxime type reagents has been extensively
studied and reported in the literature. Therefore, copper extrac-
tion was chosen as the test system for the present work. Extraction
data from continuous flow reactor with a high shear, rotor–stator
mixer, are here compared with data from a batch reactor with
a conventional turbine mixer. An in-line centrifuge was used for
fast separation of phases because the use of chemicals, distilla-
tion, and  electric current used for  emulsion breaking [18] are not
practical in a metal extraction circuit. The residence time  distribu-
tions were measured for continuous flow reactor. Residence time
distributions were utilized in  the continuous flow reactor model,
where the dispersion was assumed to be pseudohomogeneous
liquid.

It should be noted already here that it seems unlikely that
high shear rotor–stator mixers would replace large mixer–settler
units used today in  copper extraction plants for primary separa-
tion. Even though big rotor–stator high shear mixers are possible
to build, they are not practical as they need too much power
[19]. The potential applications of high  shear flow reactors in
solvent extraction are rather in small units  where the decrease
in equipment scale could result in  savings in space  require-
ment and reagent costs. For example, a complete extraction-phase
separation-stripping process could be fitted to a standard container
that is easily transported and connected to an  existing solvent
extraction plant.

2. Experimental

2.1. Experimental set-up

High shear mixing can be generated with rotor–stator method,
where rotor is  rotating at high  speeds inside the stator [20]. The
actual construction of the rotor and  stator can  vary. The mixer used
in the present work is  a  single-stage in-line rotor–stator mixer. The
experimental set-up of the high shear reactor system is  shown in
Fig. 1. The continuous flow reactor was a 9.5-mL Ika Ultra-Turrax

UTL-25 in-line disperser with a tachometer. The reactor is made
of stainless steel and  it  consists of a rotor–stator mixer and a  flow
chamber. Rotor had two blades and stator had 12 slots. The edges of
rotor and stator are sharp. The stirring rate of the high shear mixer
can be varied in  the range of 6200–23,500 rpm. Masterflex 7550-17
peristaltic pumps were used to transfer the organic and aqueous
feeds into the reactor. In this work the total feed flow rate was
varied in the range of 45–450 mL min−1.  The phases were separated
with a  Cinc model V-2 in-line centrifuge made of stainless steel. The
filling mass of the centrifuge is 200 g and maximum throughput
2 L  min−1.

Samples from both phases were taken from the centrifuge out-
lets with an Ismatec ISM931 peristaltic pump. The pH  was  measured

Fig. 1.  Experimental set-up in extraction and stripping experiments. Reactor: Ika
Ultra-Turrax UTL-25, Vr = 9.5  mL. Centrifuge: Cinc V-2. Throughput 2 L  min−1 and
filling mass 200 g.

with a Sensorex in-line pH-electrode from the liquid–liquid disper-
sion after the reactor in  extraction experiments. When necessary,
the pH was  measured also from centrifuged aqueous samples using
a WTV  SenTix Mic electrode.

The acquisition of the inlet and outlet temperatures, pH and mix-
ing speed data were done with a PC, which also controlled the feed
pumps. When needed, the VIS-absorbance was  measured from the
aqueous phase after the centrifuge with an Agilent 8453 spectropho-
tometer with a  flow-through cuvette. The wavelength was 811 nm
and measuring interval 0.5 s.

The batch extraction experiments were made in a 7.7-liter poly-
acrylate reactor with four baffles and  a 4-bladed steel turbine
impeller (blade angle 45◦). Neither of the reactors was jacketed
but the temperature of the feed solutions was adjusted to 22 ◦C
(ambient temperature). Moreover, the compositions of phases at
the start-up of batch experiments were equivalent to those in the
feeds to the continuous flow reactor (see Table 1).

2.2.  Residence time distribution measurements

Residence time distributions (RTD) were measured for the con-
tinuous flow  reactor in order to determine the flow pattern inside
the reactor. The experimental set-up was  as  in  Fig. 1, except that a
side stream was  lead  immediately after the reactor to  the UV/VIS-
spectrophotometer. The mixing rate (6500–23500 rpm) and the
space-time of the continuous flow reactor (� =  1.3–12.7 s) were var-
ied. The volumetric flow rate in the side stream was constant,
typically 10 mL  min−1. The feed solutions were at ambient temper-
ature and  the temperature in reactor outlet was recorded.

The step responses were measured by  using aqueous feeds only.
The step change was made by switching between a 0.05 mol  L−1

Na2SO4 and a  0.05 mol  L−1 CuSO4 solution using manually operated
three-way valves. The reactor was  first filled with one solution and
then displaced with another. The pH of both solutions was  adjusted
to 1.8 with sulphuric acid. The solutions were degassed prior to use.
The copper concentration was recorded with the spectrophotome-
ter at the wavelength of  811 nm.  The measuring interval was 0.5  s.
Each measurement was continued until outlet concentration was
observed to  reach constant value.

Several RTD curves were measured using different mixing rates
during one experiment, while feed flow rates were kept constant.
Three parallel measurements were made at each flow rate and
space-time.

The RTD of  the tubing before and after the reactor were deter-
mined from step responses measured in separate experiments
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Table 1

The initial concentrations of  the feed solutions and phase volume ratios in extraction and back-extraction experiments. The aqueous feeds were sulfate solutions. Organic
feed  contained hydroxyoxime (LIX 984, 13 vol%)  and diluent was  Exxsol D60. Hydrogen ion concentrations in the feeds were calculated from mass balances using measured
initial pH  (in case of extraction). In  case of  stripping [H+]0 and [HA]0 were calculated. [H2SO4]0 was  162 g mol L−1 in stripping experiments.

[Cu]aq (mol L−1) [Cu]org (mol L−1)  [H+] (mol L−1) [HA] (mol L−1) pH A/O

Extraction 0.052 0  0.015 0.22 1.8 1.2:1
Stripping  0  ∼0.06 1.72 0.108 – 1:1

running the system so that the flow by-passed the reactor. Five
parallel measurements were made at each flow rate.

The mean residence times t̄, were calculated from RTD-data with
the following equation.

t̄ =
1
c0

∫

t dcstep =

∫

t dF(t) =

∫

[1 − F(t)]dt (1)

where c0 is the tracer concentration in feed and thus maximum
concentration. cstep is  the measured concentration at reactor outlet
at time t. F(t) is  dimensionless form of experimental step response
and it was obtained by dividing the measured concentrations with
the feed concentration [21].

2.3. Drop size measurements

The  drop sizes were measured for copper extraction both in the
continuous flow reactor and in the batch reactor using a MTS  3D
ORM-analyser (MTS-Duesseldorf, Germany). The instrument meas-
ures laser back scattering from the droplets and  gives the chord
length distribution, from which the actual drop size distribution
could be calculated. The chord length is regarded to be sufficient in
this work, when drop sizes generated in the continuous flow reac-
tor and in the batch reactor are compared, as  it is not reasonable
to assume that the drop geometry is same in  both reactors. Lovick
et al.  [22] have described the principles of the measurements tech-
nique in more details. They used this  method in measuring drop
size distributions from emulsions of  tap water  and kerosene (Exxsol
D140).

The analyser probe was placed in the outlet of  the continuous
flow reactor, thus the probe was as  close as possible to the reac-
tor, and the coalescence after mixing was minimized. The mixing
rate was 13,500 rpm. In  case of the batch reactor, the probe was
placed inside the reactor. The mixing rate was 550 rpm.  The com-
position of the feed solutions and the phase ratio were the same as
in extraction experiments (see Table 1). Mixing in experiments was
started same way as  in  the extraction experiments in  order to  con-
trol phase continuity. The drop sizes were measured continuously
from the reactors for more than 20 min  using measuring interval of
about 20 s.

Organic phase is assumed to be dispersed, and droplets assumed
to  be spherical. When considering, that phase volume ratio (A/O)
was 1.2:1, the interfacial area, ac,  based on chord lengths can  be
calculated:

ac =

∑

(6ϕiVorg/li)

Vtot
=

∑

6ϕixorgVtot

liVtot
=

∑ 6ϕixorg

li
(2)

where Vtot = Vaq + Vorg.  Volume fraction of  organic phase is  xorg

(Vorg =  xorg Vtot,  xorg = 1/(A/O + 1)). ϕi is volume fraction of  chord
length class li. Note that although specific interfacial area (aV)  and ac

are not equal, ac is  useful for comparison of measured chord length
distributions and is used here for that purpose.

2.4. Extraction and stripping experiments

The  copper feed solutions were prepared using reagent grade
CuSO4·5H2O dissolved in deionized water and the pH was adjusted
using reagent grade sulphuric acid. The concentrations in the feeds
are presented in  Table 1. The extractant (LIX 984) concentration was

13 vol%  and it was dissolved in Exxsol D60. The maximum capac-
ity of the diluted reagent was  7.2 g  Cu L−1 and it  was determined
by  titration. The phase volume ratio (Vaq/Vorg = A/O) was 1.2:1  in
all extraction experiments. In the stripping experiments the initial
concentration of copper in the organic feed was that achieved in the
preceding extraction experiments. Copper was stripped from the
organic feed with H2SO4 (c0 = 162 g  L−1). The phase volume ratio
was 1:1.

In the batch reactor the mixing rate was  550 rpm and sampling
was done with a peristaltic pump. In  extraction, the aqueous feed
was  first placed in the batch reactor and mixing was started. The
organic solution was  then quickly decanted into the reactor in order
to have the aqueous phase continuous. Time measurement was
started after all of organic solution was  added into the reactor.
In stripping the experiment was started in a reversed order. Each
experiment was  continued for  2 h. The pH was not measured in
stripping experiments.

In the extraction experiments with the continuous flow reactor,
the aqueous feed was first pumped into reactor and  then the mix-
ing was started using the stirring rate of 15,000 rpm.  The organic
feed was  then led into reactor. The aim was to get the aqueous
phase continuous. The contact time in the reactor was varied by
changing the total feed flow rate between 45 and 450  mL  min−1.
The  system was operated until steady state was reached after
which  the degree of extraction was determined as  explained below.
Phases were separated with in-line centrifuge after reactor. The
pH after the centrifuge was recorded continuously and occasion-
ally measured off-line from centrifuged aqueous samples. The
fraction of extraction and stripping were recorded separately for
each contact time. Same procedure was used in stripping experi-
ments, except that mixing rate of 13,500 rpm  was chosen, organic
phase was  fed first into reactor and  pH measurement was by-
passed.

The extraction and stripping equilibria were determined in  sep-
arate experiments in 50 mL  separation funnels. Phase ratio and
feed concentrations were same than in extraction and stripping
experiments. Phases were mixed for 30  min.

Samples were taken from both phases in every experiment.
In batch experiments, sampling was  made by pumping emulsion
from the reactor with peristaltic pump. The dispersion samples
were immediately centrifuged and  the clear phases were ana-
lyzed separately. In  continuous flow reactor experiments, three
parallel samples were taken from the outlets of the centrifuge.
The pH was measured from aqueous phase centrifuge outlet and
was also measured from the aqueous phase samples. The organic
phase samples were stripped with H2SO4 (200 g  L−1)  using a phase
volume ratio of 20:1 (A/O) and  the separated strip solution was ana-
lyzed. Aqueous phase samples were diluted with deionized water
when necessary. Copper concentration in samples was analyzed by
atomic absorption spectrometry (AAS) using wavelength 324.7 nm.
Atomic absorption spectrophotometer was  GBC 932 by  GBC Scien-
tific Equipment.

Measured data is  presented here as  a fraction extraction (see
Figs. 5b and 6);  E  =  (n(Cu)org/n(Cu)aq,0) × 100%, where n(Cu) is  total
amount of copper in aqueous feed. Fraction extracted can be also
calculated using mass balance (n(Cu)org =  n(Cu)aq,0 − n(Cu)aq). In
case of stripping experiments, E can  be calculated analogously
(E = (n(Cuaq)/n(Cu)org,0)  × 100%).
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3. Modeling of copper extraction

3.1.  Reaction mechanism

Solvent extraction of copper and complexation mechanism has
been previously studied by  several authors (for example, see Flett
et al. [17], Paatero [23], Miyake et  al.  [24] and Freiser et  al. [25]).
Mechanism presented by  Flett et  al.  [17] for copper extraction with
LIX 65N  is  applied here for copper extraction with LIX 984. Mech-
anism starts by interfacial adsorption of extractant:

HAorg ⇄  HA (3)

Copper cation reacts with hydroxyoxime (HA) forming labile inter-
mediate complex (CuA+)

Cu2+ +  HA ⇄ CuA+ +  H+ (4)

followed by  reaction of CuA+ with another hydroxyoxime molecule
whereby complex CuA2 is formed.

CuA+ +  HA ⇄ CuA2 + H+ (5)

Since overall charge of complex is  nil, it  preferentially diffuses from
interface into bulk organic phase.

CuA2 ⇄ CuA2,org (6)

Taking into account reactions (3)–(6), the overall reaction for for-
mation of copper organic phase complex is:

Cu2+ + 2HAorg ⇄ CuA2,org + 2H+ (7)

Reactions (3)–(6) form mechanism for  copper extraction. When
reaction (5)  is rate determining, rate law is:

r = k

[

[Cu2+]
[HA]2

org

[H+]
−

1
KE

[CuA2]org[H+]

]

(8)

where k is pseudohomogeneous kinetic constant for extraction.
Pseudohomogeneous kinetic constant also contain interfacial area
(A), and k can be expressed also as  kEA, where kE is  kinetic con-
stant for  extraction in units of  dm mol−1 s−1.  Pseudohomogeneous
kinetic constants were  used for comparison of  reactors in  this work.
Equilibrium constant of copper extraction (KE) is:

KE =
[CuA2]org[H+]

2

[Cu2+][HA]2
org

(9)

3.2. Speciation in aqueous phase

Following equilibrium reactions take place in bulk aqueous
phase [26]. These reactions occur in bulk  aqueous phase and are
assumed to be fast compared to  copper complexation with hydrox-
yoxime (Reaction (7)) and thus be in equilibrium at all times during
extraction.

SO4
2− + H+ ⇄  HSO4

− (10a)

Cu2+ + SO4
2− ⇄ CuSO4,aq (10b)

HSO4
− + H+ ⇄  H2SO4 (10c)

H2O ⇄ OH− + H+ (10d)

Equilibrium constants for  the reactions (10) are:

K1 =
[HSO4

−]

[SO4
2−][H+]

(11a)

K1 =
[CuSO4]aq

[Cu2+][SO4
2−]

(11b)

K3 =
[H2SO4]

[HSO4
−][H+]

(11c)

Kw = [OH−][H+] (11d)

Concentration based equilibrium constants for complex forma-
tion (Reactions (11a) and (11b)) are reported in the literature for
different media and ionic strength (Ic) [27–34]. The constants for
reactions (11a) and (11b) at certain ionic strength (Ic) can be cal-
culated as: log  K1 = 1.99 − � log  K1 and log  K2 = 2.35 − � log K2. The
effect of  ionic strength on constant was  taken into account by  using
following equation [35]:

�  log(K) = 0.51

(

√

Ic

1 + 1.50
√

Ic
− C1Ic

)

� − C2Ic (12)

When C1 =  C2 = 0.09, Eq.  (12)  applies for ionic strength values below
0.5 [35]. Value of  � is 4 for bisulfate (K1) and 8 for  copper sulfate
(K2). When value of 0.01 is  used both for C1 and C2, Eq. (12) can
be used to estimate the change of C1 and C2 (Ic ≤ 3). Value for ionic
product of water, log  Kw = −14,  were  used for whole ionic strength
range. The first dissociation reaction of  sulphuric acid was  assumed
to be complete in calculation of aqueous phase speciation, as value
for log  K3 is  −3 [36].

3.3.  Speciation in  organic phase

Hydroxyoxime can  exist as  a dimers in the organic phase and
the monomeric extractant can form complexes with CuA2 in  the
case of large excess of extractant. Such dimerization was  neglected,
however, since the extractant concentration in this  work is well
below the lower limit suggested by  Piotrowicz et al. [37]. The for-
mation of CuA2·2 HA  was  neglected because of the extractant to
metal ratio is here only 2.2. Further, it  was  assumed that the two
hydroxyoxime molecules (LIX  860 and LIX 84) that constitute the
commercial product LIX 984 react same way  with copper.

3.4. Mass balances

Following mass balance equations are based on those presented
by Hu and Wiencek [26], and Casas et al.  [38]. Mass balances for
copper, sulfur and hydrogen are, respectively:

[CuSO4]0xaq = ([Cu2+] +  [CuSO4]aq)xaq +  ([CuA2]org

−  [CuA2]org,0)xorg (13)

[CuSO4]0 + [H2SO4]0 = [CuSO4]aq +  [SO4
2−]

+  [HSO4
−]  + [H2SO4]aq (14)

2[H2SO4]0 + 2
B

xaq
= [H+] + [HSO4

−]  + 2[H2SO4]aq (15)

where B is defined as concentration difference of copper due  to
mass transfer from aqueous to organic phase:

B = ([Cu]aq,0 − [Cu]aq)(xaq)  = ([Cu]org − [Cu]org,0)(xorg) (16)

Concentrations are total concentrations in  respective phases. B

is negative for stripping. Initial concentrations are marked with
subscript 0. Additionally, charge balance should be satisfied for
aqueous phase species:

2[Cu2+] + [H+]  = [OH−] + [HSO4
−] + 2[SO4

2−]  (17)



J. Tamminen et al. / Chemical Engineering and Processing 73 (2013) 119– 128 123

The formation constant of copper hydroxide, log  K (CuOH+), is
in the range of 5.4–6.4 (Ic = 0–0.1) [27]. The pH in  extraction exper-
iments was in  the range of 1.1–1.8 and  thus p[OH] =  12.2–12.9.
Copper concentration in extraction experiments was approxi-
mately in  the range of  10−1 to 10−3 M.  Maximum concentration of
CuOH+ is then: 10(6.4−1−12.2) = 10−6.8 M. In  stripping experiments,
[H+] is higher, and [OH−]  and concentration of CuOH+ are lower.
It is  therefore assumed here that [CuOH+] ≈ 0 and that it  could be
omitted from the model.

Aqueous phase concentrations were  calculated from the reac-
tions (10–12 and 13–17). In the extraction experiments, the pH of
feed solution was adjusted into 1.8 using sulfuric acid. The vol-
ume  of acid (V(H2SO4)0) used in pH adjustment was calculated

by minimizing equation ([H+]
2
exp,0 −  [H+]

2
calc) using quasi-Newton

type algorithm [39,40]. [H+]exp,0 is  hydrogen ion concentration in
the feed solution, which was calculated from pH assuming that
pH0 = − log([H+]exp,0). It  is emphasized that value of V(H2SO4)0

was fitted using measured initial concentrations and pH. Corre-
sponding value of c(H2SO4)0 and measured initial values were
subsequently used in calculation of composition of aqueous phase
was calculated by using Eqs. (10)–(12) and (13)–(17). In case of
the modeling of  the stripping, aqueous phase composition was cal-
culated using measured initial values as  c(H2SO4)0 was  known in
this case. The speciation equations were written as a  function of B

(described in Eq.  (16)) and  they were solved using nonlinear con-
jugate gradient algorithm [39], in modeling of both extraction and
stripping experiments.

3.5.  Residence time distribution of the continuous flow reactor

The residence time  distributions (RTDs) were measured for
whole system (continuous reactor and tubing before and after reac-
tor) and when reactor was by-passed (tubing only). As space-time
of reactor was short and reactor volume was small, tubing volume
after reactor and in  particular in  the line leading to the UV detector
was not negligible. Thus, it  was not possible to measure RTD of the
continuous flow reactor directly.

Instead, it was assumed that all observed delay and mixing in
tubing is  due to  side stream to the spectrophotometer. The follow-
ing equation was fitted RTD measured for tubing only:

F(t)b = (p0p1(1 − e(−t/p1))) − p2(1 − e(−t/p2))  − p3(1 − e(−t/p3))

(18)

where p0,  p1, p2,  and p3 are the parameters. While Eq.  (18) may
be interpreted as series of ideal reactors, it  is  used here only for
interpolation of RTD data. Since the interpolation polynomial is  dif-
ferentiable, numerical differentiation of experimental RTD data can
be avoided. The parameters of Eq.  (18) were fitted simultaneously
into 35 measured distribution curves. A single set of parameters
was thus applied for all flow rates. The calculations were made
by minimizing square of  sums

∑
(
∑

(F(t)calc − F(t))
)

, using mini-
mization subroutine by  Jones et  al. [39],  which uses quasi-Newton
type algorithm by  Zhu et al.  [40].

E(t)b-function can be obtained from corresponding F(t)b,  as
E(t)b =  (d/dt)F(t)b [21],  and thus:

E(t)b =  (−p0p1(e(−t/p1)))  + p2(e(−t/p2))  + p3(e(−t/p3)) (19)

As mixing rate in the continuous flow reactor is very high, it is
likely that its behavior is  close to that of an ideal CSTR. For best
fit, the continuous flow reactor is assumed to be consisting of two
differently sized parallel ideal CSTRs. RTD for this reactor system
can be calculated from following function [21]:

E(t)CFR =
˛

1 + ˛

1

t̄1
e−t/t̄1 +

1
1 + ˛

1

t̄2
e−t/t̄2 (20)

where  ̨ = V̇1/V̇2. t̄1 and t̄2 are mean residence times of  two
ideal-CSTRs. Two other RTD functions for continuous flow reac-
tor were also tested. First of them was  model for ideal CSTR
(E(t) = (e−t/t̄/t̄)) and other was series of two differently sized CSTRs
(

E(t) = 1
t̄1−t̄2

(e−t/t̄1 − e−t/t̄2 )
)

. Concentration distribution C(t) can

then be calculated directly from E(t) [21]:

C(t) =
ṁ

V̇
E(t) (21)

In order to  calculate RTD of the continuous flow reactor, convo-
lution of concentration distribution after continuous flow reactor
(C(t)CFR) with RTD of tubing (E(t)b)  was calculated:

Cout(t) = C(t)CFR ∗ E(t)b (22)

The  result of convolution (marked with *)  is  concentration dis-
tribution at the “outlet” of  whole system i.e. at the point where
measurement was  made.

Concentration distribution C(t)CFR was calculated from E(t)CFR,
and convolution of C(t)CFR with E(t)b was calculated using con-
volution subroutine by Jones et al.  [39]. Subsequently, E(t)out and
F(t)out were calculated from C(t)out.  Three parallel RTD measure-
ments were made for whole reactor system and parameters of
E(t)CFR were changed until square of sums

∑
(
∑

(F(t)out − F(t))
)

was minimized. Here, parameters of Eq. (20) were fitted simulta-
neously  to  all three dataset. It is  emphasized here that fitting was
made separately for datasets measured at different space-times,
while E(t)b was kept constant. Function minimization was made
using quasi-Newton type algorithm [39,40].

3.6. Reactor model

In extraction and stripping one of the phases is continuous and
other is dispersed as a droplets, which can be thought to be evenly
distributed in the continuous phase. In such case dispersion in the
batch reactor can  be thought to be a macrofluid, where each volume
element behaves as a batch reactor [21]. In such case batch reactor
can be modeled using normal batch reactor kinetic equations. Both
speciation of aqueous phase and organic phase concentrations were
expressed as  a function of B and  thus were used in  calculation of
reaction rate. Reaction rate of copper extraction and backextraction
was expressed as:

dB

dt
= r([Cu2+], [HA], [H+], [CuA2]) (23)

where r is  reaction rate of extraction (reaction (8)). After fitting
kinetic model, values of aqueous and organic concentrations, such
as [Cu2+]  and [CuA2], were calculated from resulting values of B.

Same model was used to model both extraction and stripping and
parameter which was  fitted in  both cases was kinetic constant of
extraction (k).

In case continuous flow reactor, the copper concentration differ-
ence due to mass transfer from aqueous organic phase (B) at steady
state in segregated flow is obtained by  integration:

[B]SS =

∫ ∞

0

(B(t))batchE(t) (24)

where subscript SS  denotes the steady state of the continuous flow
reactor and subscript “batch” denotes copper concentration differ-
ence calculated using batch reactor kinetic model. Simpson’s rule
was used in numerical integration of equation (22) [39]. (E(t)CFR)
was calculated from RTD-data (see Eq. (20)). The volume of the
reactors and volumetric flow rate of continuous flow reactor were
assumed to be constant.

The feeds in  extraction are immiscible and both feeds  were
introduced continuously into the reactor such that they are
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Fig. 2. Influence of feed flow  rate on residence time distribution. Measured residence time distributions (RTD) when the flow  reactor was  by-passed. Copper solution (0.05 M
CuSO4) was fed into reactor and  Na2SO4-solution (0.05 M)  was  washed out. Data measured at different feed flow rates is presented with different figures, which are marked
with corresponding space-time of continuous flow reactor in order to ease comparisons: 1.3 s (450 mL  min−1), 1.6 s (360 mL min−1),  1.9 s (300 mL  min−1), 2.5 s (225 mL min−1),
3.1  s (180 mL  min−1), 3.8 s (150 mL  min−1), 5.1 s (112.5 mL min−1),  7.6 s (75 mL  min−1),  10.1 s (56.3 mL  min−1), 12.7 s (45 mL  min−1). Measured data  is presented with symbols
and calculated values with lines. Each measurement was continued until constant outlet value was  reached. The  volume of continuous flow  reactor is 9.5  mL.

contacted for the first time at the continuous flow reactor inlet. As
mixing in  the reactor is vigorous and the dispersion does not set-
tle  immediately after mixing, it  is  acknowledged that a portion of
the tubing after the reactor can  function as  a  tubular reactor. How-
ever, droplet formation before and after reactor is assumed to be
negligible compared that present inside continuous flow reactor.

