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A model system was developed for enabling a multiscale understanding of centrifugal-contactor liquid–liquid extraction.
The system consisted of Nd(III) 1 xylenol orange in the aqueous phase buffered to pH 5 5.5 by KHP, and dodecane 1

thenoyltrifluroroacetone (HTTA) 1 tributyphosphate (