In principle, estimates for interfacial area generated by  high
shear mixer could be made using drop size measurement data.
As such estimate will likely not be very accurate, extraction
is here modeled using pseudohomogeneous kinetic parameter,
which is used in comparison of the reactors. Kinetic equations
were solved using solver for ordinary differential equation sys-
tems (LSODA) [41]. The kinetic parameter was calculated from
the model by minimizing square of sums between experimen-
tal and calculated values of B using  quasi-Newton type algorithm
[39,40].

4. Results and discussion

4.1.  Residence time distribution

Residence time  distribution was measured in
order to  characterize mixing in the continuous flow
reactor. The mixing rate was found to not affect the measured
RTD significantly and will therefore not be discussed here. This
is in contrast to results of Xu et al.  [42],  who measured RTDs of
in-line high shear mixer and modeled them using computational
fluid dynamics. They found out that either mixing rate or flow
rate increase will improve mixedness of  fluids. In their high shear
mixer, both rotor and stator had two rows of fine teeth, while rotor
has two blades and  stator used has only one row of teeth in  high
shear mixer used here. More importantly, mixing rates which they
used were lower (500–1000 rpm)  than those used in present work.

The RTDs were measured for  tubing only (Fig. 2) and for  whole
reactor system (reactor and tubing before and  after it) (Fig. 3) in  sep-
arate experiments. The 10-fold increase in space-time (1 s → 10 s)
results only a  slightly better mixing, as measured RTDs are almost
constant (in t/t̄ scale).  Mean residence times were calculated
for both setups from the corresponding data. Their difference is

approximately equal to  space-time of the reactor, which indicates
that volumetric flow rates were close to their nominal values.

The RTD for whole system was modeled using calculated E(t)b

and three different equations (E(t)CFR)  for continuous flow reac-
tor. The measured and  calculated RTDs are presented in Fig. 3.
Naturally, difference between parallel measurements is higher at
short space-times, where space-time of  continuous flow reactor
approaches measurement interval (0.5 s).  Each of E(t)CFR-functions
gave very similar fit to the data. Also noteworthy, is that the dif-
ference between RTDs calculated from different E(t)CFR-functions
is typically less than between parallel experiments.

Similarity of E(t)CFR-functions implies that continuous flow  reac-
tor is close to ideal CSTR. The calculated parameters of  the two
parallel ideal  CSTR  model are such that mean residence times prac-
tically equal. Also, ˛,  the ratio of flow rates through two CSTRs of
model is  equal of  unity. Thus, in practice, calculated RTD is then
equal to that of ideal CSTR.  In case of series of two differently sized
ideal CSTRs, the calculated space-time of one of the CSTRs is  10−4 s
or less. Thus, results of modeling of the RTDs imply that continuous
flow  reactor is an ideal CSTR. Similar result was  also obtained by
Xu et al.  [42].

4.2.  Drop sizes

Drop sizes (chord length distributions) were measured for cop-
per extraction at different space-times of the continuous flow
reactor and as a  comparison from the batch reactor (Fig. 4). The
distributions were practically constant after mixing time  of about
10–15 min in  both reactors. This was  long enough time that the
extraction of copper was  found to be at equilibrium in batch reac-
tor  (see Fig.  5b) and that the continuous flow reactor was  in  the
steady state. Also Lovick et al.  [22] observed that the drop size dis-
tributions remained constant after mixing time of 15 min. There
are published studies on drop size distributions generated by  high
shear mixers (For example, see Hall  et  al.  [9]  or  Zhang et  al. [10]), but
as chord length distributions were used in  this  work for measure
of drop size, direct  comparisons to  literature data are not  possible.

It is observed in  Fig. 4, that the chord length distributions
measured at different space-times of the continuous flow reactor
are quite  similar. The values of  aC for distributions are (compare
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Fig. 3.  Influence of feed flow rate on residence time distribution, when mixing rate was  13,500 rpm in the flow reactor. Copper solution (0.05 M CuSO4) was fed into reactor
and Na2SO4-solution (0.05 M)  was washed out. Measured data at  different feed flow rates are presented in separate figures indicated with corresponding space-time of  the
flow  reactor. Each measurement was continued until constant outlet value was reached. Calculated values are shown with lines.

to Fig. 4):  973 cm−1 (� = 1.3 s),  981 cm−1 (2.5 s),  970  cm−1 (3.8 s),
950 cm−1 (5.1 s), 936 cm−1 (7.6 s), 915 cm−1 (10.1  s). While slight
decreasing trend can be observed in the calculated values of aC,
values are, in  practice, approximately equal. Thus, changing flow
rate does not have much effect on the size of  drops generated by
continuous flow reactor.

Chord lengths measured from batch reactor are longer than
those measured from continuous flow  reactor (Fig. 4). While chord
lengths and drop  sizes are not directly comparable, relative com-
parisons should be possible. For batch reactor distribution (Fig. 4)
calculated value of aC is  510 cm−1. Thus, based on these values,
interfacial area per unit volume generated in the continuous flow
reactor is about 1.8–1.9-fold larger. This value is  probably under-
estimated, however, as coalescence unavoidably occurs in  the
continuous flow reactor while the droplets are transported from

Fig. 4.  Chord length distributions measured from solvent extraction of  copper. The
space-time of  continuously operated rotor–stator mixer (13,500 rpm)  was  varied.
Batch reactor (550 rpm)  was used as  a  reference (+). The total feed flow rate of the
continuous flow reactor was: 450  mL min−1 (♦), 225  mL min−1 (©), 150 mL  min−1

(▽), 112.5 mL  min−1 (△), 75 mL min−1 (×), 56.3 mL min−1 (�).  The  aqueous and
organic  feeds and phase volume ratio  (A/O) were same as  in extraction experiments
(Table 1).

the rotor–stator to the measurement probe. According to  Watarai
[43], specific interfacial area (aV) in high speed stirring system can
be as  high as  400 cm−1 (A/O = 1:1, 5000 rpm). However, while scales
(aV and aC),  and  conditions and reactors are different, the values are
in same order of  magnitude.

It is acknowledged that the determination of the actual drop size
distribution and thus interfacial area requires further the mathe-
matical treatments (see Hu et  al.  [44]). For batch reactor, spherical
drops are probably a sufficient approximation. However, as  the
shear forces in  the continuous flow  reactor are high, the form of
the drops can  be anything from spheres to long ellipsoids. Thus,
the chord lengths were chosen for measure of the drop size for this
work.

4.3. Extraction and stripping of copper

4.3.1. Batch reactor

Extraction and stripping of copper were studied in batch reactor
and in  continuous flow reactor and  simulated using corresponding
reactor models for continuous flow and  batch reactors as  described
in Section 3. Necessary aqueous and organic phase speciation
was included in the model. The value of extraction equilibrium
constant was calculated separately from the equilibrium extrac-
tion data, and used in subsequent fitting of the kinetic constant
of extraction reaction. Kinetic and equilibrium constants are pre-
sented in Table 2. The equilibrium of extraction (reaction (8)) is
affected with changes in feed concentrations. Sulfuric acid con-
centration is higher in  backextraction (Table 1) and resulting

Table 2

Calculated kinetic and equilibrium constants for  copper solvent extraction and
stripping. Batch reactor (Vr = 7.7 L) was equipped with conventional pitched-blade
turbine mixer. Continuous flow reactor (Vr = 9.5 mL) was equipped with rotor–stator
mixer.  Rotor had two blades and stator had 12 slots. The mixing rates were
15,000  rpm in extraction and 13,500 rpm in stripping in flow reactor and 550 rpm
in  batch reactor. Two separate extraction experiments were made in batch reactor.
Concentrations in the feed solutions are presented in Table 1.

Extraction Stripping

Reactor k (L mol−1 s−1) KE k  (L mol−1 s−1) KE

Batch 0.0341 15.24 0.0340 6.08
Continuous flow  5.56 3.02
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Fig. 5. Example of  measured and  calculated concentrations for  different species in copper solvent extraction (a). The comparison of model for  solvent extraction and stripping
of  copper to measurements made in batch reactor are also presented (b). Batch reactor (Vr = 7.7 L) was  equipped with conventional turbine mixer and mixing rate was 550 rpm.
Two  parallel extraction experiments were made. Initial concentrations are given in Table 1. Determined values for constants are presented in Table 2. Measured values are
marked  with symbols and  calculated values with lines: (a) [Cu2+]aq – (©)  and —,  [CuA2]org: (△) and – – –,  [H+]aq: (+) and–  · –  · –, [HA]org:  (*) and ·······.  (b) Extraction – E:  (♦) and
—,  pH:  (×) and – · – · –.  Stripping – E:  (�) and -  -  - -  -.

equilibrium constant is over two-fold lower than in extraction
experiments. Thus, acid  addition in backextraction shifts equilib-
rium, and  copper is released into aqueous phase and extractant
regenerated. Calculated extraction equilibrium constants values
were used in  modeling of both batch and  continuous flow reac-
tor data. Determined equilibrium constant for extraction is close to
value for copper extraction with 5 vol%  LIX 984 dissolved in  Escaid
103 (KE =  16.8 ± 4.6) [45].

Example of calculated and measured concentrations of differ-
ent aqueous and organic phase species in  batch reactor is  displayed
in Fig. 5a. As observed in the figure, both extraction and stripping
reactions have reached equilibrium after approximately 250 s.  The
value of kinetic constant was fitted simultaneously into two parallel
extraction experiment. Only one experiment was  made for strip-
ping,  which was modeled separately (Fig. 5b). The calculated and
measured concentrations are in  reasonable agreement. Interest-
ingly, the calculated value of kinetic constant of extraction is almost
same for  both extraction and stripping (k  =  0.034 L mol−1 s−1) (see
Table 2). Stirring rate was same in both cases.

4.3.2. Continuous flow reactor

Extraction and stripping of copper were studied in continuous
flow reactor (Vr = 9.5 mL), which was equipped with rotor–stator
mixer. The space-time of the reactor was varied in extraction
and stripping (Fig. 6) experiments. The stirring rate of the reactor
was fixed to 15,000 rpm in extraction and 13,500 rpm  in stripping
experiments.

The very high  mass transfer rates in  the continuous high shear
mixer enable investigation of the kinetics of the extraction reaction.
As observed in Fig. 6,  the forward reaction practically achieved the
equilibrium with less than 10 s residence time. Stripping of copper
from loaded solvent, on the other hand, takes a bit longer than 10 s
to reach its equilibrium value.

The model for continuous flow reactor utilized residence time
distribution of reactor, which was calculated from measured
distributions using  convolution integral. The estimated pseudoho-
mogeneous kinetic constant of extraction (k) for continuous flow

reactor was  5.6 L mol−1 s−1,  when model of two parallel, differ-
ently sized  CSTRs, was used. In  case of stripping data modeling
corresponding values  of k  were, 3.02 L  mol−1 s−1,  respectively. In
contrast to batch reactor, the kinetic constant was  higher for  extrac-
tion in continuous flow reactor, which is partly due to higher mixing
rate. The increase in  space-time has less effect on extraction than on
stripping data, which can also have effect on fitted value. Backward
reaction rate is higher in  stripping experiments made in continuous
flow  reactor, but difference is  smaller than in  batch reactor.

Kinetic constants calculated for extraction are about 4-fold to
value 1.37 L mol−1 s−1,  which Carter and Freiser [46] obtained for
copper extraction with LIX65N using high-speed stirring in  batch
reactor. Exact mixing rate used was  not reported, but  mixing in

Fig. 6. The solvent extraction of copper in continuous flow reactor using mixing
rate of  15,000 rpm (extraction) or 13,500 rpm (stripping). Continuous flow  reactor
(Vr = 9.5 mL)  was  equipped with high  shear mixer, which was  operating based on
rotor–stator principle. Initial concentrations are presented in Table 1 and calculated
constants in Table 2.  Measured values are marked with symbols and calculated val-
ues with lines: Extraction – E:  (♦) and —,  pH: (×)  and – · – · –. Stripping –  E: (�) and
- -  -  - -.
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system was high enough that extraction rate was  independent
on mixing rate. According to Aprahamian et al. [11]  extraction
rate reaches a  constant value, when mixing rate is increased to
about 5000–6000 rpm. Carter and Freiser [46] used different extrac-
tant and diluent (chloroform) than in present work, and  thus it is
expected that kinetic constant values differ to some extent.

The temperature measured at continuous flow  reactor outlet
increased due  to vigorous agitation present in the reactor. In case of
residence time measurements, the highest measured temperature
increase was about 40 ◦C (22  → 61 ◦C), when mixing rate was  high-
est (23,500 rpm) and space-time was long (10.1 s). The temperature
increased about ten degrees at maximum, when mixing rate was
13,500 rpm. In  both extraction and stripping experiments tempera-
ture increase was at maximum about 10 ◦C.  Observed temperature
increase was similar in residence time  distribution, extraction and
stripping experiments. Thus, it  is likely that temperature increase
in extraction and  stripping experiments is  mostly due to  vigorous
mixing present in  continuous flow reactor and not due to released
heat of reaction.

As can be observed in Table 2,  the difference in observed kinetic
constants for continuous flow and batch reactors is over 150-fold
for extraction and  over 80-fold for stripping. The copper extraction
rate depends on interfacial area and increased reaction rate in con-
tinuous flow reactor also depends on interfacial area differences
between reactors. Drop size measurements showed that interfa-
cial area would be about 2-fold larger  in continuous flow reactor,
but this may  be an  underestimated value (see Section 4.2). Accord-
ing to Atiemo-Obeng and Calabrese [4],  typical droplet size range
is 0.5–100 �m for rotor–stator mixers and 20–500 �m for agitated
vessel equipped with conventional mixer. Size difference is  thus, on
average, about 5-fold. By using these values and assuming spher-
ical droplets and uniform size distribution, we can estimate that
rotor–stator mixer  generates about 5-fold larger interfacial area.
Mixing rates, impellers and vessel geometries are likely different
to  those used in present work. Thus, interfacial area increase due
to higher mixing rate in  continuous flow reactor explains only part
of increased extraction rate. The rest of increase has to be explained
with other factors.

There is a stagnant layer  adjacent to  the interface, and reac-
tants have to diffuse through it  during extraction. Thickness of
stagnant layer decreases when mixing rate is increased. Diffusion
flow depends on both area  and thickness of diffusion layer. At mini-
mum,  diffusion layer thickness is in the order of 10−3 cm [47]. If  we
assume that part of increase in  reaction rate is due to decrease in
diffusion path length. Calculated kinetic constant (k ∝ A/ı) depends
inverse of  diffusion path length (ı) and area  of stagnant layer,
which should be equal to interfacial area (A). Now, as reaction rate
depends also on interfacial area  (k ∝ A),  the overall dependence for
kinetic constant is  thus k ∝  A2/ı. If  high shear mixing present in con-
tinuous flow reactor generates about 3–5-fold more interfacial area
than is present in  batch reactor, the observed differences in reac-
tion rates between reactors can  be explained if  average diffusion
path length is about 3–18-fold shorter in continuous flow reactor.

5. Conclusions

Intensification of the solvent extraction of copper was  studied
with continuous flow  reactor equipped with rotor–stator impeller
was investigated. The extraction and stripping kinetics in con-
tinuous flow reactor was compared to those from batch reactor.
The contact time required to reach the extraction equilibrium
using same feed concentrations and  phase ratios was observed
to be about 25-fold shorter in the continuous flow reactor. Back-
extraction, as a  slower reaction, will need longer contact time than
10 s to  reach equilibrium in  continuous flow reactor.

The extraction and  stripping rates were over 80-fold higher
in continuous flow reactor, where mixing was intensified when
compared to batch reactor. Dispersion is here thought to be a  seg-
regated flow, where each  volume element behaves as an  individual
batch reactor. Reaction rate of  copper complexation may  be close
to water exchange rate for  both interfacial and bulk phase reac-
tion. As extraction is an interfacial reaction, it proceeds only in a
part of volume elements present in the reactor. Thus, extraction
proceeds smaller volume, e.g. volume of the interface, than bulk
phase reaction and the reaction rate per unit time is smaller for
extraction. Increased interfacial area  explains only a  part of  inten-
sification of extraction in  continuous flow reactor. Rest of extraction
rate increase was likely due to differences in  average diffusion film
thickness. Extraction is constrained by available interfacial area  and
diffusion path length. Differences in  extraction rates between reac-
tors are  interpreted to be due to  increased interfacial area and
decreased diffusion path length. It should be noted that, while
observed temperature increase was  mostly due to  intensified mix-
ing in continuous flow reactor, it  can have an  effect on reaction
rates.

With more efficient mixing it  is  possible to use reactive sys-
tems, which otherwise would be too slow. Decreased volume of
the system has also benefits. It  would be possible to  make smaller
equipment requiring less space and use less reagent and diluent.
However, it  is  obvious that the energy consumption in  this system
would be considerably higher than in  conventional equipment.
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Appendix A. List of symbols

A interfacial area, m2

aC specific interfacial area calculated from chord lengths,
cm−1

aV specific interfacial area, cm−1

B copper concentration difference, mol L−1

B average concentration difference, mol L−1

c concentration, mol  L−1

C1,  C2 constants in Eq.  (12)
C(t) concentration distribution
E fraction extracted, %
E(t) age distribution of  the fluid (RTD), s−1

F(t) cumulative age distribution or dimensionless form of
experimental cstep-curve

Ic ionic strength, mol  L−1

k kinetic constant for extraction, L mol−1 s−1

K equilibrium constant, mol  L−1 or  L mol−1

KE equilibrium constant for extraction reaction
KW ionic product of water, mol2 L−2

l chord length, m
ṁ mass flow, g  s−1

py parameters of Eq. (17), y  = 0–3
r reaction rate, mol  L−1 s−1

t  time, s
t̄  mean residence time, s
V volume, L
V̇ volumetric flow rate, mL  s−1
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x volume fraction
[X]  concentration of species X, mol  L−1

Greek letters

 ̨ parameter in Eq. (19), equals to  (V̇1/V̇2)
ı diffusion path length, m
� space-time of the continuous flow reactor (Vr/V̇),  s
ϕi volume fraction of chord length class i

Subscripts

0 initial value
aq  value for  aqueous phase or aqueous phase species
b value for  tubing
batch value for  batch reactor
calc calculated value
CFR continuous flow reactor
exp experimental value
org value for  organic phase or organic phase species
out value at outlet
r  value for  reactor
SS steady state
step value for  step response
tot total volume

Abbreviations

AAS  atomic  adsorption spectrometry
A/O phase volume ratio (Vaq/Vorg)
CSTR continuous stirred tank reactor
ORM optical reflectance measurement
RTD residence time distribution
UV/VIS ultraviolet/visible light
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Mixing performance of two continuous flow millilitre-scale reactors (volumes 9.5mL and 2.5mL) equipped with rotor-stator mixers was studied.

Cumulative residence time distributions (RTD) were determined experimentally using a step response method. Distributions were measured for

both reactors by varying impeller speed and feed flow rate. The mixing effect was determined by measured RTDs. Computational fluid dynamics

(CFD) were used to verify that the residence time distribution in the measurement outlet agreed with the outlet flow. The mixing power of both

reactors was determined using a calorimetric method. The reactor inlet flow rate was found to affect mixing performance at 1–13 s residence times

but the effect of impeller speed could not be noted. Bothmilliscale reactors are close to an ideal continuous stirred-tank reactor (CSTR) at the studied

impeller speed and flow rate ranges. The specific interfacial areawas found to depend on the reactor inlet flow rate at constant impeller speed for the

case of copper solvent extraction.

Keywords: rotor-stator mixers, residence time distributions, mixing power

INTRODUCTION

L
iquid mixing with rotor-stator mixers has been the subject of

several studies in recent years. Rotor-stator devices are often

called high-shear mixers. Rotor-stator mixing can especially

be applied to chemical reactions where high selectivity is

essential.[1]High-shearmixingmay also be an attractive alternative

for reactive metal extractions where high selectivity is favoured.[2]

Such devices are operated either as batch or inline mixers. Batch

mixers have been studied more intensively than inline mixers.

Literature Review

Typical applications, power draw, and flow characteristics of

rotor-stator mixers have been reviewed by Pacek et al.,[3] Zhang

et al.,[4] and Atiemo-Obeng and Calabrese.[5]

Utomo et al.[6] studied the flow pattern of a batch rotor-stator

mixer (Silverson 4 LRT) using both simulations and experiments.

The mixer had a rotor (D¼ 28.2mm) with four blades and a

disintegrating head (stator) with six round holes. The impeller

speedwas in the rangeof2000�4000 rpmand theReynoldsnumber

was between 26000�52000. The highest energy dissipation rate

was found to be in the vicinity of the round holes of the stator, and

most of the energy dissipated in the rotor-swept volume.

Different geometries and their scale-ups have been studied by

Utomo et al.[7] and Rogers et al.[8] The rotor-stator mixer (Silverson

L4RT) had a rotor (D¼ 28.2mm) with four blades. The impeller

speed was constant at 4000 rpm and the Reynolds number was

52000. Utomo et al.[7] found that theflowpattern in the stator holes

was similar for three different stators: disintegrating head, slotted

head, and square-hole head stators. The power number was found

to be correlated with the flow rate through the stator holes, while

the flow rate was related to the overall stator hole area. The energy

dissipation rate in the rotor-swept region, stator holes, and jets

had the same order of magnitude for all three stators. It was found

that when the stator had narrow openings, the energy dissipation

rate was distributed more uniformly in the hole.

Barailler et al.[9] and Doucet et al.[10] used flow simulations to

study the flow pattern of a rotor-stator mixer (VMI-Rayneri) for

viscousNewtonian fluidmixed in the laminar range. The rotor had

four blades, and the stator had 72 slots on the side with 8 holes

on the top. The rotor diameterwas 85mm. The results showed that

the maximum stress was located in the rotor-stator gap and that

there is a minimum speed below which the rotor-stator mixer

could not be used.

Sparks[11] studied the effects of different rotor and stator geo-

metries on power draw, flow pattern, and residence times of a

Silverson 425LSM rotor-stator mixer. Several different rotors and

stators were used in the experiments. Rotor diameters were 62

and 120mm. Water was used as a feed in most experiments.

Impeller speed was between 1000�3500 rpm. Residence time

distributions were measured using pulse response measurements.

The residence time distributions were not affected by changes in

the mixer geometry. Xu et al.[12] studied residence time distribu-

tions of inline high-shear mixers. They used a custom-made rotor-

stator mixer in which the rotor and stator had two concentric rows

of teeth. The diameter of the outer rotor was 59.5mm. The impeller

speed was 500–1000 rpm and the flow rate was 250–500L/h. A

pulse response method was used in residence time distribution

measurements for water flow. Large eddy simulation and the

combined species transport method were used in modelling the

RTDs. It was concluded that inline high-shear mixers behave as

mixed flow reactors and that an increase in rotor speed or feed flow

rate increases mixing at the volumetric scale studied.
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Cooke et al.[13] determined power draw for an inline rotor-stator

mixer (Silverson 150/250MS). The rotor-stator mixer had a

double concentric rotor and double emulsifier screens. The swept

diameter of the outer rotor was 63.5mm. The study used torque

and calorimetry methods to measure the mixing power. Measure-

ments were made using water and silicon oils of different

viscosities. Equations from the literature[14] were applied to

calculate power numbers. Cooke et al.[13] concluded that power

losses need to be measured and subtracted from power data prior

to correlating power measurement results.

Kowalski[14] proposed a power draw equation for inline rotor-

stator mixers at the turbulent regime. The power draw is the sum

due to the fluid mixing, due to the flow through the narrow gap

between the rotor and stator, and due to the power losses of

bearings etc.

Hall et al.[15] used an inline mixer (Silverson 150/250MS) to

study droplet break-up. Impeller speeds were 3000�11 000 rpm.

The study used silicon oils of different viscosities together with

water. Droplet sizes were found to be correlated with energy

dissipation rate and energy density. Droplet size was mostly

affected by the rotor speed and the flow rate had almost no

influence. Single pass operation was sufficient to reach drop sizes

as small as 2�3mm when inlet droplet size was between

23�62mm. Inlet droplet size did not have a significant effect on

outlet droplet size. Hall et al.[15] observed that droplet sizeswere of

the same order of magnitude as the Kolmogorov length scale.

Maa and Hsu[16] studied droplet sizes of methyl chloride-based

aqueous solutions using batch and inline rotor-stator mixers. The

inline reactorwas part of a recycle systemwith a storage tank and a

feed pump. They used a Virtishearmixer that had either a two- or a

four-bladed rotor and a stator with either 8 or 12 slots. The size of

the rotor-stator mixer, i.e. the outer diameter of the stator, was

either 10 or 20mm. Impeller speed was varied in the range of

5000�24 000 rpm in the batch system. The smallest observed

droplet size was 1 mm. Droplet sizes were influenced by the

viscosities of the phases, but changes in phase volume ratio had

little effect on the equilibrium droplet size. An increase in

circulation flow rate led to smaller equilibrium droplet size.[16]

Small-scale rotor-stator mixers are useful in the research,

especially when small amounts of starting materials are available.

They can be used in chemical reaction studies[17] at micro- and

mesoscale mixing levels, and also in reaction kinetics studies

where mass transfer resistances are minimized. Practical appli-

cations can be found, e.g. Zhang et al.[18] In the previous studies

rotor-stator diameters were in the range of 10–120mm. According

to Pacek et al.,[3] typical mixer size range is 25–50mm. The units

are larger than those used in the present work. One of the other

main objectives is to present a comprehensive survey of the

process parameters in this scale of mixing. Mixing of the 9.5mL

and 2.5mL reactors is studied by measuring residence time

distributions. A calorimetric method[13] is used here in determi-

nation of the mixing power of the reactors. Mixing power is

correlated with previously determined chord lengths,[18] which

are a measure of drop sizes. The measured specific surface area is

presented as a dependence of Kolmogorov length scales for copper

extraction solvent.

EXPERIMENTAL

Experimental Setup

The experimental setup consisted of two separate flow reactors

equipped with a rotor-stator mixer (Figure 1). The 9.5mL reactor

was equipped an IKA Ultra-Turrax UTL�25 inline high shear

mixer, while the 2.5mL reactor was equipped with an IKA Ultra-

Turrax T8 high-shear mixer (Figure 2). The rotor-stator mixers

had one rotor with two blades and a single stator. The reactors

were operated as a single-pass operation. Dimensions of the rotor

and stator together with other process parameters are shown in

Table 1. Shear rate is calculated from _g ¼ pDN=h.[19]Aqueous feed
solutions were pumped into the reactors using peristaltic pumps,

which were calibrated prior to each experiment. Data acquisition

was done for the impeller speed, inlet and outlet temperatures, and

the flow rates of the feed pumps.

Residence times were measured with a computer-controlled

UV/VIS-spectrophotometer (Agilent 8543) from a measurement

outlet (see Figure 4). Flow through the spectrophotometer cuvette

was assisted by a peristaltic pump, which was calibrated prior

to the experiments. The flow rate on the measurement line

was constant during experimentation and had a typical value of

Figure 1. Experimental setup for residence time distribution

measurements. UV/VIS-absorbance was measured from a measurement

outlet with an Agilent 8543 spectrophotometer.

Figure 2. Schematic diagram of the reactor (right), 2.5mL rotor-stator

(middle), and 9.5mL rotor-stator (left). 2.5mL reactor diameter (T)

13mm, liquid height (H) 22mm. 9.5mL reactor diameter (T) 30mm,

liquid height (H) 15mm.
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10mL/min. The experimental setup has been described in more

detail in previous work.[18]

Measurement of Residence Time Distributions

Residence time distributions (RTD) for the larger reactor (9.5mL)

and the inlet and outlet pipelines were measured in earlier work:

RTD measurement was made using 0.05mol/L aqueous solutions

of copper and sodium sulphate.[18] Absorbance of aqueous copper

sulphate solution (CuSO4(aq)) was determined using inline

measurement with a UV/VIS-spectrophotometer (Agilent 8543)

at a wavelength of 811nm. The measurement interval of the UV/

VIS-spectra was either 0.5 or 1 s, depending on the experiment.

Residence time distributions were measured as step change

experiments.[20] The reactor system was fed with aqueous sodium

sulphate solution and the feed solution was changed to copper

sulphate solution using manually-operated three-way valves (see

Figure 1). The gradual replacement of aqueous sodium sulphate

with aqueous copper sulphate was recorded. Concentration

change at reactor outlet is measured as a function of time. The

dimensionless form of the concentration step change leads to

cumulative residence time distribution.[21] Residence time dis-

tributions for the smaller reactor (2.5mL) were measured using

the same procedure.

An implicit assumption was made in earlier work[18] that the

concentration profiles in the primary outlet and in the

measurement line to the spectrophotometer were the same. In

this work, computational fluid dynamics was utilized to

confirm this assumption (see section CFD Simulations, and

Figure 5).

Measurement of Mixing Power

Mixing power for the 9.5mL reactor was determined based on the

temperature difference between the inlet and outlet flow. Heat

losses to the surroundings were neglected because of the thermal

insulation used during the experiments. When feed flow rate _V

and temperature change were known, mixing power (P) could be

calculated:[13]

P ¼ _mCp DT ð1Þ

Temperature increase between the inlet and outlet isDT¼Tout–Tin

and feed mass flow rate _m ¼ _Vr. According to Kowalski,[14]

mixing power of inline rotor stator mixers in the turbulent regime

can be expressed as:

P ¼ PT þ PF þ PL ¼ PozrN
3 D5 þ k1 _mN2D2 þ PL ð2Þ

where power draw PT is due to the torque induced by the fluid

mixing. This term, PT, is equal to power draw in batch vessels. PF
describes the relation of mixing power to the flow rate through the

rotor-stator gap, and PL represents power losses.

The mixing power was measured batch-wise for the mixer used

in the 2.5mL reactor:

Q ¼ mCp DT ð3Þ

where DT¼Tt –T0. Tt and T0 are temperatures at time t and 0 s,

respectively. Mixing power is determined as a gradient:

P ¼ DQ=Dt ð4Þ

Table 1. Dimensions and operational parameters of rotor-stator mixers

Vr, (mL) 9.5 2.5

Diameter of rotor, mm 16.9 6.2

Inner diameter of stator, mm 17.8 6.8

Outer diameter of stator, mm 25.0 7.9

Gap width (h), mm 0.45 0.3

Rotor blades 2 2

Stator slots 12 8

N, rpm 6200�23500 8000�20000

_g, s-1 12200�46200 8700�21600
_V , mL/min 45�450 15�200

Figure 3. Mean residence times of 9.5mL reactor (a) and 2.5mL reactor (b). When the slope of the line is unity, it indicates that the reactor volume is

equal to the nominal value. Calculated delays caused by the pipelines were 2.6 (a) and 5.6 (b) s. Linear regression was done for the full range of impeller

speeds.
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Experiments were repeated using several impeller speeds and

batch sizes. The mixing power is then expressed as a function of

fluid mass:

P ¼ emþ PL ð5Þ

where e is specificmixing power (P/m). Here,m is taken to be fluid

mass in each batch. The parameters e and PL are determined with

linear regression (see Figure 9b).

RESULTS AND DISCUSSION

Comparison of Mean Residence Times

Mean residence time was calculated from measured distributions

using the following equation:[21]

tavg ¼

R

tdc tð Þ
R

dc tð Þ
ð6Þ

Mean residence times were plotted against reactor residence time,

and ideally data should have the slope of unity as tavg ¼ t ¼ Vr= _V
(see Figure 3). Thus, the reactor volume is equal to the nominal

volume. The nominal volumes of the larger reactor and pipelines

are 9.5 and 0.75 mL. The pipeline volume is taken to be the volume

of one inlet pipeline. Comparison of the calculatedmean residence

times and reactor residence times t ¼ Vr= _V
� �

is presented in

Figure 3. Linear regression gives slope values of 0.99 and 1.1 for

the 9.5mL and 2.5mL reactor data, respectively. The dead space is

minimal, based on the slope values.

The effect of the pipeline residence time was measured

separately by removing the larger reactor from the measurement

system. The calculated slope for the pipeline data was 0.071. The

nominal value for the pipeline slope is 0.079 (¼ 0.75mL/9.5mL).

The calculated time delays were 2.6 s for the 9.5mL reactor and

5.6 s for the 2.5mL reactor. A delay of about 2.6 s due to liquidflow

in the pipelines was also obtained in the CFD simulations (see

section CFD Simulations).

CFD Simulations

The pipeline without the 9.5mL reactor was simulated to verify

that residence time distributions in the primary and measurement

outlets corresponded to each other. The model was compared

against the measured RTD at an inlet feed rate of 45mL/min.

Simulations were made using COMSOL Multiphysics v. 4.4.

The finite element calculation mesh in the studies was 110 682

mainly tetrahedral elements. The effect of densification of the

calculationmeshwas testedwith 371 464 elements, but significant

improvements in the results could not be reported. Viscosity and

density were evaluated for the properties of water at 20 8C.

Velocity fields were calculated with a steady state laminar flow

model due to the low Reynolds number (Re< 250), and no-slip

conditions were used at pipe wall boundaries. The inlet boundary

conditionswere such that velocities 5.95 cm/s and 0 cm/swere set

for inlet branches. The velocity was set for the measurement

branch outlet (4.8 cm/s), and the pressure outlet boundary

condition was set for the pipe outlet. The diluted species

convection and diffusion transport model as a time-dependent

simulationwas used for calculating residence time distributions at

the outlet flow based on the calculated velocity fields.

Figure 4. Experimental setup of the inlets, primary, andmeasurement outlets without the 9.5mL reactor. Simulated concentration progress after 1 s (left),

2 s (middle), and 4 s (right) in the experimental setup. Inlet flow: 45mL/min. Inlet pipe inner diameter¼4mm, length¼59mm; primary outlet pipe

diameter¼6.3mm, length¼55mm; measurement outlet diameter¼2mm, length to UV/VIS unit¼42mm.

Figure 5. Simulated residence times in the experimental setup. Inlet flow:

45mL/min. Lines indicate simulated residence times at the end of the

primary and measurement outlets. Dead time of 2.6 s is added in the

measured distribution (see Figure 2).
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The simulation was performed for the longest residence time

test, 5.8 s (feed flow rate: 45mL/min), in order to find the

maximum difference between the primary and measurement

outlet residence time distributions. The volumetric flow rate was

9mL/min at the measurement outlet. The simulation setup was

defined such that it imitated the experimental work procedures.

The feed from the Na2SO4(aq) vessel was closed, and the valve

from the CuSO4(aq) vessel was opened (see Figure 1 and section

Experimental Setup). The estimated time taken for opening the

valve was 1 s, after which the CuSO4(aq) solution started to flow

from the inlet pipe. This operation was taken into account by a

concentration step function.

The tracer fluid simulation shows the flow separation at the inlet

branches (Figure 4), which causes a delay in the tracer response.

The calculated average velocities at the pipe outlet and the

measurement outlet were 1.9 cm/s and 4.8 cm/s, respectively, in

order to maintain mass balance.

The simulated residence times in Figure 5 are based on the

spatially-averaged concentrations at the pipe outlets. The simu-

lated residence times of the primary and the measurement outlets

correspond to each other. The simulated dead time between the

primary and measurement outlets deviate from each other by

about 0.6 s. The distributions (Figure 5) were calculated for the

smallest feed flow rate and thus they show the maximum

difference between the outlets. There are small differences

between the measured and simulated residence times, which

are likely due to small geometrical differences between the model

and the experimental setup, especially in the connection of inlets.

Comparison of Reactor Residence Time Distributions

Comparison of the reactors was done indirectly. Measured

distributions of individual reactors were compared to the RTD

of an ideal CSTR. An area difference S was calculated for both

reactors:

S ¼ Aideal � Að Þ ¼

Z

tavg

0

F uð Þideal du �

Z

tavg

0

F uð Þdu ð7Þ

where u¼ t/t, i.e. dimensionless time. Danckwerts[22] termed the

difference Aideal–A as “segregation.” Both distributions have the

same mean residence time, and integration is done from zero

to mean residence time (see Figure 6) where F(u) is 0.632.

Segregation S has a value of 0, if measured RTD is equal to ideal

CSTR residence time distribution. In the case of plug flow, S is e�1.

Segregationwill have negative values if there is dead volume in the

system. Segregation values in Figure 7 remain almost constant

at the measured impeller speed regions for both reactors. The

small differences from ideal CSTR values and the insignificant

effect of impeller speeds suggest that both reactors are ideal

mixers. According to measurements in Figure 7, the impeller

speed data in the studied value range are too scattered to show

any trends for segregation. On the other hand, there is a

descending trend between segregation and the reactor residence

time for 2.5mL and 9.5mL reactor data. The same applies

inversely for the reactor flow rates. According to Sparks[11]

Figure 6. Calculation principle of segregation (S). Symbols¼measured

residence distribution at impeller speed 6200 rpm and volumetric flow rate

450mL/min; continuous line¼ calculated ideal CSTR distribution.

Figure 7. Calculated values of segregation (S) at different impeller speeds for 9.5 mL (a) and 2.5 mL (b) reactors. Mean of three parallel measurements is

shown in (a) and mean of two parallel measurements in (b).
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and Xu et al.,[12] inline rotor-stator mixers generally behave

as mixed flow reactors, although some differences can also

be observed. In contrast to this work, Xu et al.[12] found

that increases in rotor speed or feed flow rate increased

mixing. However, Xu et al.[12] used slower impeller speeds

(500–1000 rpm) and larger volumes compared to this study,

which may explain the differing results.

Mixing Power

Mixing power of the larger reactor was measured using a

calorimetric method.[13] Temperatures at the feeds and outlet

were recorded during the residence time measurements of the

larger reactor (Figure 8a). Feed solutions were at room temper-

ature. Parameters of Equation (2) were determined byminimizing

the square of sums S DTmeas � DTcalcð Þ, where DTcalc ¼ P= _mCp

� �

and P is calculated from Equation (1). Power losses were assumed

to depend linearly on impeller speed, i.e. PL ¼ k�1
2 N. Minimiza-

tion of the square of sums was done using a quasi-Newton type

algorithm.[23,24] The impeller Reynolds Re ¼ rND2=m
� �

numbers

for the larger reactor were between 29 000�273 000. The

calculated parameters were: Poz¼ 1.75, k1¼ 182.5, and k2¼
68.3 J-1. Calculated power losses were between 1.5�5.7W. The

measuredmixing power increased as a function of feed flow rate at

all studied impeller speeds (Figure 8b).

Most Poz and k1 values reported in the literature are for

the Silverson 150/250 unit.[4] For inline high-shear mixers, the

reported Poz values are in the turbulent flow region in the range

0.11�0.254 and k1 values are between 6.9�10.6. Power number

Figure 8. Measured outlet temperature (a) and mixing power (b) of 9.5mL reactor. (a) Measured temperatures (symbols); temperatures calculated from

the mixing power model (dashed lines); inlet temperature shown as a comparison. (b) Median value of the mixing power of the rotor-stator mixer

(symbols); trend lines are presented to improve clarity.

Figure 9. Batch-wise mixing power determination for the rotor-stator mixer used in the 2.5mL reactor. Temperature difference was measured using

differentmixing rates (a) at batch size 3g. The slope of each line ismixing power. Experimentswere repeated using different batch sizes (b) and power losses

were determined by extrapolating batch size to 0 g. Slopes in (b) are specific mixing power (e).
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values obtained in this work for the larger reactor are higher, but it

should be emphasized that rotor-stator sizes and geometries in this

study differ from those used in earlier studies.[4]

Mixing power in the 2.5mL reactor was measured in batch

experiments (Figure 9). Specific mixing power (P/m), i.e. the

slopes of the lines in Figure 9b, is 23.2, 23.4, 60.0, and 116.4W/kg,

respectively, from slowest to fastest impeller speed. Power losses

were estimated based on extrapolating the batch size to 0. Average

power loss (0.037W) was used for all mixing rates. The power

number (Po) for the smaller rotor-stator mixer at turbulent range

(Re¼ 15 000) was 0.9. Batch size was 2.5 g. For batch high-shear

mixers, reported literature values of Po (several mixers) are

between 1.4�3.0 in the turbulent regime.[4]

Mixing Power and Generated Interfacial Area

Specific mixing power is related to the Kolmogorov length scale of

turbulence lKð Þ:

lK ¼ n3=e
� �1=4

ð8Þ

where n is kinematic viscosity.

Chord length distributions were measured for copper solvent

extraction from the outlet of the 9.5 mL reactor (Figure 10). The

aqueous phasewasCuSO4 solution, organic feedwashydroxyoxime

(LIX 984, 0.13m3/m3 (13 vol%)), and diluent was Exxsol

D60.[18] Specific interfacial area based on chord lengths is

correlated in the length scales lK. Specific interfacial area

depends on droplet size and number of droplets. Minimum

chord lengths were between 4�10mm. Hall et al.[15] found that

observed drop sizes were as small as 2�3mm, while the smallest

observed droplet size in the experiments of Maa and Hsu[14]

was 1mm.

Kolmogorov length scales for dispersion are about 6mm based

on kinematic viscosity data (0.000 002 m2s -1 at T¼ 25 8C) and

based on mixing power measurements described in Figure 8b.

The mixing power increases as the flow rate increases or

residence time decreases at a constant impeller speed. In

Figure 10 the interfacial area increases with different reactor

residence times at a constant impeller speed of 13 500 rpm.

These together lead to the fact that interfacial area increases as

flow rate increases.

CONCLUSIONS

Mixing in milliscale reactors (Vr¼ 9.5 and 2.5mL) equipped with

high-shear rotor-statormixers was compared.Measured residence

time distributions of the reactors were the basis for comparison.

Impeller speed and space-time were varied in the RTD measure-

ment. RTDs were also measured for the inlet and outlet pipelines

without the larger reactor. The pipelines consisted of two identical

inlet branches, and primary and measurement outlets. The

validity of the assumption of primary and measurement outlet

distribution similarity was demonstrated with CFD calculations.

Based on the results, the reactors are almost ideal mixers.

The mixing power in both reactors was measured using a

calorimetric method. Estimates of the mixing power parameters at

turbulent range are: Poz¼ 1.75, k1¼ 182.5 for the larger reactor.

Calculated power losses were between 1.5�5.7W. For the 2.5mL

reactor, Po was about 0.9 at the turbulent regime and power losses

were 0.037W. The effect of impeller speed on mixing could not be

experimentally observed in these volumetric scales, as opposed to

reactor residence times. The results also show that with constant

rotor speed, the interfacial area increases as the inlet flow rate

increases.

NOMENCLATURE

A area under F-curve (s)

ac specific interfacial area based on chord lengths (cm�1)

Aideal area under Fideal-curve (s)

Cp heat capacity of water (4180 J �kg�1 � 8C�1)

c(t) concentration distribution (mol/L)

D diameter of rotor (m)

F cumulative residence time distribution

h gap width between rotor and stator (m)

k1 constant

k2 constant (J�1)

m mass (kg)
_m mass flow rate (kg � s�1)

N impeller speed (s�1 or rpm)

P power (W)

PF power required for flow through rotor-stator gap (W)

PL power losses (W)

PT power draw of motor shaft (W)

Poz power number of inline mixer with zero flow

Po impeller Power number

Q amount of heat (J)

Re impeller Reynolds number

S segregation (Danckwerts)

T0 temperature at time 0 s (8C)

Tt temperature at time t (8C)

tavg mean residence time (s)

Tin inlet temperature (8C)

Tout outlet temperature (8C)
_V volumetric flow rate (mL � min�1)

Vr volume of reactor (mL)

Greek Letters

DQ heat amount difference (J)

DT temperature difference (8C)

Figure 10. Relation of mixing power to the generated interfacial area in

the 9.5mL reactor. The Kolmogorov length scale is inversely proportional

to mixing power. Specific interfacial area based on chord lengths was

measured for copper solvent extraction using an impeller speed of

13 500 rpm.[17]
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Dt time difference (s)

_g shear rate (s�1)

e specific mixing power (W �kg�1)

u dimensionless time, t/t

lK Kolmogorov length scale (mm)

n kinematic viscosity (m2 � s�1)

r density (kg �L�1)

t reactor residence time, V= _V (s)
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h i g h l i g h t s

� Single organic droplet copper extraction was measured using funnel and imaging.

� Droplet inner concentrations were determined from analysis of video frames.

� Results include concentration profiles and average concentrations in droplet.

� Funnel measurement leads to higher mass transfer due to indirect measurement.

� Dynamic droplet analysis is enabled using velocity, shape and concentration.
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a b s t r a c t

The proposed image analysis method allows the measurement of organic phase droplet sizes, velocities,

and copper concentrations in single droplet column copper extraction using hydroxyoxime complexa-

tion. The method uses image acquisition sequences from video, detection of moving droplets, binariza-

tion of background subtracted images, and noise reduction from images. The image analysis method

enabled characterizing the shape of droplets, by determining the droplet minor and major axis lengths.

The method can detect droplet concentration directly inside the column wherever the droplet is visible.

Image based method was validated against reference samples which were analyzed using spectropho-

tometry. The traditional concentration measurement using the spectrophotometric analysis of column

outlet sample collection was performed for comparison purposes. The direct image analysis showed

smaller variation in mass transfer results because of longer and non-uniform residence times when using

sample collection. However, separately collected sample analysis together with the image analysis

enables determination of the copper mass transfer during all the three steps of column experiment.

Image analysis can also be used to reveal concentration profiles inside the droplet. This method is not

limited to extractants, but it can be applied to systems where a suitable color change is present depend-

ing on camera sensor technology.

� 2017 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Mass transfer is an important phenomenon affecting the design

of liquid-liquid contactor units utilizing reactive extraction. To

properly design the units, it is important to understand and quan-

titatively evaluate the effect of different mass-transfer phenomena

in the whole process. These phenomena are solute transfer from

bulk to the interface, interfacial reaction, and transport from inter-

face to bulk. The mass transfer in solvent extraction depends on,

among other variables, droplet sizes, velocities, and concentrations.

When the size, velocity, and inner concentration of a single droplet

are determined, mass transfer into the droplet is defined.

The presence of suitable reagents enhances mass transfer

between the continuous and droplet phases in the reactive extrac-

tion. Especially in industrial hydrometallurgical processes, metal

extraction with complex forming extractants is in common use.

Also substantial application areas of reactive extraction can be

found among environmental, petrochemical, chemical, and bio-

chemical applications (Bart and Stevens, 2004).

To experimentally investigate combined interfacial kinetics and

mass transfer, different experimental methods are available

(Hanna and Noble, 1985). Among these methods, single droplet

measurements are widely applied in mass transfer experiments

http://dx.doi.org/10.1016/j.ces.2017.03.048
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of liquid-liquid systems to determine the mass transfer coeffi-

cients, interfacial kinetics and extraction efficiencies (for example,

Whewell et al., 1975; Henschke and Pfennig, 1999; Kumar and

Hartland, 1999; Biswas et al., 1996, 1997; Wegener et al., 2009).

In single droplet systems, a droplet is rising or settling in an

ambient continuous liquid. Droplets are collected from a funnel

at the column outlet and concentrations are analyzed. Reaction

kinetics and mass transfer rates can be determined from this data.

Already in the 1950s, Licht and Conway (1950) and Licht and

Pansing (1953) verified that the mass transfer in single droplet

extraction is divided into three stages: mass transfer during dro-

plet formation, mass transfer in free rising/settling, and mass

transfer during droplet coalescence. Experimental arrangements

should be made so that contribution of each phenomena to the

extraction process can be determined. It is commonly agreed, that

the contribution of droplet formation time to the mass transfer can

be substantial, and the related error should be taken into account

in the formation of mass transfer correlations (Wegener et al.,

2014; Liang and Slater, 1990; Licht and Conway, 1950; Licht and

Pansing, 1953). By contrast, the effect of droplet coalescence in

the column outlet collector is assumed to be negligible, which

has not been clearly shown.

Traditional single droplet experiments do not provide any infor-

mation on the conditions inside the droplet during its rise. For

example, mass transfer leads to concentration changes inside the

droplet and at the interface. These changes can generate interfacial

tension gradients which in turn lead to the Marangoni convection

(Wegener et al., 2009, 2014). The effect of Marangoni convection

cannot be directly observed in pure concentration measurements.

Because of this, it would be beneficial also to be able to follow dro-

plet velocities and concentration profiles within the droplet, at the

interface and in the near vicinity of the droplet in the ambient

phase. Flow pattern and concentration front visualization inside a

droplet using decolorization with pH indicator have been made

by Schulze (2007) and Pawelski et al. (2005) but the concentration

profiles have not been measured. Decolorization, however, has

been used to reveal Marangoni convection. Mörters and Bart

(2000) and Baumann and Mühlfriedel (2002) have determined

indirectly concentration profiles near the phase boundary using a

laser induced fluorescence to track tracer concentrations. Baumann

and Mühlfriedel measured time-dependent average tracer concen-

tration profiles on the flat interface between two immiscible liq-

uids. Mörters and Bart (2000), using D2EHPA system, determined

time-dependent tracer concentration profiles inside a droplet to

investigate diffusion inside and outside droplets in reactive extrac-

tion. Measured tracer concentration profiles were used as a basis to

determine organic complex diffusion coefficient. The determina-

tion the effect of continuous phase flow on the droplet internal cir-

culation was not successful due to experimental arrangements. In

further studies by Mörters and Bart (2003), the measured concen-

tration profiles were a basis for a Stefan-Maxwell based diffusion

model for the mass transfer. Diffusion model was applied to

zinc-D2EHPA single droplet experiments but the model was not

able to describe experimental results satisfactorily and this is prob-

ably due to convective effect not included in the model.

In this work, the problems in single droplet extraction experi-

ments are approached with a direct nonintrusive measurement

system where the droplet velocity, droplet diameter, and concen-

tration inside the droplet are determined by using digital imaging

and subsequent image analysis. In this research, copper extraction

from the aqueous solution to the organic solvent using Acorga

M5640 extractant is analyzed. The interfacial reaction,

Cu2þðaqÞ þ 2HAðorgÞ¢CuA2ðorgÞ þHþðaqÞ; ð1Þ

where the reactant HA (Acorga M5640) exchanges Cu-ions from the

aqueous phase and the Cu-complex CuA2 can be followed directly

and visually due to color change.

In experiments, concentrations, droplet velocities, and diame-

ters are determined as averages from several droplets to minimize

the effect of experimental variability. This direct droplet concen-

tration analysis allows exact determination of mass transfer rates

during the three stages in the single droplet experiment. In tradi-

Nomenclature

A absorbance, [–]
A;B;C;D; E; F parameters of quadratic formula
c concentration, [mol/L, mmol/L]
d diameter [mm]
E droplet aspect ratio [–]
g earth gravitational acceleration [9.81 ms�2]
I light intensity, [–]
L optical path length, [mm]
l length or distance, [mm]
n amount of copper, [mol, mmol]
p pixel value, [–]
u droplet velocity, [mm/s]
V volume, [mL]
_V droplet phase feed flow rate, [mL/min]
X conversion (X ¼ 1� c=c0), [–]

Greek alphabet

Dq density difference (qc � qd), [kg/m
3]

Dc concentration difference, [mmol/L]
q density, [kg/m3]
c interfacial tension, [mN/m]
e molar absorptivity, [L/(mmol mm)]
l dynamic viscosity [Pa s]

Subscripts, indices

0 initial value
aq aqueous phase
bg background
BOT column bottom part
c continuous phase
ch chord length
cr critical value
d droplet or droplet phase
e equivalent
i; j pixel location indices
major, minor major and minor axis of a droplet image
org organic phase
p value for pixel
Rise rise
Sample analysis from sample
t terminal velocity
TOP column top part

Dimensionless numbers

Eo Eötvös number, Eo ¼ gDqd
2
=c

Mo Morton number, Mo ¼ gl4
cDq=ðq

2
cc

3Þ
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tional single droplet experiments, droplet rise time have to be con-

trolled by adjusting the difference between the droplet feed and

collection locations in order to determine, for example, the mass

transfer during the droplet formation period by extrapolation. Also

the assumption of the negligible effect of a coalesced droplet phase

residence time in the funnel on the total mass transfer can be

tested. The method provides also droplets inner concentration pro-

files and this reveals the inside circulation. The direct concentra-

tion analysis can be combined with numerical models and this

leads to deeper understanding of mass transfer in reactive extrac-

tion and provides a basis of better equipment design. Other geome-

tries than droplets, such as planar interfaces, can be measured if

optical path length is determined. Other applications than extrac-

tion where suitable color changes exist, can be tracked with this

method. The details of experimental procedure are presented in

Section 2, where the experimental set-up, experiments in the col-

umn, and the analysis methods are shown in Sections 2.1–2.5.

Results from experiments and discussion are combined as Sec-

tion 3. The calibration, droplet size, concentration and velocity

results are discussed in Sections 3.1–3.3. To our knowledge the

direct spatial quantitative concentration measurement from dro-

plets has not been published previously.

2. Experiments

2.1. Preparation of feed solutions

The extractant (Acorga M5640 by Cytec Solvay Group, Lot n:o

P3GBA524A) was contacted twice with 0.1 mol/L sulfuric acid

and once with 0.1 mol/L ammonium sulfate solution prior its use.

Equal volumes of organic and aqueous solutions were used. This

was made in order to pre-equilibrate extractant and remove

remaining soluble impurities from extractant. Finally, extractant

was diluted with Exxsol D80 (by Exxon) to 10 vol% and 20 vol%

solutions. The extractant active component concentration was

measured by titration (Mettler Toledo T50 automatic titrator).

The equilibrated organic copper complex standard solutions

were prepared by mixing 30 min the feed solutions with different

copper concentrations, and 10 or 20 vol% Acorga solutions

(Vaq=Vorg ¼ 1 : 1). The copper content of the aqueous phase was

analyzed with a spectrophotometer (Agilent 8543), and organic

copper concentrations were calculated from mass balance. Organic

solutions were used as standards for both the spectrophotometric

analysis and the image analysis.

The copper sulfate solutions were prepared by dissolving cop-

per sulfate (CuSO4�5H2O, Merck, Pro analysis) into water. The pH

of solution was adjusted to 3.1 with concentrated sulfuric acid.

2.2. Experimental set-up

The single organic droplet extraction experiments were made in

a glass column (45 mm� 45 mm � 375 mm) filled with continu-

ous aqueous phase. The droplets were formed at the flat tip of a

0.8 mm steel needle (nominal inner diameter 0.51 mm) at the bot-

tom of the column using a high precision syringe pump. The dro-

plet and column were back-illuminated with a led panel

(300 mm � 300 mm, 35 W, color temperature 3000 K). The mea-

sured droplet sizes are introduced in Fig. 10. The droplets were col-

lected at the other end of the column using a small funnel as

shown in Fig. 1.

Two milliliter samples from the rising droplets were collected.

Copper concentrations of the organic phase samples were directly

analyzed with the spectrophotometer (Agilent 8543). The analysis

was made using the absorption at 600 nm for the organic solution

and at 811 nm for the aqueous solution samples. The wavelengths

were selected based on the sample measurements with a

spectrophotometer.

The droplet velocities and sizes were determined by analyzing

the videos recorded with a Canon Legria HF R47 camera using a

framerate of 50 frames per second. The concentrations inside the

droplets and droplet sizes were determined from videos recorded

with a AVT Oscar F-510C camera using a framerate of 7.5 frames

per second. This second camera with a smaller field-of-view was

used to capture more detailed images of the droplets and for more

accurate representation of color information.

2.3. Column experiments

The column was filled with the continuous phase. The droplet

phase was continuously pumped through the needle into the col-

umn. Flow rates of 0.1–1.0 mL/min were used in experiments.

The average droplet detachment rate increased from about 4 dro-

plet/min, to 35 droplet/min as a function of the feed flow rate. At

first, the droplet phase flow rate was set to be at the minimum

(0.1 mL/min) so that the droplet formation was slow enough for

having a single droplet in the column. Droplets were formed until

enough droplets were collected for the analysis (approximately

2 mL). Samples were collected manually using syringe in two or

three batches in order to minimize sample residence time in the

funnel. The average sample residence times decreased from 420 s

to 60 s when flow rate increased from 0.1 to 1.0 mL/min. The fun-

nel samples contained both phases and the phases were separated

just after sampling. The samples were later analyzed with the spec-

trophotometer. Experiments were then repeated using higher feed

rates. It is acknowledged here, that it is possible to optimize sam-

pling procedure. However, sample residence time in the funnel

cannot be removed completely as droplet coalescence is not an

instantaneous process. Samples include also mass transfer over

the phase interface at column outlet.

The concentrations of droplets were separately recorded at the

bottom of the column (just after the droplet was detached from the

tip of the needle), and at the top of column (just before the droplet

entered the column outlet funnel). The results from the bottom of

the column revealed the mass transfer into the droplet during its

formation, whereas the results from the top of the column included

the mass transfer into the droplet during its formation and rise.

Fig. 1. The experimental set-up for column experiments with rising single organic

droplets. Approximate field-of-view positions of the cameras for column top

measurements are marked with rectangles.
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The effect of rise on the mass transfer into the droplet could be

determined by comparing the measured concentrations in the col-

umn bottom and top.

2.4. Image analysis

The first step in the image-based droplet analysis was to acquire

image sequences using the setup described in Section 2.2. The AVT

Oscar F-510C FireWire camera was used to obtain the image

sequences (stored as uncompressed image files) for the concentra-

tion analysis and droplet size measurements. The Canon Legria HF

R47 camera was used to obtain videos for the droplet size, velocity,

and acceleration measurements. The second step was to detect

moving droplets in the videos. Since the background (the column

with the continuous phase) was static except for the moving dro-

plets, the detection problem was solved using a background sub-

traction method. The background subtraction was performed by

subtracting the previous frame in the image sequence from the

input frame. This way the regions, where the subsequent frames

differ due to the movement of droplets, were separated from the

background (Cheung and Kamath, 2005).

The background subtracted image was then binarized by select-

ing an appropriate threshold value for the red color channel. The

red channel was selected based on preliminary experiments where

it was found to provide the most robust information for the task.

The threshold value was automatically selected by using Otsu’s

method (Otsu, 1979) that assumes that the image contains fore-

ground (object) and background pixels, and calculates an optimal

threshold so that the intra-class variance is minimal.

The resulting binary image typically contains noise. To elimi-

nate the noise, connected components (connected regions of the

foreground pixels) were determined and the components smaller

than 10% of the predefined minimum droplet area were removed.

The resulting binary images were further processed with morpho-

logical erosion using a small structuring element to remove small

irregularities in the droplet edge regions. The structuring element

is a binary area where black pixels (0 pixels) are excluded, and

white pixels (1 pixels) are included in the morphological computa-

tion. After this step, the binary images contained at least fragments

of the droplet edges.

Depending on the concentration, some of the detected regions

contained holes. Moreover, with some concentrations the droplet

edges were only partly visible.

To obtain full contours of the droplets, fitting an ellipse to the

binary image data was used. The ellipse fitting was selected based

on an assumption that the shape of droplets is oblate spheroid

which causes the droplets to have an elliptical shape in the images.

The ellipse fitting provides a good estimate for the true contours of

the droplets and produces more reliable droplet shape parameters

than using only binary descriptors of the droplet region (Szpak

et al., 2012). The limits for the ellipse parameters were used to con-

trol the droplets, which were processed further and the ones which

were discarded if they did not meet the limits. The full image anal-

ysis pipeline is presented in Fig. 2. The image at the top left corner

shows the region of interest (ROI) (the blue rectangle) used for pro-

cessing. ROI was manually selected after visual inspection of the

videos to contain all the droplets moving with minimum process-

ing area.

The basic image processing pipeline from the beginning to the

ellipse fitting step was the same for the both imaging sources. After

this, different feature extraction operations were performed for the

Canon Legria HF R47 videos (size, velocity, and acceleration mea-

surements) and the AVT Oscar videos (size and concentration anal-

ysis). Velocity and acceleration of the droplets were not

determined from AVT Oscar videos since the lower frame rate, only

3 or 4 captured images from one moving droplet, did not allow

accurate measurements. Features extracted from the Canon Legria

HF R47 videos included the minor and major axis lengths, orienta-

tion, velocity, and acceleration of the droplet. The ellipse minor and

major axis lengths are

dminorjdmajor ¼
2ðAE2 � BDEþ CD2Þ � 4ACF þ FB2

ð4AC � B2ÞðAþ CÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðA� CÞ2 þ B2
q

2

6

4

3

7

5

1
2

: ð2Þ

where j denotes the logical or (disjunction) operator (the greater of

the two values given by the equation is the major axis) and A, B, C, D,

E, and F are the parameters of the general quadratic curve,

Ax2 þ Bxyþ Cy2 þ Dxþ Eyþ F ¼ 0; ð3Þ

(Weisstein, 2016). These parameters were obtained using the

ellipse fitting. The velocity was calculated from the movement of

the droplet center point between the consecutive frames and the

acceleration as the difference in velocities between the consecutive

frames.

In order to convert the pixel values of the features into the real

world values (millimeters), the cameras were geometrically cali-

brated. To calibrate the camera, a sequence of images with a

5 mm grid was captured to provide the points of reference. The cal-

ibration was performed using the methods presented in (Heikkila

and Silvén, 1997; Zhang, 2000). The process included detecting

the grid from the image sequence and calculating the pairwise dis-

tances of grid lines. The collected information was used to form

corrected, distortion free images. The pixel size in mm was

obtained by dividing the real world grid size (5 mm) with the aver-

age distance for adjacent grid lines in images.

The concentration calculations were performed using the absor-

bance in the red color channel as explained in Section 2.5. The dro-

plet geometry was taken into account by making chord length

calculations assuming that the shape of droplets was oblate spher-

oid. This geometry was calculated from the parameters of the fitted

ellipse. 15% of the droplet image area, the outer edge region of the

droplet, was excluded from the concentration analysis since the

light scattering at the droplet phase boundary caused problems

when calculating the concentrations. Simplified process flow of

the concentration analysis is shown in Fig. 3. Image analysis steps

were implemented using MATLAB (2016a). The concentration

analysis is described in more detail in Section 2.5.

2.5. Concentration analysis

The concentration analysis inside a droplet is based on the

observation of image intensity change inside the sample. The con-

centration analysis is possible with imaging because of color

change, which takes place when copper is complexed with hydrox-

yoxime. This color change is observed from the video recording of

moving droplets by a digital camera.

The spectra recorded with the spectrophotometer revealed that

free hydroxyoxime and its copper complex absorb light at different

wavelengths (Fig. 4). The highest wavelength at which the free

extractant absorbs light is approximately 400 nmwhereas the cop-

per complex absorbs also at longer wavelengths. The complex has

a wide absorption peak with the absorption maximum at approx-

imately 680 nm. The concentration analysis of organic phase sam-

ples with the UV/VIS-spectrophotometer (Agilent 8543) was made

at the wavelength of 600 nm. The wavelength of 811 nm was used

for the aqueous copper sulfate solution concentration analysis.

The concentration analysis with both the spectrophotometer

and the cameras are based on the Lambert-Beer law. The

Lambert-Beer or Bouguer-Beer law describes how, in a transmis-

sion measurement, the light intensity decreases as a function of

the sample concentration and light path length. Each recorded
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Fig. 4. The basis for detecting the copper complex. The red channel of camera is most sensitive for wavelengths from 550 nm to 700 nm. The visible-range spectra of organic

Acorga M5640 solutions dissolved into Exxsol D80 and aqueous copper sulfate solution.

Fig. 2. Image analysis steps for determining the droplet movement, size and concentration. Contrast of the color images on the top row and the difference image has been

enhanced for visualization purposes.

Fig. 3. Simplified process flow of the concentration analysis. The ‘logical and’-symbol is used to represent the major contributing factors (absorbance and volume) to the

concentration determination in simplified form.
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pixel of the droplet image represents a part of droplet. These dro-

plet parts have a volume, here called as the pixel volume. The con-

centration in the pixel volume may not be uniform along the

droplet chord (perpendicular to the image plane) as droplets were

imaged only from a single direction. Uniform concentration was

assumed for each pixel volume. The Lambert-Beer law and its

derivation are presented and discussed by Berberan-Santos

(1990), Goldstein and Day (1954) and Liebhafsky and Pfeiffer

(1953) and Denney and Sinclair (1987). The Lambert-Beer equation

is presented as

A ¼ eLc ð4Þ

where e is molar absorptivity, L the optical path length, c is concen-

tration and A is the absorbance:

A ¼ log10ðI0=IÞ ð5Þ

that is, the logarithmic ratio of light intensity transmitted through

the sample (I) and incoming light intensity ðI0Þ.

The camera used for the concentration analysis (AVT

Oscar F-510C) is a RGB camera with 8-bit channels. The approxi-

mate range, where red channel of the camera detects light, is

550–700 nm (Fig. 4). The red channel was found to be specific only

for the copper complex of extractant, and not for the uncomplexed

extractant. It is also noted that copper sulfate absorbs light at the

wavelength range of the red channel. The red channel background

is assumed to be constant, as the continuous phase volume is much

higher compared to the droplet volume and thus the amount of

copper and the copper concentration in the continuous phase

remains practically constant during an experiment.

The camera records incoming light intensity and encodes the

intensities as pixel values in the range of 0–255 (8 bits). The pixel

values are assumed to be linearly dependent on the incoming

light intensity within the usable dynamic range of the camera.

Analogous to Eq. (5), absorbance is determined by:

A ¼ log10ðp0=pÞ; ð6Þ

where the incoming light intensity is represented by the pixel value

p0 and the light transmitted through the sample with the pixel

value p (compare to Eq. (5)).

The camera records a droplet as it moves through the column.

The spatial uniformity of the light source is even, and the pixels

of the camera are assumed to be identical. Both droplet and back-

ground are visible simultaneously in recorded images, and thus the

situation is similar to the double-beam spectrophotometer where

the light beam is divided into two beams, and one travels through

the sample and another through the solvent (i.e., background)

(Mann et al., 1974). As the background of the image, i.e., the con-

tinuous phase, absorbs light also in the red channel used for the

concentration analysis, the background is corrected by subtracting

the background absorbance (Abg) from the absorbance of the dro-

plet image (Ad):

A ¼ Ad � Abg : ð7Þ

The droplet concentration can be calculated from absorbances,

when droplet geometry is taken into account. The optical path

length, i.e., the distance which light travels in a sample effects

absorbance as it can be seen from the Lambert-Beer law (Eq. (4)).

The chord lengths of the droplet at each pixel position were calcu-

lated by assuming that the droplet was oblate spheroid and that

the axis normal to the image plane is equal to the measured major

axis length.

The effect of light scattering was determined by calculating

molar absorptivities (e) for each pixel of single droplet image using

the Lambert-Beer law (Eq. (4)). The absorptivities are shown as a

function of calculated chord lengths in Fig. 5b. The edge of a dro-

plet is darker than the rest of the droplet, which is due to light

refraction and scattering. The apparent absorptivity increases

towards the droplet edge and it includes both the effect of light

absorption due to the copper complex and the effect of scattering.

While there are correlations for the light intensity changes due to

scattering (Gumprecht and Sliepcevich, 1953), the use of apparent

absorptivity was chosen for this work, as the present camera

detects a wide range of wavelengths. The applied interpolation

function for the apparent absorptivity was

e ¼ 3:786� 10�3=lnðlch þ 1Þ þ 0:8977� 10�3; ð8Þ

where lch is the chord length. The function parameters were fitted to

the droplet data and the function was used in the calculation of con-

centration profiles and the average concentrations of the droplets.

When the optical path length of the Lambert-Beer law (L in Eq.

(4)) is set equal to the calculated chord length and the absorptivi-

ties are calculated with Eq. (8), the concentrations at the positions

of the pixels (cp) can be calculated from the image data based

absorbances and the Lambert-Beer law (Eq. (4)):

cp ¼ A=elch ð9Þ

The calculated chord lengths (lch) together with the image scale,

i.e., the distance per pixel (lp), are used when the representative

volume of each pixel is calculated:

Vp ¼ l
2
plch; ð10Þ

where lp is the distance per pixel. The amount of copper ðnpÞ at the

position of each pixel, can be calculated from the volume and the

measured concentration of the pixel:

np ¼ cpVp ð11Þ

When the sum of the values of np of the whole droplet image is

determined, the amount of copper transferred into the droplet can

be calculated with

n ¼
X

dmajor

i¼0

X

dminor

j¼0

npði; jÞ ð12Þ

where i and j are indices of pixel location along the droplet image

axes.

The average concentration of copper transferred into the dro-

plet is

c ¼ n=Vd; ð13Þ

where Vd is the droplet volume. The organic phase copper concen-

tration is presented as a conversion of extractant, as organic feed

solution includes the extractant and no copper.

The conversion (X) of extractant (HA) is calculated (Levenspiel,

1999) by:

XHA ¼ 1� cHA=cHA;0 ð14Þ

The extractant concentration is calculated using the extractant

mass balance:

cHA ¼ cHA;0 � 2c ð15Þ

Copper reacts with two extractant molecules to form the com-

plex, as also it can be seen from the reaction (Eq. (1)).

The calibration standards (see Fig. 5a) for the single droplet

experiments were imaged as droplets in the column. The apparent

molar absorptivity was calculated for each pixel of a one droplet

image (cCuorg = 25.4 mmol/L). The interpolation function (continu-

ous line) and e obtained from droplet center data (dotted line) in

Fig. 5b are also shown. The continuous line represents the interpo-

lation function of apparent molar absorptivity and the dotted line

denotes the value of e obtained from the fit. The scattering is at

minimum at droplet center, as can be seen from Fig. 5b.
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The calibration standard solutions of 20 vol% Acorga M5640

containing different copper concentrations were measured from

the 0.8 mm needle tip using the aqueous copper sulfate solution

(0.16 mol/L) as the continuous phase. The calibration line (Fig. 5a)

was computed based on the center region of the droplets where

the effect of light scattering is minimized. The copper complex

standard solutions of 10 vol% Acorga M5640 in 0.06 M CuSO4 con-

tinuous phase were measured for the comparison and verification

purposes. The organic standard solutions were pumped

( _V ¼ 1:5 mL=min) through the needle into the column filled with

the copper sulfate solution. The copper concentration in organic

standard solution was varied between 0 and 30 mmol/L. The stan-

dard solution analysis with the spectrophotometer revealed that

calibration lines of the both extractant concentrations were essen-

tially the same.

The similar observations can be seen in Fig. 6, where samples

with known copper concentrations were analyzed. The concentra-

tion in the droplets was analyzed using the same method and the

calibration line as in the actual column experiments. The results at

two different extractant concentrations are overlapping, indicating

that also in the image analysis the calibration lines are practically

the same.

Each droplet was detected several times from the subsequent

video frames. The median value of these separate detections was

used as the representative value for the droplet. The subsequent

droplets are here considered as repetitive measurements. The v2

goodness of fit test for the normality was performed. The v2 test

was passed in the case of elliptical droplet major and minor axis

lengths, velocity, and concentration, that is, the data is normally

distributed. Standard deviation of each dataset was chosen as the

basis for quantifying variation in the measurement data. The mea-

sure for the error in this work is three times dataset standard devi-

ation. The errors are approximately 1% for the droplet minor and

major axis lengths, approximately 3% for the droplet velocity and

approximately 22% for the droplet concentration in mmol/L

(Fig. 7). The measured data is shown as frequency histograms

and the calculated normal distributions as lines. The parameters

of the normal distribution were estimated based on the data. The

data analysis was performed using MATLAB (2016a).

The theoretical detection limit for the proposed method is esti-

mated by assuming that copper complex concentration in the dro-

plet is uniform. The smallest possible detectable concentration

change corresponds to pixel value p change from 255 to 254. Then

the absorbance is 1:7� 10�3. The concentration can be calculated

from this using the calibration line (Fig. 5). Thus, the smallest

detectable concentration is approximately 0.15 mmol/L. The

method accuracy and reproducibility are presented in Fig. 6. The

method reproducibility (i.e., the distribution width of the mea-

sured data at each standard solution concentration) is approxi-

mately 2 mmol/L. The accuracy of method is defined as the

difference between the average of the measured data and the nom-

inal standard solution value. The accuracy of method may be pos-

sible to improve since there are some differences between the

measured and nominal concentrations (the line in Fig. 6). The

method standard line is linear in the concentration range 0–

30 mmol/L (Fig. 5a).

The instrument bandwidth affects recorded absorbance values

(Denney and Sinclair, 1987). In case of the spectrophotometer,

the spectra was recorded with interval of 1 nm. The absorbance

peak of complex is at least 150 nm wide (see Fig. 4) and the ratio

of instrument and sample spectral bandwidths are below 0.01 in

case of the spectrophotometer. The bandwidth of the red channel

of the camera is close to 150 nm. The ratio of the instrument and

sample spectral bandwidths is thus approximately 1.

3. Results and discussion

3.1. Analysis method

The camera calibration line forms a straight line (see Fig. 5a).

Thus the Lambert-Beer law is obeyed also in determining the con-

centration from the droplet image data. The molar absorptivity

coefficients obtained for the 10 vol% and 20 vol% Acorga standard

Fig. 5. The calibration of copper complex concentration for organic phase droplet image analysis with the AVT Oscar F-510C camera. (a) The fitted calibration line for droplet

center data and (b) the effect of light scattering due to droplet interface curvature on molar absorptivity.
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solutions using the spectrophotometer at the wavelength of

677 nm, are 9:62� 10�3 and 9:43� 10�3 L/(mmol mm), respec-

tively (L = 10 mm). The coefficients are nearly identical. For that

reason, the only species present, which absorbs light at 677 nm,

is the copper complex. The corresponding estimated absorptivities

at the droplet center for the camera (AVT Oscar F-510C) were

3.4 � 10�3 ± 0.2 � 10�3 L/(mmol mm) for the 10 vol% Acorga solu-

tions and 3.2 � 10�3 ± 0.2 � 10�3 L/(mmol mm) for the 20 vol%

Acorga solutions. The optical path length (L) was taken to be equal

to the droplet major axis length in the calculations. The measured

Fig. 6. Comparison of known standard solution concentrations and concentrations from image analysis. Mean of measured data (symbols) and variation of data (error bars)

are shown. Nominal values (line) are shown for comparison purposes.

Fig. 7. The example distributions of measured droplet sizes, velocities, and concentrations. The histograms represent the measured data distributions and the lines denote

normal distributions whose parameters are estimated from the data. The width of normal distribution is ±3 standard deviations. The average and standard deviation were

estimated from data.
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major axis lengths were 4.2 ± 0.1 mm in the case of 10 vol% Acorga

standards and 4.1 ± 0.2 mm in the case of 20 vol% Acorga standard

solutions (see also Fig. 10).

The observed absorptivities of the 10 and 20 vol% standard solu-

tions are almost identical also in the case of droplet image analysis.

The complex absorbs light at the wavelength range of the red chan-

nel. The background was constant in each case and was subtracted

from the images. The observed absorptivities were lower for the

camera due to the wider spectral bandwidth. The similarity of

absorptivities implies that the mass transfer during droplet forma-

tion was indeed minimal.

The effect of scattering due to droplet interface curvature was

taken into account by calculating molar absorptivities for each

pixel of standard solution droplet (Fig. 5b). The apparent molar

absorptivity includes both the effect of copper complex light

absorption and the effect of light scattering. The apparent absorp-

tivity was assumed to depend only on the chord length, but the

variation in the droplet data is notable. The interpolation function

was fitted to the droplet data and it was used in the calculation of

droplet copper concentrations. The interpolation function gives

apparent absorptivity of 3.2 � 10�3 L/(mmol mm) at the droplet

center (L = 4.1 mm), which is identical to the absorptivity obtained

by fitting to all different concentrations. The difference between

the continuous and dotted line in Fig. 5b indicates the effect of

scattering. Scattering is minimal at the droplet center and

increases towards the droplet edge.

It is acknowledged that copper can be transferred into the stan-

dard solution during droplet formation in the calibration experi-

ment. The average formation time of droplets was estimated to

be approximately 1.3 s. Due to the short formation time, the effect

of mass transfer during the droplet formation with the standard

solution is estimated to be approximately 0.3 mmol/L. This is

within the variation in the analyzed concentrations of standard

solutions. The estimation was made by extrapolating measured

data from column bottom experiments, which contain mass trans-

fer from droplet formation (see Fig. 8 and Table 1). The fitted

extrapolation power function was used to calculate concentration

at flow rate of 1.5 mL/min.

3.2. Concentration analysis

The present method determines organic phase copper complex

concentration in the droplet. The results are presented as an

extractant conversion and they are shown in Fig. 8. The conversion

based on sample analysis (cSample) taken from the column outlet

funnel are clearly higher than based on the droplets imaged at

the top (cTOP) and bottom of the column (cBOT) (see Table 1). Results

from bottom of column show mass transfer during droplet forma-

tion, while results from column top include also mass transfer dur-

ing droplet rise. The difference between column top and bottom

analyses, reveal mass transfer during droplet rise (see also Fig. 8b).

Samples include mass transfer during droplet formation, rise and

column outlet funnel.

The high concentrations in the analyzed samples are due to long

residence times at the column outlet. The average sample resi-

dence times at column outlet varied from 60 s to 420 s. It is

acknowledged, that the sample concentrations are high and that

sampling can be optimized. However, the purpose of this work is

to present direct method for determining droplet inner concentra-

tions and sample concentrations were determined for comparison

purposes. Also noteworthy is the variation between the samples at

high feed flow rates (over 0.3 mL/min) compared to the variation

from direct droplet analysis.

The imaging of a droplet at the column top was made just prior

it enters the column outlet funnel and imaging at the column bot-

Fig. 8. Copper complex concentration change in column experiments. (a) Conversion of extractant to copper complex. (b) Copper complex concentration change during

droplet rise.

Table 1

Measured average droplet concentrations at column top and bottom (cTOP and cBOT ),

concentration change during rise (DcRiseÞ and collected sample direct analysis (cSampleÞ.

_V cTOP cBOT DcRise cSample

mL/min mmol/L mmol/L mmol/L mmol/L

0.1 5.3 5.3 0.0 29.9

0.3 2.4 1.7 0.6 21.5

0.5 2.1 1.0 1.1 24.5

0.7 2.1 0.7 1.4 28.5

1 2.3 n.d. 2.3 24.9
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tom was made just after a droplet detached from the needle tip.

These two positions were measured in separate experiments. Com-

parison of the column bottom and column top measurements

reveals that the majority of copper is transferred during the droplet

formation. When the flow rate increases, copper transfer during

the droplet formation decreases rapidly as the droplet formation

time decreases. The droplet formation time is approximately 17 s

at 0.1 mL/min and it decreases below 2 s when the flow rate is

1.0 mL/min.

The copper mass transfer during the rise increases as the dro-

plet feed flow rate increases (see Fig. 8b). The droplet sizes and

the measured velocities of droplets are approximately constant

(see Figs. 9 and 10) and the rise time does not vary significantly

and cannot explain the difference because the rise length remains

constant. Possible explanation is that, the concentration difference

between droplet and continuous phase increases as a function of

flow rate, due to decreasing mass transfer during droplet formation

(see Fig. 8 and Table 1). This leads to observed increased mass

transfer during droplet rise.

For determining droplet concentration profiles, droplets were

imaged at the bottom and the top of the column, and the concen-

trations were calculated from the recorded video images (see

Fig. 9). The shown droplet images represent examples of droplets

at the top and bottom positions of the camera. The highest copper

concentrations are found near the droplet interface, which is due to

interfacial complexation of copper and limited interaction time for

Fig. 9. Examples of determined copper organic phase concentration profiles inside droplets. Separate measurements were made for moving droplets at the column top (top

row) and column bottom (bottom row). The arrow indicates the direction of droplet movement. Axis units are pixels.

Fig. 10. The droplet sizes and velocities measured at the top of the column with organic feed flow rates 0.1–1.0 mL/min. Data is from Canon Legria HF R47. (a) The measured

droplet minor and major axis lengths, (b) The measured and estimated terminal velocities of droplets.
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mass transfer. The concentrations at the droplet bottom tend to be

higher than at the top. The explanation for this is not clear, but a

possible reason is the density difference between the extractant

and copper complex because the loaded extractant is heavier.

Another possible reason is the circulatory flows at both sides of

the droplet phase boundary. One possible explanation for the

observed concentration distribution inside the droplets is the

uneven distribution of surfactants. According to Slater (1995), sur-

factants have a tendency to concentrate in the droplet lower part

and to stop internal circulation. In this stagnant cap model the dro-

plet upper part, having lower surfactant concentration, has a

mobile interface leading to circulation and reducing concentration

differences.

The effect of decreasing the formation time can be observed in

Fig. 9 as the concentrations decrease from left to right. The effect is

especially clear in the case of observations from the column bot-

tom. The effect of mass transfer during the droplet rise can be seen

by comparing images taken at the top and the bottom of the col-

umn with the same flow rate. The images recorded at the top of

the column show higher concentrations. Comparison of the images

is straightforward, as the droplet sizes are approximately equal.

3.3. Droplet sizes and velocities

Fig. 10 shows measured droplet sizes and measured and esti-

mated droplet velocities. Terminal velocities were calculated by

using Eq. (16). Data was obtained by image analysis of videos

recorded by Canon Legria HF R47.

The droplet sizes are similar in all experiments (Figs. 9 and 10),

which is due to identical solution properties and the same needle

gauge used in the droplet formation. The increase in feed flow rate

of the droplet phase from 0.1 to 1.0 mL/min had no significant

effect in the drop sizes.

Droplet velocities were determined at the top of the column and

like droplet sizes, velocities are also close to each other. They var-

ied between 112 and 115 mm/s (Fig. 10b). To validate the velocity

measurement, correlation by Grace et al. (1976) was used. This cor-

relation is for systems where, for example, surfactants are present

as contaminants and correlations for pure systems are not usable.

Their correlation for droplet terminal velocity is

ut ¼ lc=ðqcdeÞMo�0:149ðJ � 0:857Þ ð16Þ

with

J ¼ 0:94H0:757; 2 < H 6 59:3 ð17Þ

and

J ¼ 3:42H0:441; H > 59:3 ð18Þ

and H defined as

H ¼ 4=3EoMo�0:149ðlc=lwÞ
�0:14; lw ¼ 0:9 mPa s ð19Þ

where lc and qc are continuous phase viscosity and density, de vol-

ume equivalent sphere diameter, Mo is Morton number and Eo is

Eötvös number. The property values for the 20 vol% Acorga and

0.16 mol/L CuSO4-solution pair at room temperature were

qc = 1025 kg/m3, qd = 834 kg/m3 and c = 22 mN/m. Copper sulfate

solution density was interpolated from literature values (Lobo,

1981) and interfacial tension was measured using the drop

weight method (Adamson, 1990). Using average droplet

major and minor axis lengths �dmajor ¼ 4:0 mm or 4.1 mm and
�dminor ¼ 3:3 mm (see Fig 10a), volume equivalent sphere diameters

de are 3.76 and 3.81 mm. With given physical property values Mo

and Eo numbers are 0.242 � 10�9 and 1.36 and terminal velocities

ut using Eqs. (16)–(19) are 117 and 118 mm/s, which agree well

with the measured droplet velocities.

Based on the measurements, the droplet aspect ratio

E ¼ dminor=dmajor is between 0.80 and 0.83. Grace et al. (1976) have

presented a correlation for the droplet aspect ratio

E ¼ 1=ð1þ 0:163Eo0:757Þ; Mo < 10�6; Eo < 40 ð20Þ

Using Eo ¼ 1:36, the estimated aspect ratio is 0.83 which corre-

sponds well with the observed aspect ratios. To determine the dro-

plet shape region, diagram presented by Grace et al. (1976) is used.

With droplet Eötvös number 1.34 and Morton number 0.242 � 10�9

the shape region is ellipsoidal which is confirmed from droplet

observations.

In addition to surfactants, the droplet size and form have an

effect on the terminal velocities. The droplet size defines the mass

transfer area, and the droplet velocity affects internal circulation in

the droplet and the diffusion layer thickness. The changes in veloc-

ity lead to differences in the diffusion layer thickness and wake

outside the droplet. The properties of the diffusion layer and circu-

lation both inside and outside the droplet, have an effect on the

mass transfer during extraction. The velocity of the droplet affects

the rise time of the droplet. Both the droplet size and velocity are

measured in order to differentiate between the mass transfer dur-

ing droplet formation and rise.

4. Conclusions

The presented method was developed for direct monitoring of

single organic phase droplets and their reactive copper extraction

in a glass column. The developed method is based on the observa-

tion of droplet color change, which is due to the formation of

strongly light absorbing copper–hydroxyoxime complex. It was

verified against reference samples which were analyzed using

spectrophotometry. The method can be used to detect droplet con-

centration directly inside the column from any position where the

droplet is visible. This enables monitoring of mass transfer into a

single rising droplet in the column, which can be done in separate

experiments or in a single one using several cameras.

In this paper the problematic concentration analysis using the

traditional sample collection has been performed for comparison

purposes, and the advantages of the direct image analysis based

method has been presented. The method enabled the determina-

tion of individual effect of droplet formation, droplet rise and sam-

ple collection on copper mass transfer. The effect of sample

collection is most notable due to the long residence time of the

droplet phase at the column outlet. The droplet formation has a

notable effect on copper mass transfer at low feed flow rates, due

to long droplet formation times. The image analysis method also

enabled characterizing the shape of droplets, by determining the

droplet minor and major axis lengths. There was a good agreement

with measured and estimated droplet velocities.

The developed method can be improved in several ways. For

example, when a more sensitive camera with a wide dynamic

range and improved conversion to digital intensity values is used,

a wider range of concentrations can be measured and with better

signal-to-noise ratio. Calculation of optical paths and modeling

the light scattering at the outer edge region of the droplet would

possibly allow inclusion of the edge region into the concentration

analysis. One possible way could be to add additional camera(s)

at different angle(s) to determine the light scattering and optical

properties of the edge region. Different light sources could also

be considered, when determining the effects of the light scattering

at the outer edge region of the droplet. While the present work is

designed for copper solvent extraction, the same method can be

used in any metal-extractant pair, where the color change in

extraction is large enough for the imaging. This method is by no

means limited to metal extraction substances, but it can be applied
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also to other systems, where a suitable color change is present. It is

also possible to limit the observation bandwidth by installing spe-

cial filters onto the camera optics. The camera red channel was

used here, but present method is not limited to specific color chan-

nel. Depending on application, it may be possible to use different

channels in detection of different reactive species. On the other

hand, it is also possible to change the spectral characteristics of

the illumination used and even use laser illumination. The method

is not limited to the visible light, assuming that the camera sensor

is sensitive to and the optics is suitable for other wavelengths, such

as ultraviolet light or infra-red.
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Abstract

Copper reactive extraction from ambient aqueous solution to organic droplets using single droplet experiments 

was performed. Extractant was Agorca M5640 hydroxyoxime in Exxsol D80. An image analysis based method was 

used to determine droplet concentration directly after droplet formation and rise. Mass transfer during formation is 

correlated using literature. Level Set interface tracking method was used to find formation hydrodynamics and as 
a result the assumption of non-circular velocity field could be validated. This was also supported by the circulation 
criteria based on needle Reynolds number. A model to estimate extraction rate as function of droplet Fourier number 

was based on a literature correlation and it was found that a model where the interface effect was described using 

interface mobility parameter was able to predict satisfactorily mass transfer. For a rising droplet stagnant cap model 

was used. Stagnant cap volumes were estimated from droplet images. A CFD model of a non-deforming rising 

droplet with rigid interface was used to fit interfacial reaction kinetic constant. Fitted value was much lower than 
experimentally determined by high a shear reactor. Mass transfer coefficients calculated from CFD model and 
estimated using literature correlations agreed well. By applying a two-film model it was shown that major part of the 
resistance is located at the interface between the phases.

Keywords: Mass transfer; Copper extraction; Liquid-liquid 
extraction; Mathematical model; CFD

Introduction

Single droplet experiment is a common method to determine 
mass transfer rates between the feeds in liquid-liquid extraction (LLE). 
During a single droplet experiment three stages are identified: (1) 
droplet formation, detachment and acceleration, (2) droplet rise/fall 
and (3) droplet coalescence [1]. In traditional experiments a droplet 
concentration are measured before formation and after coalescence 
and this provides an overall mass transfer rates for all stages. By using 
suitable experimental arrangements the effect of coalescence can be 
minimized but the droplet formation stage is often substantial [2-5] and 
by using several different droplet rise times the effect of formation is 
found by extrapolation of results into zero rise time.

This indirect method to determine the amount mass transfer during 
formation has some drawbacks. Application of the method requires 
several experimental points in order to get statistically relevant results. 
In this work this problem is avoided by using an image analysis based 
direct measurement method developed by Tamminen et al. [6] to 
measure concentrations directly from the column. This also simplifies 
experimental setup as there are no strict limitations for the coalescence 
stage arrangements.

Mass transfer correlations during droplet formation correlate the 
amount of extracted ∆n or the extraction ratio E as a function of Fourier 
number FO

d
=4D

m
t

F
/d2

e
 [7-10]. Diameter d

e 
is volume equivalent sphere 

diameter after droplet formation. Those correlations assume that 
mass transfer inside the droplet is purely diffusion based. To take into 
account the intensifying effect of internal circulation and the hindering 
effect of surfactants, Liang and Slater [4] formulated overall effective 
diffusivity D

F,eff
=k

H,F
(D

m
+D

E,F
) where D

F,E
 is time dependent diffusivity 

due to circulation. The empirical parameter k
H,F

 takes into account the 
effect of surfactants. Depending on the interface properties, k

H,F
 varies 

between 0 and 1. Liang and Slater [4] also propose a criterion based 
on the needle Reynolds number, whether there is circulation during 
droplet formation.

Kumar and Hartland [11] have published a collection of mass 
transfer correlations for a rising droplet. For the continuous phase 
correlations are expressed in form Sh

C
=f (Re, Sc

c
, K) where K is viscosity 

ratio between dispersed and continuous phase. Droplet side correlations 
are based on Newman [12] model, which assumes no circulation. 
The intensifying effect of droplet internal circulation is taken into 
account by (1) using the effective diffusion coefficient D

eff
 which is D

m
 

multiplied with a constant [12,13], (2) using eddy diffusivity D
E 

[14] 
or (3) combining eddy and molecular diffusivities into an effective 
diffusivity D

eff
 [15-17]. To take into account the effect of surfactants, 

Slater [18] applied the stagnant cap model where a droplet is divided 
into a circulating and stagnant regions. Effect of surfactants on interface 
mobility is implemented by using a similar experimental parameter k

H,R
 

as was used in droplet formation.

DNS (=Direct Numerical Simulation) method to solve transport 
equations can, in principle, provide parameters for the constitutive 
equations, like mass transfer coefficients. During droplet rise, if a 
droplet is smaller than the critical diameter then it maintains sphericity 
and it can be modelled as a sphere with constant shape and diameter. 
This approach has been used by Piarah et al. [19], Wegener et al. [20], 
Jeon et al. [21] and Pawelski et al. [22]. When a droplet is deformed 
due to diameter being larger than critical diameter, interface tracking 
offers a method to model the combined effect of hydrodynamics and 
interface evolution on mass transfer. A rising droplet interface tracking 
has been applied by, for example, Deshpande and Zimmerman [23], 
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Yang and Mao [24], Kenig et al. [25] and Wang et al. [26] who all have 
used Level Set (LS) method. For the droplet formation, LS method is 
used by Lu et al. and Soleymani et al. [27,28]. Soleymani et al. however, 
model only droplet hydrodynamics during formation and rise and they 
do not calculate mass transfer.

When the classical two-film theory is used to describe mass 
transfer between two feeds LLE, it is assumed that two films having 
finite thickness is formed between the phases. The interface itself is 
assumed to have infinitely small width thus providing negligible mass 
transfer resistance [29]. However, the assumption of negligible interface 
thickness and resistance is questionable [30]. Hu et al. [31] modelled 
mass transfer in LLE using molecular simulation and according to their 
result, as a contrary to assumption used in two-film theory, the effect 
of the interface on the mass transfer cannot be neglected. Hu et al. also 
claim that the surfactants restructure the interface and the mass transfer 
mechanism is modified. An additional component to be considered is 
an interface reaction which in two-film theory is assumed to be a surface 
phenomenon and proceeding with the kinetics of its own. But according 
to Hu et al. the interface structure is complex and it can be assumed 
that the empirical parameters for reaction kinetic models determined, 
for example, in high shear mixers, are not usable because of missing 
interface effects.

In this study the focus is on mass transfer from continuous phase 
to organic droplet. Models of copper reactive extraction from aqueous 
phase into an organic droplet during droplet formation and droplet rise 
were formulated. Droplets were formed using 0.4 and 0.8 mm needles 
with several different feed rates. Droplet concentrations, diameters and 
velocities after the formation and in the end of the rise were measured with 
an image analysis method. The method is documented in the previous 
work by Tamminen et al. [6]. An empirical model of mass transfer in 
droplet formation is based on a methodology proposed by Walia and 
Vir [9] enhanced by Liang and Slater [4]. Results are compared with 
Popovich [7] model. The droplet formation hydrodynamics is simulated 
with CFD using LS method to provide support for the selected velocity 
profile during droplet formation.

Copper transport from aqueous continuous phase to the organic 
droplet during droplet rise was modelled with CFD using a stationary 
spherical droplet with non-deforming interface. The ambient aqueous 
phase is moving with the measured droplet terminal velocity. Stagnant 
cap model was implemented by dividing the droplet interface into two 
domains. Velocity boundary condition was used to adapt corresponding 
interface mobility to reflect stagnant cap properties. By assuming a fully 
rigid interface (k

HR
=0) the reaction kinetic coefficient and extraction 

rate were estimated. Fractional mass transfer resistances were calculated 
from the film model.

Materials and Methods

Experiments

Experiments were made using same feeds, setup and method as in 
previous work by Tamminen et al. [6]. Results of previous work were 
extended here by using a smaller diameter needle (0.4 mm) in drop 
formation.

The droplet formation flow rates were 0.041, 0.21, and 0.29 mL/
min in case of 0.4 mm needle and 0.10, 0.30, 0.50, 0.70 mL/min, when 
0.8 mm needle was used. Needle Reynolds number Re

N
 was between 

1-10. Droplet formation times were not explicitly measured. They were 
calculated based on feed rate and measured droplet volume.

Contact angles were measured from sessile droplets with 20 vol-
% Acorga M5640 in Exxsol D80 (by Exxon). The aqueous phase was 
0.16 M copper sulfate solution. The size of droplet and the height (h) 
of a sessile droplet from needle tip to droplet apex were measured. 
Contact angle is calculated from tan( / 2) / dh rθ =  [32]. Droplet 
image axes measured in x- and y-directions confirmed spherical droplet 
assumption. Estimated contact angle θ is 120° Measured physical 
properties of 20 vol-% Agorca solution are shown in Tables 1 and 2.

Details of feed solution preparation, experimental arrangement, 
droplet imaging and analysis method are documented [6]. Local droplet 
concentrations were measured at the end of the droplet rise and just 
after the droplet detachment.

Mass transfer in droplet formation

Popovich [7] has presented a model to describe the total mass 
transfer during droplet formation:

2 2

1 d d,o 1 d d

de
(c c ) (c c )

2
m F e d en a D t d a Fo dπ π∗ ∗∆ = − = −   (1)

Where c*
d
 is equilibrium concentration, c

d,O
 is initial concentration 

and t
F
 is the formation time of a spherical droplet having volume 

equivalent diameter d
e
. The model is based on assumption that the mass 

transfer process is diffusion controlled so interfacial instabilities and 
internal circulation is not taken into account. The constant a

1
 varies 

between 0.857 and 3.43 [5].

In the model by Liang and Slater [4] the extraction ratio E is 
calculated with the model developed by Walia and Vir [8,9]

2 3 4

d(7 / 8) E (49 / 72) E 0.476 Ed d dE E= − + −         (2)

Liang and Slater [4] define the term E
d
 as a function of modified 

Fourier number Fo'
d

36 1 1
(1 )

22
'

2
'

1
d d dE Fo Foπ

π
+                 (3)

Modified Fourier number Fo'
d
 uses overall effective diffusivity D

F,eff
 

instead of molecular diffusivity D
m

 The overall effective diffusivity is 
defined as:

, , m F,E( D )F eff H FD k D= +                   (4)

Where k
H,F

 describes the effect of surfactant and has values between 
0 to 1, and D

F,E
 is pseudo-eddy diffusivity to take into account the effect 

of droplet internal circulation. Liang and Slater [4] propose a method 
to judge if system is (1) diffusion controlled Re

N
<10, or (2) circulation 

enhanced diffusion: 10<Re
N
<34, or (3) circulation controlled: 10<Re

N 

>34. In a system with pure diffusion control, the diffusivity D
m

 is to be 
used. In cases 2 and 3 the enhancing effect of circulation on the mass 
transfer is taken into account using D

F,E
.

Liang and Slater [4] considered only interfacial effects to be included 
in the constant k

H,F
 but also other effects like the resistance generated by 

interfacial reaction can also taken into account [33,34].

Mass transfer during droplet rise

When a droplet is rising the mass transfer is affected by diffusion and 
internal circulation and also the outside convection as well. Depending 
on the interface mobility, the interface can be rigid or mobile and this 
has an effect on droplet internal circulation strength.

Correlations provided by the literature are mostly for systems 
without contaminations and surfactants [11]. Slater [18] has formulated 
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Figure 1: Description of the stagnant cap model of a rising droplet. Arrows 

describe the flow relative to a droplet.

Figure 2: An example of measured concentration profiles of a rising droplet 
with different feed rates. Droplets are moving upwards (compare with Figure 

1). The complex CuA
2 
concentrations are higher in the droplet lower part thus 

supporting the stagnant cap assumption.

Figure 3: Droplet formation and CFD boundary conditions. Units on the 

geometry axis are in mm. Calculation domain meshed using triangular 

elements and the domain divided into: initial droplet, around the initial droplet 

and remaining part outside these two zones. Inside the initial droplet mesh 

element limits (max/min) are 25.6 and 0.0765 µm. In the mesh control domain 

and remaining area outside the limits are 0.574 and 49.7 µm. Total amount of 

mesh elements: 7800. a) Geometry and certain boundary conditions b) Close 

up figure containing details near the needle.

a model to take into account decrease of mass transfer rates due to 
surface effects and defines a correction factor K

H,R
:

, /iH R tk U U=                   (5)

Where iU  is the average interfacial velocity and is U
t
 droplet 

terminal velocity.

The stagnant cap model for a rising droplet by Slater [18] is applied. 
The model is based on the concept of two zones, where one zone is 
stagnant and another zone is circulatory (Figure 1). Surfactants and 
other contaminants act against circulation and as a result the interface 
becomes more rigid [18].

A droplet is divided into two zones having relative sizes f
v
 and 1-f

v
, 

where f
v
 is size of the stagnant zone. An overall effective diffusivity is 

calculated based on f
v
, molecular diffusivity D

m 
and eddy diffusivity 

D
R,E

.

D
R,eff 

= f
v
D

m
+ (1-f

v
) (D

m
+D

F,E
)                                                   (6)

Eddy diffusivity describes the effect of internal circulation on mass 
transfer and is calculated using Handlos and Baron Method [14]:

,

,

d c2048(1 / )

H R t e

R E

k U d
D

µ µ
=

+
                           (7)

It can be assumed that in this system the interface is rigid so k
H,R

=0. 
Droplet phase mass transfer coefficient is calculated using the model 
by Newman [12]. The overall effective diffusivity defined in eq. (7) is 
used here:

2

2 2

,

CuA2 2 2
1

46 1
In exp

6

R eff Re

zR e

z D td
k

t Z d

π

π

∞

=

  
= − −       

∑              (8)

This equation is valid for a case where the main mass transfer 
resistance is on the droplet side [18].

Stagnant zone size was estimated from droplet concentration 
distribution images. An example of concentration profiles in a rising 
droplet is shown in Figure 2. The average overall mass transfer 
coefficient K

d
 during droplet rise is:

*

*

,0

ln
6

d d e
d

d d R

c c d
K

c c t

 −
= −   − 

                    (9)

Where t
R
 is droplet rise time and c

d,O 
is droplet concentration after 

formation. This equation can be used as well to calculate mass transfer 
coefficient during formation. The time to use, then, is the droplet 
formation time t

F
 and c

d,o 
is feed concentration which in most cases is 

zero [35].

CFD model for droplet formation

Droplet coalescence simulations were performed with Comsol 
Multiphysics v.5.2 [36] using LS method for two-phase laminar flows. 
A 2-d axisymmetric geometry was used. Geometry and boundary 
conditions are shown in Figures 3a and 3b. Two needle diameters were 
used: 0.8 mm o.d/0.51 mm i.d and 0.41 mm o.d and inner diameter 
0.21 mm. Calculation domain dimensions were 3.8 mm width and 
height 10.2 mm. Same domain size was used for both needles.

A hemisphere having diameter of needle inlet was formed before 
calculations (Figure 3b). Initially both phase velocities and pressures 
were set to 0. The Comsol LS solver performs a steady state calculation 
at time t=0 to get consistent initial state for the transient calculation.

The default LS solver was used. Two user controllable LS parameters, 
reinitialization parameter and interface thickness parameter were 
adjusted to reach convergence. Reinitialization parameter was set to 
0.1 ms-1 and interface thickness was half of the maximum element size.
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[ 2(i)](t) [ ] dt
R
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d

V CuA t CuA
k k

A CuA CuA

−
= =

−∫
                          (12c)

2[CuA ( )]i and 2[Cu ( )]i+  are average concentrations at the phase 
interface.

Results and Discussion

The estimation and application of mass transfer models are 
described in Figure 4.

Droplet formation

In Table 3 is shown droplet experiment results. Droplet volumes 
were calculated using formula:

V
d
=(π/6)d2

Maj
d

Min                       
(13)

Average droplet volumes were 29 mm3 for the 0.8 mm needle and 
10 mm3 for the 0.4 mm needle and corresponding average volume 
equivalent diameters d

e
 were 3.8 and 2.7 mm. Droplet average formation 

times t
F 

were estimated by dividing the average droplet volume with a 
feed rate: for the 0.8 mm needle 16, 5, 3 and 2 seconds and for the 0.4 
mm needle 21, 4 and 3 seconds.

In Figure 5 is plotted the cumulative mass transfer ∆n against 
the Fourier number and the and the cumulative transfer model by 
Popovich (eq. 1). The estimated value of the coefficient a

1 
is 0.35. This 

is smaller than the minimum 0.857 noted by Wegener et al. [5] which 
confirms that in addition to diffusion there are other phenomena 

CFD model for droplet rise

Mass transfer between the continuous phase and droplet was 
calculated with a CFD-model using Comsol Multiphysics v.5.2 [36]. 
The surface velocity correction factor k

H,R 
was determined with this 

model to take into account the drag increasing effect of surface active 
agents, local mass transfer coefficients K

cu
 and k

CuA2
 of Cu transfer in 

continuous phase and in droplet (eqs. 12b, 12c) and the overall mass 
transfer coefficient K

D
 (eq. 12a).

The system is modeled as a stationary spherical droplet and 
the continuous aqueous phase is moving with a measured terminal 
velocity. Both phases are separate calculation domains. The following 
assumptions are used: 2-d axisymmetric geometry, the spherical 
droplet, laminar velocity fields, steady and constant droplet volume.

Droplet was divided into two domains: stagnant cap zone having 
volume fraction of f

v
 and circu lating zone with 1-f

v
 volume fraction.

The rectangular continuous phase domain width and height were 
set to 3 and 10 times the droplet diameter, respectively. Unstructured 
triangular mesh was used for the droplet and continuous phase 
domains. The fine grid resolution along the interface was created by 
specifying the amount of cells at the interface. Mesh sensitivity was 
tested by refining the grid near the interface. Variation of mass transfer 
coefficient was used as criteria for grid independence. Calculation 
was performed in two stages. In the first stage, laminar Navier-Stokes 
equation was solved to provide flow field. Boundary conditions for 
the continuous phase were: uniform velocity U

t
 at inlet, which is the 

experimentally determined droplet terminal velocity; sliding wall at 
calculation domain vertical sides; uniform velocity U

t
 at outlet. At 

droplet side p=0 as a pressure constraint; sliding wall with tangential 
velocity set to average interface velocity

 i H,R tU = k U  at droplet interphase; 
full rigid interface is simulated by setting K

H,R
 to 0.

Boundary conditions for the droplet phase were: moving wall with 
radial velocity u

d
=u

c 
and axial velocity w

d
=w

c
 at droplet and continuous 

phase interface pressure is equal to pressure on the continuous side as 
pressure constraint. Species diffusivities presented in Table 2.

Boundary condition between organic and droplet phases is 
set by the interfacial reaction rate. The extraction of copper with a 
hydroxyoxime HA at the phase interface [37-39] is:

Cu2+(aq)+2HA(org) ⇌ 2H+(aq)+CuA2(org) (10)

and the reaction rate equation is:

2 2
,

, 2

[Cu ( )][HA( )]
( ) [CuA ( )][H ( )]

[H ( )]

R A

A R A

E

ki i
R t k i i

i K

+
+

+= +         (11)

Where R
A
 is area based reaction rate, k

R,A
 kinetic constant, K

E
 

equilibrium constant and [Cu2+(i)], [HA(i)], [H+(i)] and [CuA2(i)] 
are concentrations at the interface. Tamminen et al. [38] determined 
kinetic constant in a high shear reactor: k0

R,A
=1.4 × 10-3 dm4 /(mol s). 

Equilibrium constant k
E
 is 8 at hydroxyoxime concentration 20vol-

%=0.38 M [39]. In this work due to very mild hydrodynamic conditions, 
the expected kinetic constant will be lower than determined in the high 
shear experiments.

Overall mass transfer coefficient, K
d
 and local mass transfer 

coefficients on droplet and continuous phase side kcuA2 and k
cu

 are 
determined from:

2 2

2 2
0

([ ]( ) [ ] )

{[ ] [ ]( )}dt
R

d R F
d t

d

V CuA t CuA
K

A CuA CuA t∗

−
=

−∫
            (12a)

X
HA

C
HA

ρ μ γ Θ

vol-% M kg/m3 mPas mN/m degrees

20 0.38 834 3 21.6 120

Table 1: The measured physical properties of Acorga M5640 solutions dissolved 

in Exxsol D80. Measurements at room temperature (22-24°C). Interfacial tension 

measured in 0.16 M CuSO
4 
solution. pH of copper sulphate solution was adjusted 

to 3.1 with concentrated sulphuric acid.

Species Cu2+ H+ HA CuA
2

D
m
/10-9 m2/s 0.72 9.4 0.46 0.3

Table 2: Species molecular diffusivities in 25°C, Cu2+ and H+ diffusivities are from 

Haynes [33], CuA
2
 diffusivity and hydroxyoxime HA were estimated by Wilke-

Chang method [34,35].

d
N

Q d
Maj

D
Min

V
d

c
F,m

Re
N

mm mL/min mm mm mm3 Mmol-1  

0.8a 0.1 3.9 3.3 26 5.3 1.2

 0.3 3.9 3.4 27 1.7 3.4

 0.5 3.9 3.3 26 1 5.7

 0.7 3.8 3.2 24 0.8 8

0.4b 0.04 3.1 2.7 14 6.1 1.1

 0.21 3 2.6 12 1.8 5.7

 0.29 3.3 20.8 16 1.3 8.0

Table 3: Measured droplet dimensions and concentrations with different feed rates 

Q after droplet formation. Symbols: d
N
, needle diameter, dMaj, dMin

, droplet major 
and minor axes lengths, V

d
, droplet volume c

F,m
, measured droplet concentration, 

Re
N, 

Reynolds number in needle outlet.
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(interfacial reaction combined with effect of surfactants) and Popovich 
model does not follow experimental points.

In Figure 6 is plotted extraction ratio E versus square root of 
droplet modified Fourier number Fo'

d
 using Walia and Vir model (eq. 

2) with the overall effective diffusivity D
F,eff 

using eq. (4). The fitted 
values of the surface mobility correction factor k

H,F 
are 0.070 (R2=0.76) 

for the 3.8 mm and 0.071 (R2=0.90) for the 2.7 mm droplets and they 
are practically equal. The needle Reynolds numbers (Table 3) are less 
than 10 and according to the criteria proposed by Liang and Slater [4], 
droplet internal mass transfer is diffusion controlled. Therefore the 
eddy diffusivity was set to zero and the molecular diffusivity was used 
in calculation of the overall effective diffusivity. Compared to Popovich 
model Walia-Vir model combined with effective diffusivity model 
by Liang and Slater [4] is able to better describe mass transfer during 
droplet formation.

LS simulation and non-circular assumption

The non-circulatory assumption and the effect of contact angle on 
the formation hydrodynamics was examined by simulation of droplet 
formation with three different contact angles using LS method for the 
studied chemical system. Angles in simulations were 1, 120 and 179 
degrees. Based on the simulation results shown in Figure 7 the velocity 
streamline profile is non-circulatory with the measured θ=120°. 
When the contact angle approaches 0°, the velocity profile becomes 
circulatory. Similar non-circulatory droplet formation hydrodynamics 
was recognized by Lu et al. [27]. Simulated and experimental formation 
times are shown in Table 4. For both needles experimental formation 
times t

F,m
 mare somewhat larger compared to the simulated times T

F,LS
. 

Experimental formation time was determined by dividing droplet feed 
rate with average droplet volume. The experimental error in formation 
time determination is 10%, for the 0.8 mm needle formation time is 
between 1.5 to 1.7 seconds and for the 0.4 mm needle between 1.2 to 
1.6 seconds. Interfacial tension is affected by copper extraction [40,41]. 
When the interfacial tension is 25.5 mNm−1 the simulated formation 
times equals the experimental value for the 0.8 mm needle.

Droplet rise

Based on concentration measurements during a droplet rise (Figure 
2) it was recognized that reacted copper complex has a tendency stay 
at the droplet bottom zone. This supports the assumption of stagnant 
cap model. Terminal velocity measurements Tamminen et al. [6] gave 
substantially smaller values than determined from correlations for 
pure systems which is due to the presence of surfactants i.e., extractant, 
reducing the interface mobility. Low value of the measured terminal 
velocity (113 mm/s) corresponds well with the correlation given by 
Grace et al. [40] for contaminated systems. Based on this it is assumed 
that the interface is rigid thus signaling a very low value of interface 
mobility parameter k

H,R
.

Two coefficients are to be determined experimentally when 
stagnant cap model is combined with effective diffusivity: stagnant 
volume fraction f

v
 and contamination coefficient k

H,R
.
 
In this work f

v
 is 

determined with image analysis. k
H,R

 was set to zero based on the rigid 
interface assumption.

Volume fractions of stagnant cap were estimated by measuring 
droplet major and minor axis lengths and height of stagnant cap from 
the droplet image. Cap boundary was visually recognized and can 
also be seen in concentration profiles (Figure 2). Determination was 
repeated at least 15 times in order to estimate the variation. Fractions 
are shown in Table 5.

Figure 4: Flow diagram describing the calculation and application mass 

transfer models.

Figure 5: Measured and estimated cumulative mass transfer ∆n against 

the Fourier number and the cumulative transfer model by Popovich (eq. 1): 

3.8 mm, 2.7 mm. Symbols refer to experimental values. The fitted value of 
coefficient a

1
=0.35.

Mass transfer simulation using CFD was performed for 0.8 mm 
needle. It was assumed that k

H,R
 does not depend on the feed rate Q. 

Droplet concentration C
F.e 

 after formation was estimated using the 
model presented in the section Mass transfer in droplet formation. 
Droplet terminal velocity U

t
 was set to experimental value 113 mm/s. 

Droplet diameter was 3.8 mm and rise time 2.3 s. Droplet acceleration 
to terminal speed was neglected because of a very short acceleration 
time.

Value for the kinetic constant k
R,A

 was found by fitting with the 
CFD model. The sum of squared difference between the estimated and 
measured concentrations was minimized:
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1

min R R e j

j

SSQ c c
=

 
= − 

 
∑               (14)

C
R,m,j

 is measured concentration in j:th feed flow and C
R,e,j

 is the 
estimated concentration calculated with the CFD model.

Fitted value of k
R,A

  is 0.13 × 10-6 dm4/(mol s). This is substantially 
smaller than reported by Tamminen et al. [38]. It is obviously due to 
different hydrodynamic conditions and smaller droplet size compared 
to this work. Estimated concentration after formation, and measured 
and estimated droplet concentrations after rise are shown in Table 5.

CFD model was used to calculate mass transfer coefficients using 
eqs. 12a-c. the most dense mesh (Table 6) was used. Mass transfer 
coefficients are K

d
=0.7 × 10-6 m/s, k

CuA2
=13 × 10-6 m/s and k

Cu
=34 × 

10-6 m/s. Average K
d
 estimated from experiments is 2 × 10-6 m/s. k

CuA2
 

calculated from Newman model (eq. 8) with eddy diffusivity D
R,E

=0 
(rigid interface) is 13 × 10-6 m/s which is same magnitude compared 
to value provided by the CFD model. Cu mass transfer coefficient k

Cu 

in continuous phase is estimated with a correlation proposed by Clift 
et al. [1].

Sh
c
=1+Re0.48Sc

c
1/3                           (15)

With U
t
=113 mm/s, d

e
=3.8 mm, ρ

c
=1020 kg/m3, μ

c
=1.1 mPas and 

D
cu

=0.72 × 10-9 m2/s, Re is 388, Sc
c
=1498, Sh

c
=146 and k

Cu
=Sh

c
D

Cu
/d

e
=28 

× 10-6 m/s. This is slightly smaller than the value 34 × 10-6 calculated from 
CFD model.

Fractional mass transfer resistances for continuous phase (m/
k

Cu
)/(1/K

d
) is 2% and for droplet (1/k

CuA2
) / (1/K

d
) is 5%. Copper 

distribution ratio m between aqueous and droplet phase is 1.2. The 
reaction fractional resistance is 100%-7%=93% which is a substantial 
proportion of the total resistance. Similar results were also reported by 
Ferreira et al. [34].

Solution sensitivity for the selected mesh was tested by simulating 
using six meshes and calculating mass transfer coefficients (Table 6). 
Mass transfer coefficients are nearly constant when more than 1 × 106 
mesh elements were used. Newman model assumes that mass transfer 
resistance is totally on the droplet side. Continuous side resistance is 
2.5 times smaller than the droplet side but the reaction provides the 

Figure 6: Measured and estimated extraction ratio E vs. square root of 
droplet modified Fourier number Fo'

d
 (eqs 2 and 4): 3.8 mm, 2.7 mm. Symbols 

refer to experimental values. Correction factor k
H,F

 due to surface mobility is 
approximately 0.07 for both droplet sizes.

 
Figure 7: Simulated velocity profiles during droplet formation with different 
contact angles θ and different times. Feed rate Q is 1 ml/min and needle 

diameter 0.8 mm.

d
n

Q t
F, LS

t
F,m 

V
m

V (t
F
,
LS

) V
F,LS

mm mL/min S s mm3 mm3 mm3

0.8 1 1.3 1.7 26 22 19.4

0.4 0.41 1.1 1.4 9.5 8.3 7.8

Table 4: Comparison of calculated and experimental formation times and 

volumes for both needles with maximum feed rate Q. t
F,LS

, droplet formation time 

in simulation t
F,m

 experimental droplet formation time, V
m
, experimental droplet 

volume, V(t
F,LS

)=t
F,LS

 × Q droplet volume at simulated formation time, V
F,LS

 LS-

method based droplet volume at the simulated droplet formation time t
F,LS

.

Q f
v

c
F,e

c
R,m

c
R,e

mL/min  mmol/dm3 mmol/dm3 mmol/dm3

0.1 0.39 4.1 5.1 4.6

0.3 0.25 2.3 2.5 2.8

0.5 0.23 1.8 2.1 2.3

0.7 0.25 1.5 2.1 2

Table 5: Stagnant cap fractions and estimated initial and measured and estimated 

final droplet copper complex concentrations. K
H,R

=0 (=Rigid interface), estimated 

k
R,A

=0.13 × 10-6 dm4/(mol s). Symbols: Q feed rate, f
v
, stagnant cap fraction, c

F,e
 

estimated concentration after formation, eqs. (2 and 3), c
R,m

, measured average 

concentration after the rise, c
R,e

, estimated average droplet concentration after the 

rise.



Page 7 of 9

Citation: Lahdenperä E, Tamminen J, Koiranen T, Kuronen T, Eerola T, et al.  (2018) Modeling Mass Transfer During Single Organic Droplet 

Formation and Rise. J Chem Eng Process Technol 9: 378. doi: 10.4172/2157-7048.1000378

Volume 9 • Issue 2 • 1000378
J Chem Eng Process Technol, an open access journal
ISSN: 2157-7048 

most of the resistance so validity to use only Newman model is not 
justified.

Conclusion

Based on simulation of a rising droplet using stagnant cap 
assumption and estimating an interfacial reaction kinetic constant 
it was found that value of measured kinetic constant with high shear 
reactors is much larger than estimated by simulation. This supports the 
hypothesis that in this case the interface provides a substantial mass 
transfer resistance which decreases the overall mass transfer coefficient. 
The effect is assumed to be due to the structure of the interface which 
is affected by the hydrodynamic conditions and in this case due to 
surfactants which probably is been adsorbed into the interface thus 
making it rigid and on the other hand slowing the reaction reactant’s 
and product’s mobility to and away the interface. For the formation 
stage as well it was found that an empirical model combined with 
effective diffusivity using interface mobility parameter to describe 
effect of surfactants is able to predict mass transfer in droplet formation 
better than a model assuming no explicit interfacial effects.
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Notations

a
1

Coefficient in eq (1) 

c Concentration, M 

D Diffusion coefficient, m2/s

d Diameter, m

d
e

Volume equivalent sphere diameter, 

E Extraction ratio

E
d

Extraction ratio assuming constant concentration, 

f
v

Fraction of droplet stagnant zone 

g Gravitational acceleration, m/s2 

h Height of droplet, mm

i Species label

K Overall mass transfer coefficient, m/s

K
E

Equilibrium constant in extraction reaction rate equation

k Local mass transfer coefficient, m/s

k
E

Empirical coefficient in pseudo-eddy diffusivity equation 

k
H

Interface mobility parameter

k
R,A

Reaction kinetic constant, dm4/(mol s)

Ko
R,A

Experimental kinetic constant determined in high shear reactor, dm4/(mol s)

m Partition coefficient, distribution ratio between the phases

n Molar amount, mol

N
elem

 
Number of elements in CFD mesh

 p Pressure, pa

Q Feed rate, ml/min

R
A

Reaction rate, mol/(dm2 s)

R2 Coefficient of the determination for a fitted model

r
Radius, mm 

t Time, s

u Radial velocity in cfd model, m/s 

U Velocity, m/s

V Droplet volume, ml, mm3 

w Axial velocity in cfd model, m/s

x Volume fraction 

z Summing index

SSQ Sum of squared differences

Greek alphabet

a Species stoichiometric coefficient

∆ Difference

γ Interfacial tension, n/m

k Viscosity ratio, μ
d
/μ

c

μ Viscosity, pa s

ρ density, kg/m3

Θ Contact angle, degrees

Subscripts

- Average

c
Continuous phase 

d
 Droplet

e 
 Estimated

E 
Eddy diffusivity

Eff 
Effective diffusivity

* 
 Equilibrium

F,c 
 Formation in cfd model

F 
Formation

i 
 Interface, species index

LS 
 Levelset

Maj
 Droplet major axis 

Min 
Droplet minor axis

m 
Molecular, measured

N Needle

R Rise

0 Initial time, maximum value of reaction kinetic constant

t Terminal velocity

N
elem

K
d

k
CuA2

k
cu

10-6 m/s 10-6 m/s 10-6 m/s

475000 0.6 15 50

670000 0.71 15 45

1060000 0.71 14 41

1300000 0.71 14 39

1580000 0.71 14 36

2240000 0.7 13 34

Table 6: Mass transfer coefficients using the CFD model with six meshes. Feed 
rate is 0.1 ml/min.
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Abbreviations

(aq) Aqueous phase

CFD Computational fluid dynamics

Cu2+ Copper ion

CuA2 Copper complex

DNS Direct numerical simulation

H+ Proton

HA Hydroxyoxime

(i) Interface

i.d, o.d Needle inner and outer diameters

LS Levelset

LLE Liquid-liquid extraction

(org) Organic phase

SDS Sodium dodecyl sulphate

VOF Volume-of-fluid

Dimensionless numbers

Fo
d 
 

Droplet fourier number, 4D
m
t
F
/d2e  

Fo'
d
  

Modified droplet fourier number, 4D
F,eff

t
F
/d2

e
    

Maj          
Droplet major axis  

Re 
Droplet reynolds number, Ud

e
ρ

c
/μc

Re
N Needle Reynolds number, /n d n dU dρ µ

Sh
C
 

Continuous phase sherwood number, k
c
d

e
/D

m
   

SC
c
 

Continuous phase schmidt number, μ
c
/(D

m
ρ

c
)
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Abstract

In this work, we studied whether coalescence has a direct effect on mass transfer in copper extraction. The
coalescence of pendant and sessile droplets containing diluted Acorga M5640 in an aqueous copper sulfate solution
was recorded on video. The videos were analyzed to determine droplet rest times, sizes, and concentrations.
Concentration measurements revealed that coalescence does not enhance mass transfer because coalescence is a
rapid phenomenon. A comparison of the experiments performed with and without mass transfer showed that the
coalescence dynamics are not affected by mass transfer. A bimodal rest time distribution was observed when the
copper sulfate solution was in the continuous phase. The surface flows and cell-like structures observed on the
droplet interface are presumed to be because of a Marangoni convection, which is caused by concentration changes
because of extraction. The presence and absence of surface flow is anticipated to lead to a bimodal rest time
distribution. The presence of surface flow improves coalescence probability because of very short binary droplet rest
times.

Keywords: Binary droplet coalescence; Mass transfer; Copper
extraction; Liquid–liquid extraction; Image analysis

Notations
a, b: Interpolation function parameters to fit apparent absorptivities

c: Concentration

d: Diameter

l: Length

n: Amount of copper

t: Time

x: Volume percentage

V: Volume�. : Volumetric flow rate

∆: Difference

ε: Absorptivity

χ: Chi-test

outer: Outer (diameter)

inner: Inner (diameter)

c: Continuous phase

ch: Chord length

coal: Coalesced

d: Droplet or droplet phase

f: Formation (time)

fc: First contact between droplets

ps: Start of the feed pumps

p: Value for a pendant droplet

r: Rest (time)

s: Value for a sessile droplet

sc: Start of the film rupture between droplets

aq: Aqueous phase

CFD: Computational Fluid Dynamics

CuA2: Copper complex

HA: Hydroxyoxime i.e., active component of Acorga M5640

Org: Organic phase

Introduction
The basic operating principle in liquid–liquid extraction processes is

to mix two phases and the driving force, that is, the deviation from the
equilibrium, enables the solute to transfer between the phases. In
addition to the driving force, the area available for mass transfer is an
important parameter that can affect the mass transfer rate. The mass
transfer area is increased by generating droplets using impellers,
spargers, or perforated plates. In contacting units, droplets collide with
each other and unit walls. Depending on the hydrodynamic
conditions, two or more droplets can coalesce into one large droplet, or
a single droplet can be broken into smaller droplets. Coalescence is
expected to decrease the mass transfer rate by reducing the available
mass transfer area.

The binary droplet, that is, droplet-droplet coalescence, has been
studied using different operating principles. For example, researchers
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[1-4] have studied the coalescence of pendant and sessile droplets,
while other group of researchers [5-10] studied the coalescence of
adjacent droplet or bubble pairs. The droplet pair was either a pendant
or sessile. Eiswirth [11] studied the coalescence of free rising droplets.
Mitra and Ghosh [12] have used a different approach, where the set-up
consisted of a series of cup-type cells immersed in the continuous
phase.

Several studies using binary droplets [1,8,13] have revealed that the
coalescence rate depends on the direction of mass transfer. When the
direction was from the continuous to dispersed phase, coalescence
times increased compared with the opposite direction. Solute
concentrations because of the Marangoni convection are also expected
to affect coalescence [14]. The effect of droplet size on coalescence was
studied by Villwock, Gebauer, et al. [2], and their results indicated that
coalescence proceeds only if a rising droplet is larger than a stationary
pendant droplet. In experiments with sessile and pendant droplets, on
the other hand, Kamp and Kraume [1] were not able to find a clear
relationship between the droplet size ratio and coalescence. Some
studies have also explored the effect of different additives on
coalescence. For example, Mitra and Ghosh [12] found that surfactant
addition leads to a notable increase in droplet rest times. The addition
of a small amount of salt increased the coalescence times, whereas
when increasing the amount of salt, shorter rest times were observed.
These studies, however, have not analyzed whether binary droplet
coalescence itself influences mass transfer because of interface
deformations.

In the present work, the goal was to study whether the coalescence
phenomenon itself has any effect on mass transfer because of
deformations and movement during the binary droplet coalescence;
here, sessile and pendant organic droplets were formed in ambient
aqueous solution and using a direct measurement method. Droplet
concentrations were determined before and after the coalescence, and
the effect of coalescence on mass transfer was determined [15]. The
organic feed contained commercial copper extractants in a commercial
hydrocarbon diluent; the continuous phase was a copper sulfate
solution. The feeds used in the present work are complex compared
with the pure liquids used in most literature studies. Typical
coalescence studies with mass transfer consist of chemical systems
where one substance is transferred between two immiscible phases,
and there is no chemical reaction present; in addition, the direction of
the mass transfer can be easily controlled. This contrasts with the
chemical system used in the present work.

Copper extraction is an interfacial equilibrium reaction, one where
copper is complexed at the interface, and the complex is then
transferred to the organic phase. Copper (Cu2+) extraction with
hydroxyoxime (HA) has the following stoichiometry [16-18].��2 +(��) + 2��(���) ���2(���) + 2�+(��) (1)

The reaction mechanism for copper extraction with LIX 65N was
presented [16] and has been applied on copper extraction with
extractants such as LIX 984 [17] and Acorga M5640 [18]. Copper
extraction is also an ion exchange reaction; hydrogen ions are released
as aqueous phase copper is complexed with hydroxyoxime. This
further complicates the situation because the mass transfer direction is
not well defined because there is mass transfer to and from both
phases. Also, the transferring species are changing because of the
complex formation.

In the current study, the copper concentration in the organic
droplets was determined using the image frames of recorded videos,
which were analyzed with the image analysis method proposed by
Tamminen et al. [15]. The measured copper concentrations in the
droplets before and after coalescence (film rupture) were compared
with each other. The comparison revealed that the coalescence had a
minor effect on the mass transfer mainly because of the short time
scale.

Materials and Methods

Experimental set-up
The set-up for the coalescence experiments was custom-made

(Figure 1). The pendant and sessile droplets were formed on the tips of
two identical steel needles. The droplet formation was made by
dispensing the droplet phase with two identical high-precision syringe
pumps (World Precision Instruments). The cell was made of PVC
plastic, and the top was left open. Two opposite side walls were made
from transparent glass to allow for video recording. The set-up used
here was like those used previously [1,2]. The volume used in earlier
works [1,2] was 500 cm3, but in this work, the set-up volume was
smaller, 100 cm3. It is noted here that although both droplets were
attached to needle tips, experiments with one stationary and one
moving droplet can be made with the present set-up. The organic feed
solution consisted of technical grade chemicals, but organic feeds were
not used in extraction prior to the coalescence experiments. The
preparation of the feed solutions is described in the supplementary
information.

Coalescence experiments
The droplets were formed on the tips of the needles. The pumps

were started manually, but they were programmed to dispense a
predetermined volume (8 μL) at a constant flow rate of 0.4 cm3/min.
The pumps were set to stop automatically. The same volumetric flow
rate setting was used in both pumps. The distance between the needle
tips was set to 5 mm, putting the formed droplets in contact with each
other. Because the contact between the droplets was gentle, the mass
transfer during the coalescence could be studied in the absence of
possible mixing effects from droplet collision. All experiments
conducted at room temperature.

The experiments were repeated 150 times for the 20 vol% Acorga
solution droplets when the continuous phase copper sulfate solution
concentration was 0.16 mol/L. The mass transfer during the
coalescence was studied by varying the droplet phase extractant
concentration and the continuous aqueous phase copper sulfate
concentration. Ten repetitions were made to show whether coalescence
has any effect on mass transfer when the feed concentrations are
changed.

The videos of the coalescence of the pendant and sessile droplets
were recorded in color using a Casio Ex-F1 digital camera at a frame
rate of 300 fps. The image resolution in the physical dimensions was
determined by recording a 5 mm grid with a transparent background.
The details of the calibration procedure and concentration analysis are
reported [15]. The frame size was 512 × 384 pixels, which corresponds
approximately to 13 × 10 mm. Three close-up lenses (+1, +2, and +4
diopter) [19] were attached to the camera lens to have a more detailed
view of the droplet. The camera settings were kept constant in all
experiments. The recorded videos were later manually analyzed for
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droplet formation, rest, and coalescence times. The droplet sizes and
concentrations were determined from the recorded video frames using
an image analysis. The image analysis of all experiments was made for
individual video frames, which were extracted from the video using
FFmpeg [20]. All image and data analyses were done using MATLAB
version 2016a [21].

The concentration analysis of the droplets was conducted using a
method [15], with the exception that the droplet region selection was
done manually. Recorded droplet image data were correlated with
concentrations using the measured droplet geometry and Lambert-
Beer law. The experimental results are presented in more detail by
Peltola [22]. The measured concentration data are characterized by
using the mode, which shows the most typical value of the data set.

The droplet sizes were measured based on fitting ellipsoids to the
droplet image data. The lengths of the droplets’ minor and major axes
were calculated from the measured ellipse dimensions. The droplets
were assumed to have a rotational symmetry along the y-axis; that is, it
was assumed that the x- and z-axis lengths were equal (Figure 1).

Figure 1: A view of the experimental set-up for the binary droplet
coalescence experiments. A camera and a LED panel for back-
illumination were placed on the opposite sides of the cell. The
pendant and sessile droplets were formed on the needle tips using
syringe pumps (marked 1 and 2). The droplet volume (Vd) was 8
μL. The nominal outer and inner diameters of the needles were
douter=0.91 mm (gauge 20) and dinner=0.60 mm. The tip of the
needle was flat (angle 90°). The inner dimensions of the cell were 50
× 50 × 40 mm. The continuous phase volume was (Vc) 100 cm3. The
dashed line indicates the approximate field of view of the camera.
The x- and y-axes are marked, and the z-axis is perpendicular to the
image plane.

Light scattering and refraction generally cause the droplet image 
edge to be darker than the image center, and this was considered by 
calculating the apparent absorptivities (ε) of standard solution droplets 
[15]. An interpolation function was fitted to the apparent absorptivities 
and was used in the calculation of the concentrations in the droplet. 
The interpolation function is ∈ = �/ln(��ℎ + 1) + �, where a and b
are parameters, and lch is the chord length [15]. The parameters of the 
interpolation function used in the current work are shown in Table S1.
The analysis in the present work was carried out using the method 
described in an earlier work [15], except the green color channel and a 
different camera were used. A different camera was used in the present 
work because the camera used in earlier work had an insufficient

frame rate (7.5 fps) for the current coalescence experiments. The 
calibration was made for copper containing 10 and 20 vol% Acorga-
solution droplets. The continuous phase was 0.16 mol/L (NH4)2SO4 
solution.

The droplet copper concentrations were measured just before and
after coalescence. For each coalescence experiment, the concentration
difference (∆c) is calculated from the following:�� = �����− (��+ ��)(��+ ��) (2)

where the amount of copper complex in the sessile and pendant
droplets is ns and np, respectively. The volumes of the droplets are Vs
(sessile) and Vp (pendant). The concentration in a coalesced droplet is
ccoal=ncoal/Vcoal.

The times of the coalescence process were determined from the
video by counting the relevant frames. The droplet formation time (tf)
is as follows:�� = ���− ��� (3)

where tf is the difference between the start time of pumping (tps)
and the time of the first contact (tfc) between the pendant and sessile
droplets. The droplet rest time (tr) is as follows:�� = ���− ��� (4)

where tsc is the start time of film rupture. The time between the
interfacial film rupture and the formation of the coalesced droplet is
the coalescence time (tcoal). Droplet contact time describes the time
available for mass transfer, that is, in practice, the sum of the formation
and rest times.

The coalescence hydrodynamics modeling
The hydrodynamics in the coalescence of sessile and pendant

droplets were simulated using Comsol Multiphysics v5.2 [23] software.
The two-phase laminar Level-Set method was used to track the
droplet-ambient interface in coalescence modeling. The model was
implemented without mass transfer and extraction reaction. The main
objective of the computational fluid dynamics (CFD) simulation was to
determine whether the coalescence of the droplets was affected mainly
by the hydrodynamic conditions or whether the mass transfer had any
effect on the coalescence process.

The details of the CFD model are described in the supplementary
information.

Results and Discussion

Copper reactive extraction
Figure 2 shows a schematic presentation of the reaction. The copper

is complexed with the hydroxyoxime at the droplet interface, and a
brown-colored copper complex (CuA2) is formed as the result of the
reaction. The time for the reaction (22 s) for the droplet in Figure 2 was
not long enough for the diffusion of the complex to fill the droplet,
leaving the complex near the droplet surface. At the beginning of the
experiment, the droplet was filled with a lighter-colored hydroxyoxime
solution. In the image, the droplet’s center is observed through two
interfaces and layers with a higher complex concentration, which
causes the center of the image to have a brown color. Figure 2 is
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consistent with the copper extraction being an interfacial reaction and
having a low complex concentration in the droplet center.

Figure 2: The copper extraction in a sessile organic droplet
containing 20 vol% Acorga M5640. The copper extraction reaction
(Eq. 1) can be seen to proceed at the droplet interface. Copper
cation (Cu2+) reacts with hydroxyoxime (HA) and releases
hydrogen ions (H+) into the aqueous phase. The formed brown-
colored complex (CuA2) can be observed at the droplet surface,
especially near the droplet’s edge. The continuous phase was the
aqueous CuSO4 solution at a concentration (cc) of 0.16 mol/L. The
droplet has been in contact with the continuous phase 22 s.

Determined rest and formation times
The droplet rest times were determined from the coalescence videos

of 20 vol% Acorga M5640 droplets (Figure 3) with 0.16 mol/L
ammonium sulfate solution as the continuous phase. Without any
copper transfer, the droplet rest time has a wide distribution, with a
median of 10 s, and the rest times were normally distributed according
to the results of the χ -test for normality.

On the other hand, the rest times obtained from the copper sulfate
binary coalescence experiments have a bimodal distribution (Figure
3b). Most of the observations (about 120 of 150) have rest times
shorter than 0.5 s. The other observations have much longer rest times,
about 2-3 s. If both the long and short rest times are treated as
individual data sets, they are both normally distributed according to
the χ -test for normality. Thus, the bimodal distribution implies that
there are two different phenomena or mechanisms affecting droplet
coalescence during copper extraction.

The droplet phase extractant and continuous phase copper
concentrations have no clear effect on the observed droplet rest times
(Figure S1). These results imply that the measured rest time
distributions at the different feed concentrations are like those
presented in Figure 3b. Ten measurements were made when the
extractant and copper feed concentrations were varied.

The formation times of the pendant and sessile droplets are typically
almost equal, but because the feed pumps and droplet formation were
started manually, there can be differences. The formation times of the
single experiment pendant and sessile droplets are parallel
determinations, and the average of them is used as a formation time in
the further data analysis.

A short needle distance and low droplet approach velocities were
chosen to maximize the probability of droplet contact. Droplet pairs
came into contact in all the coalescence experiments, but coalescence

did not always occur. This effect was the most prominent when 0.50
mol/L copper sulfate was used as the feed solution. It is acknowledged
here that the frame rate of the camera (300 Hz) was perhaps too low
for a detailed coalescence study. However, it is considered enough for
determining droplet formation and rest times, which are long
compared with the frame interval (3.3 ms).

Figure 3: The experimental binary organic droplet rest time
distributions. The continuous phase (cc=0.16 mol/L) was aqueous
(NH4)2SO4 (a) or a CuSO4 solution (b) xHA=20 vol% Acorga
M5640. Separate calculated distributions are shown for the long and
short droplet rest times in the copper sulfate solution in (b). The
number of measurements was 150. The lines show the normal
distribution, which was calculated using the average and standard
deviation. The normal distribution width is three standard
deviations.

Mass transfer during coalescence
The mass transfer during the binary organic droplet coalescence was

studied by determining the concentrations in the droplets before and
after coalescence, that is, before and after the film rupture and
combination of the droplets. The measured concentrations in the
pendant and sessile droplets are almost equal because they almost have
the same contact times. Like the formation times, the pendant and
sessile droplet concentrations of one experiment are considered
parallel determinations. The average of the pendant and sessile droplet
concentration is the measure of droplet concentration before
coalescence (Figure 4).

The concentration (in the coalesced droplet) after coalescence was
found to be like the concentration before coalescence. The coalescence
time was about 30 ms, as can be seen in the section Coalescence
dynamics. This is a short time for the mass transfer to take place.
Therefore, all the measured concentrations are essentially the same
(Figure 4). In Figure 4, the variation of the concentration data is due to
the variation in droplet contact times, that is, in the formation and rest
times.

The concentration differences in coalescense are calculated from Eq.
2 and are shown in Figure 5. The calculated differences are small, and
some are even negative. The experimental conditions used in the
present work are such that copper extraction proceeds according to
forward reaction (Eq. 1), and the copper complex concentration is
expected to remain the same or increase. However, in Figure 5 [15],
certain trends can be observed, but it is believed that they are caused
by the experimental variation.
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Figure 4: The modes of droplet concentration distributions before
and after coalescence. The droplet phase was either 10 (a) or 20 vol
% Acorga M5640 (b). The continuous phase was the aqueous
copper sulfate solution having an initial concentration [CuSO4]0.
The concentrations before coalescence are an average of the
pendant and sessile droplet concentrations. The error bars indicate
one standard deviation.

Figure 5: The mode of concentration differences during binary
droplet coalescence. The concentration difference was defined as the
difference between the droplet concentrations before and after
coalescence (see Eq. 2). The difference was calculated separately for
each experiment, and as a result, the mode of each data set is
presented. The droplet phase was the organic Acorga M5640
solution, and the continuous phase was the copper sulfate solution.
The shaded area shows the reproducibility of the method.

The concentration values before and after coalescence are
approximately equal (Figure 4), and the subtraction of concentrations
can then lead to negative values because of concentration
measurement accuracy. The calculated negative concentration
differences imply that coalescence does not enhance mass transfer. The
variation in the concentration differences and in the measured
concentration data (Figure 4) are similar. The variation is
approximately 4 mmol/L. The data show that binary droplet
coalescence has no major effect on the mass transfer in copper
extraction within the studied concentration range, which is mainly
because of a short coalescence time (about 30 ms). However,
coalescence has an indirect effect on mass transfer because it changes
the interfacial area available for extraction.

Coalescence dynamics
The droplet coalescence dynamics from the film rupture to the

combination of the pendant and sessile droplet volumes is shown in
Figure 6. Coalescence in 0.16 mol/L ammonium (no mass transfer)
and copper sulfate (with mass transfer) show that the coalescence
dynamics are very similar in both cases. Here, the droplet phase is
essentially the same in both cases because the measured organic phase
copper concentration was below 10 mmol/L. In Figure 6, the third row
shows the coalescence simulation results. The measurements and
simulation match remarkably well, implying that the duration of
coalescence is defined by the bulk properties of the droplet phase as the
droplet contents are flowing together. The simulation and experimental
results in Figure 6 indicate that chemical reaction (Eq. 1) and presence
of a Marangoni convection (Figures 7 and 8) do not affect droplet
combination dynamics.

The coalescence time is approximately the same (about 27 ms) in
the experiments and simulations. It is noted here that determining the
coalescence time would indeed be more accurate if a higher frame rate
would have been used in the experiments. However, how the current
study determined coalescence time is considered to have enough
accuracy for the purposes of this work. According to Eiswirth [11], the
duration of the coalescence of equal-sized toluene droplets in water
was 30 ms; this is the same order of magnitude found in the current
work (Figure 6). The difference is presumed to be because of the
differences in the physical properties of the feeds, such as density,
viscosity, and interfacial tension.

Figure 6: The coalescence of pendant and sessile droplets. The
coalescence and combination of the droplets starts from film
rupture, where the interfaces of the film break. At the same time,
the droplet volumes flow together, eventually forming a new
combined droplet. First row: continuous phase aqueous ammonium
sulfate solution, no mass transfer. Second row: continuous phase
aqueous copper sulfate solution with mass transfer. Third row:
simulation results. The droplet phase was 20 vol% Acorga M5640
solution. cc=0.16 mol/L.

The droplet contents are not mixed together in coalescence. The
features present in the pendant and sessile droplets prior to
coalescence also tend to be visible in the coalesced droplet. In the case
of the copper sulfate experiment shown in Figure 6, there is a
noncolored layer in the middle of the combined droplet that is being
formed. This feature can be seen quite early on, and it remains visible
throughout the rest of the coalescence event. The noncolored layer is
the result of surface flows away from the droplet apexes during later
stages of the droplet approach. An example of these surface flows is
shown in Figure 7. It is reported that the droplet contents are not
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mixed in coalescence when the droplets are similar in size, as is case in
the current work [11]. The droplet deformations are then similar
because of the symmetry in droplet interactions. This leads to a
balance in the forces on both sides of the coalesced droplet. When the
droplet sizes are different, the lack of symmetry leads to internal
mixing in the coalesced droplet.

Surface flows and marangoni convection
The observed bimodal rest time distribution for copper extraction

implies the presence of two phenomena that each have a different
effect on coalescence. The presence (and absence) of surface flow
(Figures 7 and 8) could be one such phenomenon, where interfacial
tension driven flow may lead to the breakage of the film and, thus,
coalescence [24].

A surface flow starts from the apex of the droplet and moves toward
the needle, and it is made visible because of the strong color of the
copper complex (Figure 7). In the case of a pendant droplet, the surface
flow was observed to move upwards, away from the droplet apex. The
lighter-colored areas on the droplet surfaces contain mostly the
extractant, and the darker colored areas contain more of the copper
complex (Figures 7 and 8). The surface flow is presumed to be caused
by a thin-film type of Marangoni convection [24]. The flow starts from
the droplet apex where the film between droplets is the thinnest. The
surface-active extractant moves into the thinnest part of the film faster
than the other parts, leading to a decrease of the interfacial tension in
the droplet apex. Because the interfacial tension is the lowest at the
droplet apex, the Marangoni convection direction is away from it
[14,24].

Figure 7: The surface flow effect leading to droplet coalescence with
a short rest time (tr=0.2 s). The droplet phase was 20 vol% Acorga
M5640, and the continuous phase was 0.85 mol/L CuSO4 solution.
rt =0.2 s, t f,p=3.1 s, t f,s=3.4 s. he last frame of the sequence was 
recorded just before coalescence. The first row of images shows the 
green channel of the cropped video frame. Lines were drawn on the 
second row of images to mark the surface flow effect.

Figure 8: he absence of a surface flow effect, leading to coalescence 
with long residence time (tr=1.6 s). he droplet phase was 20 vol%
Acorga M5640, and the continuous phase was 0.85 mol/L CuSO4 
solution. t f,p=3.6 s. t f,s=4.0 s. he last frame of the sequence was 
recorded just before coalescence. The first row of images shows the 
green channel of the cropped video frame.

The presence of the surface flow, that is, a thin-film Marangoni
phenomenon, leads to a more rapid coalescence by shortening the
droplet rest time (Figure 9). Surface flows were not observed in every
droplet coalescence experiment. When it occurred, it was observed in
either the pendant, sessile, or even in both droplets simultaneously.
Figure 9 shows that in practically all cases where the surface flows
because of a thin-film Marangoni convection, there were short rest
times.

Figure 9: The surface flow observations. The presence of a surface
flow leads to shorter rest times, that is, more rapid droplet
coalescence. The surface flow is made visible by the copper complex
movements at the droplet interface (Figure 7). The surface flows
were observed either in pendant, sessile, or simultaneously in both
droplets. The droplet phase was 20 vol% Acorga M5640. cc=0.16
mol/L.

The long rest times shown in Figure 9 were observed when the
droplet formation time is over 5 s. The data shown in Figure 9 also
imply that the thin-film Marangoni convection induced fast
coalescence depending on the droplet contact time.
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Conclusions
Copper mass transfer into extractant solution droplets during

binary droplet coalescence was studied in the present work. The
coalescence experiments of pendant and sessile droplets were
performed in a custom-made cell and recorded using a digital camera.
The organic phase contained Acorga M5640 extractant dissolved in
Exxsol D80. The continuous phases were copper sulfate solutions. The
coalescence experiments in an ammonium sulfate solution were made
for comparison purposes.

In the ammonium sulfate solutions, the observed rest times were
normally distributed, with an average of about 10 s. In the copper
sulfate solutions, a bimodal distribution was found. Long rest times of
about 2 s were observed when there was no surface flow present. On
the other hand, the observation of a surface flow was typically found to
lead to much shorter droplet rest times (below 0.5 s), thus increasing
the coalescence probability. It is assumed that the surface flow was
caused by a thin-film Marangoni phenomenon.

An image analysis was used to determine the droplet
concentrations; they were measured before and after coalescence to
determine whether coalescence had effect on the mass transfer. The
concentration analysis showed no increase in the coalesced droplet
concentrations; thus, the mass transfer in copper extraction was not
enhanced during binary droplet coalescence. Copper extraction is an
interfacial reaction, and as such, it is limited by the interfacial area and
diffusion of the reactants to the interface. During a short coalescence
time (30 ms), mass transfer has no time to significantly effect on the
concentrations, even if the driving force has been increased because of
mixing. The situation may be different when extraction without a
chemical reaction is made. The results can be used to enhance and
simplify the flow models because coalescence will cause an interfacial
area change, and no extra effects then must be considered when using
the model.
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a b s t r a c t

The effect of droplet breakage on mass transfer in copper solvent extraction was studied by measuring

concentrations directly inside a droplet. Single organic phase droplet was rising through the aqueous cop-

per sulphate solution. Organic phase consisted of hydroxyoxime type copper extractant dissolved into

hydrocarbon diluent. The droplet collided with steel blade and was cut as it elongates and eventually

breaks up. Droplet breakage was recorded on the video. Droplet sizes, velocities and concentrations were

determined using image analysis of video frames. Results indicate that droplet breakup enhances mass

transfer. Breakage and mass transfer times are short and mass transfer due to pure diffusion alone does

not explain excess mass transfer. This is proposed to be due to extractant absorption on newly forming

interface, which leads to increased extraction. Although measured droplet sizes are much larger than

those formed in mixed tanks, the results provide insights for industrial copper extraction intensification.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The liquid droplet breakage due to mixing is an important part

of industrial solvent extraction processes as it increases the mass

transfer area present in extraction apparatus. Mixing in industrial

scale copper extraction processes is typically made in large stirred

tanks. Most studies found in the literature have only investigated

mass transfer during a free rising of droplets in a column or a ves-

sel, thus assuming of instantaneous droplet breakage and therefore

neglecting the mass transfer during the breakage event. However,

according to a study by Bozorgzadeh (1980) the mass transfer coef-

ficient during the droplet breakup was found out to be enhanced

compared with predictions made for oscillating droplets.

Bozorgzadeh (1980) concluded that the increased surface area of

the droplets led to the improved mass transfer rate. Skelland and

Kanel (1992) studied mass transfer between water and chloroben-

zene in a batch agitated liquid-liquid dispersion both experimen-

tally and by simulation. Their simulations suggested that the

mass transfer during the breakage of droplets contributed from

two to seven percent of the total mass transfer when the continu-

ous phase consisted of water. However, when the phases were

https://doi.org/10.1016/j.ces.2021.116964
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reversed (i. e. water was dispersed) the mass transfer during the

breakage was almost negligible (from 0.13 to 0.65%). Mass transfer

was enhanced by the destruction of concentration gradients during

the violent breakage process of droplets, resulting to improved

extraction rate. Skelland and Kanel (1992) argued that the internal

mixing of droplet caused by the breakage is not as significant

when the mass transfer resistance is governed by the continuous

phase.

The flow fields in stirred tanks can be complicated, while the

single droplet studies have traditionally been made in simple flow

fields in order to study breakup and its mechanisms. According to

Jansen et al. (2001) droplet breakup has three mechanisms: binary

break-up, capillary breakup, and tip streaming. The binary breakup

of a single droplet is controlled by interaction between viscous

forces and Laplace pressure which is described by capillary number

(Ca). Capillary number is defined as Ca ¼ lcGrd=r, where lc is con-

tinuous phase viscosity, G is the shear strain rate, rd is the droplet

radius and r is interfacial tension. Breakage occurs into two smal-

ler (daughter) droplets, when capillary number Ca rises above crit-

ical value (Cacrit) (See also Fig. A1 in Supplementary material). A

few, very small, satellite droplets are also generated, according to

Briscoe et al. (1999).

Critical capillary number is dependent on the viscosity ratio

j ¼ ld=lc , where ld is droplet phase viscosity. In shear flows this

viscosity ratio dependence is known as Grace curve (Grace, 1982).

(For dependence, see Fig. A1). When viscosity ratio j is about unity,

the critical capillary number is of order unity in simple shear flows

(de Bruijn, 1989). When viscosity ratio decreases, the Cacrit
increases. According to Jansen et al. (2001), when the critical cap-

illary number is above 3.8, droplets cannot break in the shear flows

according to the binary breakup mechanism.

In elongation mechanism, droplet is stretched from opposite

sides by the extensional flow field. When droplet deformation is

large enough, it will break. In addition, here the capillary number

is increased over critical value. However, the critical capillary num-

ber is smaller (below unity) for elongation mechanism (see Fig. A1)

(Stone et al.,1986).

The effect of single droplet breakage on the copper mass trans-

fer from aqueous solution into an organic droplet was studied here

experimentally for the first time. Single droplets containing Agorca

M5640 extractant (a hydroxyoxime) rises against a sharp steel

blade to accomplish droplet breakage. The droplet breakage mech-

anism in this work was assumed to be elongation. Copper extrac-

tion with a hydroxyoxime type extractants is an interfacial

reaction with a following stoichiometry: Cu2+ + 2HA¢ CuA2 + 2H+

(See, for example, Flett, 1977). The extractant contains hydroxy-

oxime (HA) as an active component. Hydroxyoxime reacts with

copper and this reaction leads to formation of copper complex

(CuA2). The mechanism of copper extraction is presented in the lit-

erature (See Flett, 1977 and references therein) and is not dis-

cussed here. Note, that hydroxyoximes do not form any complex

fluid microstructures, like microemulsions (Jääskeläinen, 2000),

which makes interpretation of results simple. Droplet concentra-

tions were measured by using image analysis. Mass transfer

increase during droplet breakage is calculated based on measured

concentrations of droplets before and after the breakage.

2. Experimental

2.1. Preparation of feed solutions

The extractant was Acorga M5640 (Lot n:o P3GBA524A) by Sol-

vay. The extractant pre-treatment and dilution has been described

in earlier work (Tamminen et al., 2017). The extractant active com-

ponent (hydroxyoxime) concentrations were 0.2 and 0.38 mol/L,

which correspond to 10 and 20 vol-% extractant solutions, respec-

tively. Exxsol D80 by Exxon Mobil Chemical was used as a diluent.

The extractant and diluent used in this work are in use in industrial

copper extraction processes. The diluted extractant solutions con-

sist of technical grade chemicals.

The solution of aqueous copper and ammonium sulphate were

prepared by dissolving analysis grade copper or ammonium sul-

phate salt into purified water. The ammonium sulphate solution

concentration of 0.16 mol/L was used as a continuous phase to cal-

ibrate the video image-based concentration. The continuous phase

in droplet breakage experiments were the copper sulphate solu-

tions with concentrations were 0.16, 0.24, 0,32 and 0.40 mol/L.

The initial pH of the aqueous solutions was adjusted to 3.1 with

concentrated sulfuric acid.

Nomenclature

a; b constants in the absorbance interpolation function
c concentration [mol/L, mmol/L]
d diameter [mm]
G shear strain rate [1/s]
l length or distance [mm]
n molar amount of copper [mol, mmol]
N amount of experiments
P=m power dissipation in droplet breakup [W/kg]
r radius [m]
t time [s, ms]
u velocity [m/s]
V volume [mL, lL]
_V droplet phase feed flow rate [mL/min]
x concentration [vol-%]

Greek alphabet

D difference
r interfacial tension [N/m]
j viscosity ratio
e molar absorptivity [L/(mmol�mm)]
l dynamic viscosity [Pa�s]

Subscripts, indices

0 initial value
b breakage time
c continuous phase
ch chord length
crit critical value
d droplet or droplet phase
fc droplet first contact time with blade
fin final
ini initial concentration
inner inner diameter
L larger droplet
max maximum value
outer outer diameter
r droplet rupture time
S smaller droplet

Dimensionless numbers
Ca Capillary number [Ca ¼ lcGrd=r]
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2.2. Experimental set-up

The breakage experiments were made in a plastic cell. The

schematics of set-up (See Fig. 1a) and a view through the set-up

used in the droplet breakage experiments (Fig. 1b) are presented.

The inner dimensions of the cell were 50� 50� 40mm, which cor-

responds to continuous phase volume (V c) of 100 mL. The cell was

made of PVC plastic and the top was left open. The two opposite

walls of the cell were made from glass to enable the video record-

ing through the transparent walls. The camera and led panel for

back-illumination were on the opposite sides of the cell. Led panel

surface can be seen behind the breakage cell in Fig. 1b.

The sessile droplet having volume Vd ffi 47lL was formed on the

tip of the steel needle. The nominal outer and inner diameters of

the needle were douter ¼ 1:65 mm (gauge 16) and dinner ¼ 1:2 mm.

The needle tip was sharpened flat (angle 90�). The droplet forma-

tion was made by dispensing the droplet phase with high precision

syringe pump (World Precision Instruments). Feed rate _V was

0.4 mL/min. The pump start was manual, but it was programmed

to dispense a predetermined volume at a constant flow rate and

then to stop automatically. The droplet detaches from needle, rises

through continuous phase, and collides with the blade on the top

of the cell for breaking. The droplet formation was made outside

the camera field-of-view, as present set-up was optimized for

observation of droplet breakage. Therefore, first concentration

measurement was made at the end of droplet rise, and it consisted

of sum of mass transfer during droplet formation and rise. As we do

not have direct measurement of mass transfer during droplet for-

mation, it will not be discussed here.

The cell was filled with aqueous solution and the distance

between needle tip and blade was approximately 40 mm in break-

age experiments. The set-up in Fig. 1 was used earlier in droplet

coalescence experiments and was here modified for droplet break-

age (Peltola, 2017; Tamminen et al., 2018). All experiments were

made at room temperature.

The mass transfer in the droplet breakage experiments was

studied by varying the extractant concentration in the droplet

phase and the continuous aqueous phase copper sulphate concen-

trations. At minimum, 18 breakage experiments were made at each

x HAð Þ � CuSO4½ �0 pair, where x(HA) is hydroxyoxime volume frac-

tion in droplet phase.

The droplet breakage videos were recorded in color by digital

camera (Casio Ex-F1). The +1, +2 and +4 diopter close-up lenses

were used for video image magnification. The camera settings were

kept constant in all experiments. The droplet sizes, velocities and

concentrations were determined using image analysis from indi-

vidual video frames. The video frames were extracted from the

recorded video using FFmpeg (FFmpeg, 2016). Image and data

analysis were made using MATLAB version 2019a (MathWorks,

Inc., 2019).

The droplets after breakage are rising and oscillating and can

thus have distorted or elongated geometry differing from sphere

or axisymmetric ellipsoid geometries, used in previous studies

(Tamminen et al., 2017, 2018). In this study the droplet image

edges were determined manually, and the droplet size, volume

and velocities were determined as is described in the earlier work

(Tamminen et al., 2017). Droplets were assumed to be axisymmet-

ric when droplet volumes were determined.

Droplet breakage time (tb) was defined as the time difference

tb ¼ tfc � tr . tfc describes the time of rising droplet colliding to the

blade, and tr is time when droplet ruptures and forms into two

smaller droplets.

The image analysis in this work was made according with the

method of Tamminen et al. (2017), with following exceptions. In

present work, the resolution of camera was 512 � 384 pixels. Ear-

lier work (Tamminen et al., 2017) used AVT Oscar F-510C, which

had a resolution of 1280 � 960 pixels. Tamminen et al. (2017) used

red color channel of video frames in concentration determination,

while in present work green color channel of video frames was

found more suitable. Frame rate of 7.5 1/s was used by

Tamminen et al. (2017), while frame rate of 300 1/s was used here.

The concentration calibration was made in same manner as in

Tamminen et al. (2017). Droplets containing extractant solution

with known copper complex concentration were formed and was

imaged in ammonium sulfate solution using same camera settings

as in the breakage experiments. The calibration solution concentra-

tions were varied between 0 and 30 mmol/L. As the droplet image

edge is darker than the center due to the light scattering and

refraction, the apparent absorptivities (�) of standard solution dro-

plets were calculated to take this into account (For further details

see Tamminen et al., 2017). An interpolation function for the

apparent absorptivities in droplet concentration calculation is

� ¼ a= ln lch þ 1ð Þ þ b where lch is the chord length. The parameters

(a and b) of interpolation function for calibration were determined

from calibration data (See Table. 1). The values of parameters a and

b are not equal to values presented in earlier works by Tamminen

et al. (2017, 2018) due to the different cameras, image sizes, com-

pression algorithms and image color channels used in the analysis.

Droplet concentrations were measured just before and after the

breakage which is analogous to the measurement used in the

Fig. 1. The schematics of droplet breakage set-up (1a, not in scale) and a view through the set-up used in the droplet breakage experiments (1b). Droplet was formed on the

tip of needle (marked with 1 in (1a)) and rises through cell and break after collision with the blade (2). Led panel (behind flow cell) was used for back-illumination in droplet

breakage experiments.
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earlier work of droplet coalescence (Tamminen et al., 2018). The

concentration difference (DcÞ in the droplet breakage is defined

here as

Dc ¼
nL þ nS

V L þ V Sð Þ
� cini ð1Þ

where the amount of copper complex in the larger (L) and smaller

(S) formed droplets are nL and nS, respectively. n is total amount

of copper complex in a droplet and it is calculated as a sum over

all droplet image pixels. For details, see Tamminen et al. (2017).

The volumes of droplets are VL (larger) and VS (smaller). The con-

centration in the rising droplet is cini at time tfc when the droplet

collides with the blade.

Concentration changes are negligible in aqueous phase during

experiments due to CuSO4 present in large excess. In a typical

experiment series 20 droplets were broken in a same continuous

phase batch. The droplet volumes were about 50 lL, at maximum.

The total phase volume ratio (Aq./Org.) for one experiment series is

approximately 100 mL=ð20� 0:050 mLÞ ¼ 100.

3. Results and discussion

3.1. Droplet formation and rise

The rising droplet volumes vary from 38 to 45 lL (compare to

Fig. 2). As droplet phase feed pump was operated at 0:4mL=min

(¼ 6:7lL=s), the droplet formation times vary from 5.7 to 6.8 s.

The organic phase extractant concentration has a minor effect on

formation times.

The formed droplets are larger than in the earlier work

(Tamminen et al., 2017) because of larger needle diameter

(1.65 mm outer diameter) used here. Large rising droplet size

was chosen here, in order to maximize breakage frequency. The

volume equivalent droplet diameters determined by Tamminen

et al. (2017) were about 3.8 mm for 20 vol-% Acorga M5640 solu-

tion droplets in 0.16 mol/L aqueous copper sulphate solution. Nee-

dle outer diameter was 0.8 mm.

The determined droplet velocities are shown in Fig. 3. The

velocities are increasing as continuous phase copper sulphate con-

centration increases. This is due to increase in density difference,

as copper sulphate solution density increases as a function of con-

centration. As the 10 vol-% Acorga solution has lower density, den-

sity difference is larger in that case, which increases droplet

velocities. The droplet rise length is approximately 40 mm and dro-

plet rise times are about 0.35 s (compare to Fig. 3).

The rising droplet velocities determined by Tamminen et al.

(2017) were approximately 114 mm/s for 20 vol-% organic solution

droplet in aqueous 0.16 mol/L CuSO4. Tamminen et al. (2017) esti-

mated the value for the droplet terminal velocity to be 118 mm/s.

These values are similar to rise velocities determined in this work

(see Fig. 3). The differences in rise velocities are presumed to be

due to different droplet sizes and rise length (here about 4 cm),

whereas in the work by Tamminen et al. (2017) the rise length

was almost 30 cm.

The measured concentrations in the rising droplet prior break-

age are about 2 and 4 mmol/L for 10 and 20 vol-% Acorga solutions,

respectively (see Fig. 4). Thus, doubling extractant feed concentra-

tion results approximately two times higher copper complex con-

centration in the droplet. This shows a large driving force for

extraction, as copper concentration in droplet phase is zero at

the beginning of experiment. On the other hand, the aqueous phase

initial concentration increase has much smaller effect on measured

CuA2 concentrations. The extraction may be increased only to

minor extent by increasing aqueous copper concentration. This is

assumed to be due to large excess of copper present already at low-

est copper concentration. Continuous aqueous phase is present in

large excess (droplet volume was about 40 lL, whereas continu-

ous phase volume was 100 mL). According to results in Fig. 4 reac-

tion rate is mostly controlled by organic phase species diffusion

into interface. The diffusion coefficients of organic species (HA,

CuA2) are smaller (0.3 � 10�9 m2/s, See Ainscow et al., 1999) com-

pared with hydrogen and copper ion diffusion coefficients

(9.4 � 10�9 m2/s for H+, 0.72 � 10�9 m2/s for Cu2+, (Haynes, 2017)).

The concentrations in the droplet measured at this work have

equal order of magnitude as those reported by Tamminen et al.

Table 1

The values of parameters a and b of concentration calibration interpolation function.

Parameter 10 vol-% Acorga M5640 20 vol-% Acorga M5640

a 2.724 � 10�3 0.805 � 10�3

b 3.045 � 10�3 0.464 � 10�3

Fig. 2. The determined Acorga M5640 droplet sizes for the droplet rising through

aqueous copper sulphate solution. The volume equivalent diameter was calculated

from determined droplet volume. The median value of each dataset (symbols) and

corresponding confidence limits (error bars) are shown. 95% confidence, number of

data points (N) in each data set is 20, data is assumed to be normally distributed.

Fig. 3. The Acorga M5640 droplet rise velocities through aqueous copper sulphate

solution. The droplet velocities were determined by tracking droplet in a sequence

of video frames. The median value of each dataset (symbols) and corresponding

confidence limits (error bars) are shown. 95% confidence, N ¼ 20, data is assumed to

be normally distributed.
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(2017). Direct comparison of concentrations is not possible

because feed flow rates and needle sizes are different. This leads

to differences in droplet sizes and because of this, formation times,

velocities, and droplet interfacial areas are different. The rise

lengths and thus rise times were also different.

3.2. Droplet breakage

The rising droplet will collide with the steel blade placed on top

of breakage vessel. The blade and needle were aligned, thus ensur-

ing that droplet will hit the blade, when it will rise directly up.

After rising, the droplet hits the blade and it starts to deform

(see Fig. 5, first image row). As the collision point moves closer

to left (or right) side due to wobbling, the resulting droplet sizes

are increasingly non-equal (second and third rows). In the ultimate

case, droplet does not break due to non-symmetric collision

(fourth row). The droplet will be first squeezed against the blade

and droplet movement upward decreases rapidly. At the same

time, left and right sides of the droplet starts to move upwards

due to density difference, while the part of the droplet in contact

with the blade will remain relatively stationary. This results elon-

gation of the droplet as it wraps around the blade. After the droplet

is stretched long enough, it will be split into two. The purpose of

the blade is to divide droplet parts and keep them separated long

enough for the breakage to happen.

The droplet breakage varied between symmetric and highly

non-symmetric depending on the collision point of rising droplet

and blade (See Fig. 5). The collision point variation is caused by

droplet wobbling, which shifts the collision point towards left or

right from the droplet center line. When collision is non-

symmetric, the blade divides the droplet into two non-equal parts,

which reside opposite sides of the blade. As the larger part has

higher buoyancy, it tends to pull material from other side of the

blade, as it starts to move upwards. In extreme cases, the larger

part manages to pull the whole droplet into one side of blade

before droplet breakage can happen (See Fig. 5, fourth row). When

the collision point is exactly in the middle, buoyancies are equal at

both sides of the blade, and material moving into from side to side

is non-existent. The non-symmetric breakage also leads to some

extent more rapid breakage (decrease in breakage times, see

Fig. 5). Note also that droplet interfaces seen in Fig. 5 are sharp.

Formation of any complex fluid microstructure, like microemul-

sion etc. phases should be visible at a phase boundary. This obser-

vation is consistent with hydroxyoximes not forming this kind of

aggregates in extraction systems (Jääskeläinen, 2000). Breakage

time is also affected by other variables. For example, the median

droplet breakage times decrease from 97 to 87 ms, as the continu-

ous phase copper sulphate concentration increases from 0.16 to

0.40 mol/L.

Fig. 4. The copper-hydroxyoxime complex concentrations measured at the end of

droplet rise. The Acorga M5640 droplet rises through aqueous copper sulphate

solution. The concentrations in droplet were determined using image analysis

method proposed by Tamminen et al. (2017). The median value of each dataset

(symbols) and corresponding confidence limits (error bars) are shown. 95%

confidence, N ¼ 20, data is assumed to be normally distributed. The lines indicate

average values.

Fig. 5. The effect of collision point to the droplet breakage. Each row of images shows frames taken from video depicting single droplet breakage. Time of each frame from

point of first contact, i.e. first frame of row, are shown on top of each frame.
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3.3. Mass transfer increase during breakage

The comparison of analyzed concentration in the droplets

before (see Fig. 4) and after breakage (see Fig. 6), shows that con-

centrations after breakage are indeed higher. The effect of concen-

trations of organic and aqueous feeds are expectedly similar both

before and after breakage. The increase of organic droplet phase

feed concentration leads to higher extraction and there may be

slight increase in extraction as aqueous phase copper concentra-

tion is increased also here. There is not much difference between

concentrations in larger and smaller droplet formed in breakage,

thus anticipating that breakage symmetry does not have clear

effect on mass transfer.

The concentration increase during breakage is presumed to be

partly due to interfacial area increase and partly due to increased

mixing and droplet deformations induced by collision. The interfa-

cial area increases rapidly due to droplet breakup, in time scales

which are well below 0.1 s. The newly formed interfacial area is

presumed to contain less copper complex and is thus filled as fresh

extractant diffusing from bulk face inside of droplet and adsorb to

the interface. Regions of interface existing prior breakup are partly

filled with copper complexes which have had time to react but are

not yet desorbed from the interface. As the newly formed interface

contain mostly unreacted extractant, driving force is temporarily

larger, which leads to increased extraction.

The copper extraction mass transfer rate is controlled by the

interfacial ion exchange reaction. In the work by Lahdenperä

et al. (2018) the fractional mass transfer resistance of the interfa-

cial reaction is estimated as 93%. Similar values with same chemi-

cal systems have been observed by Ferreira et al. (2010).

Lahdenperä et al. (2018) estimated mass transfer coefficient from

droplet experiments performed in the earlier work (Tamminen

et al., 2017). The estimated value was 2 � 10�6 m/s. When the

amount of transferred material during 100 ms time (maximum

time for a droplet to break) is calculated for an undisturbed rising

droplet, the effect on the concentration rise is less than 0.1 mmol/L.

Thus, mass transfer due to pure diffusion does not have substantial

effect and the observed rise in concentration is mainly caused by

droplet breakage.

The mass transfer into droplet phase during breakage is charac-

terized by concentration difference, Dc (see Table. 2). The deter-

mined Dc values are positive, and in most cases, values are

approximately 0.5 mmol/L. Observed concentration difference for

droplet breakage is higher in all cases than determined concentra-

tion difference for undisturbed, rising droplet. The concentration

difference Dc during breakage has no clear dependence either on

aqueous phase copper or organic phase extractant feed

concentrations.

The observed concentration differences for breakage are higher

than those for droplet coalescence (Tamminen et al., 2018). As dro-

plet breakage is more violent process compared with coalescence,

it can be presumed that droplet phase and droplet vicinity are

mixed more efficiently during breakage. Also, total interfacial area

is increased in breakage, whereas in coalescence area decreases.

These factors lead to increased mass transfer in droplet breakage.

3.4. Breakage mechanism and energy dissipation

Visual inspection of droplet breakage videos indicated that dro-

plet breakage mechanism is elongation (See Fig. 5.) This was fur-

ther supported by estimated capillary numbers, which are close

to critical capillary numbers for elongation mechanism, as

described in Fig. A1. For the shearing flow mechanism (de Bruijn,

1989) critical capillary number Cacrit is near 1 or higher. For the

elongation mechanism (Stone et al., 1986; Bentley and Leal,

1986), critical capillary numbers are smaller than 1. In this exper-

iment the viscosity ratio j varied between 1.8 and 2.5 and the

average value is 2.2. Average capillary number in this study is

0.074, which indicates that breakage mechanism is elongation.

Variation in capillary numbers can be seen Fig A1 in Supplemen-

tary Information.

The visual inspection of droplet breakage sequences of this

work (Fig. 5) and those of Liu et al. (2005), shows that breakage

is similar in both as it includes both elongation and bending

around blade or cross point of SMX static mixer. Liu et al. (2005)

concluded that droplet breakup mechanism in the cross points of

SMX static mixer at the laminar regime is different to 2D elonga-

tion flow, even though Cacrit was about 0.2, which is close to that

Fig. 6. The copper complex concentrations in the two formed droplets after

breakage. The concentration was measured after rising droplet hit the blade and

was broken into two. The lines indicate average values. The median value of each

dataset (symbols) and corresponding confidence limits (error bars) are shown. 95%

confidence, N ¼ 20, data is assumed to be normally distributed.

Table 2

The concentration difference during droplet breakage. The concentration of rising droplet (cini) and larger (cfin;L) and smaller (cfin;S) droplet after breakage were determined using

image analysis method. The concentration difference Dc was calculated from Eq. (1).

x HAð Þ cCuSO4 cini cfin;L cfin;S Dc

vol-% mol/L mmol/L mmol/L mmol/L mmol/L

10 0.16 1.8 ± 0.1 2.1 ± 0.1 2.3 ± 0.2 0.4 ± 0.1

0.24 2.4 ± 0.2 2.8 ± 0.2 2.9 ± 0.4 0.4 ± 0.1

0.32 1.7 ± 0.2 2.2 ± 0.2 2.1 ± 0.3 0.6 ± 0.2

0.40 1.6 ± 0.2 2.1 ± 0.1 2.3 ± 0.3 0.6 ± 0.1

20 0.16 3.2 ± 0.4 4.1 ± 0.6 4.1 ± 0.3 0.8 ± 0.1

0.24 3.8 ± 0.1 4.3 ± 0.3 4.2 ± 0.4 0.5 ± 0.2

0.32 3.9 ± 0.3 4.2 ± 0.3 4.3 ± 0.4 0.3 ± 0.2

0.40 4.1 ± 0.4 4.3 ± 0.5 4.7 ± 0.4 0.5 ± 0.2
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of two-dimensional elongation flow. It should be noted that Liu

et al. (2005) used much more viscous solutions.

The energy dissipation during the droplet collision and break-

age was estimated from video data using kinetic energy balance

for a droplet. It was observed from video that droplet velocity

decreases rapidly during collision with blade. The droplet deceler-

ates during collision while it moves upwards about 4 mm. Droplet

deceleration took approximately 33 ms. Droplet velocity was

assumed to decrease into zero after collision. As a comparison,

the maximum formed droplet diameter with estimated energy dis-

sipation was plotted together with local specific mixing power or

power dissipation (P=mÞ and maximum droplet size (dmax) found

in literature (Davies, 1987) in Fig. 7. The determined relationship

between droplet size and power dissipation is very similar to liter-

ature data of local power and maximum droplet size. The literature

data in Fig. 7 consist of droplet sizes measured in various contact-

ing devices with different power dissipation (Davies, 1987). The

devices with more intense mixing are in the right side and devices

with more mild conditions are located in the left. Mixing condi-

tions in our set-up are mild and naturally our data is located in

the left in Fig. 7.

4. Conclusions

The effect of droplet breakage on copper solvent extraction

mass transfer was studied in this work. Visual inspection of droplet

breakage videos indicated that droplet breakage mechanism is

elongation. This was further supported by capillary numbers,

which are close to critical capillary numbers for elongation

mechanism.

The concentrations, sizes, and velocities in the droplet before

and after breakage were determined using image analysis of

recorded breakage videos. The determined droplet concentrations

show clear dependence on droplet phase extractant concentra-

tions. Doubling the extractant concentration will approximately

double the copper concentration in the droplet. This demonstrates

large driving force for extraction, as the droplet phase contains no

copper at the beginning of experiment. The effect of aqueous phase

copper concentration increase is not as clear. This may largely be

due to large excess present even at the lowest studied copper con-

centration. The droplet breakage will lead to small increase in cop-

per concentration. The increase is about 0.5 mmol/L, which is

limited by short breakage time (about 0.1 s). The relative increase

is about 1.1–1.2 fold.

The droplet collision and breakage are relatively violent pro-

cesses, where the droplet is deformed and broken in two. The

interfacial area increases about 1.1–1.4 fold during breakage. The

increase in interfacial area is occurring during relatively short time,

i.e. of about 0.1 s. This implies that observed increased mass trans-

fer is partly due to increased interfacial area and partly due to mix-

ing caused by droplet collision and deformation. The available time

for diffusive mass transfer is relatively short. As a consequence,

mass transfer due to diffusion only cannot explain observed con-

centration difference, as determined concentration difference for

undisturbed, rising droplet is below 0.1 mmol/L. Other phenomena,

such as internal mixing of droplet may have effect on mass trans-

fer. As our concentration measurement is based on averaging of

local concentrations in the droplet, further study with higher reso-

lution camera is required for determination of internal mixing and

it is not discussed here.

The larger formed droplet size and estimated energy dissipation

during droplet collision have a very similar relationship as local

power and maximum droplet size. This implies that observations

of present work could be applied also in vessels with larger energy

dissipation, that is, in stirred tank. Thus, it is expected that droplet

breakage in stirred tanks influences mass transfer.
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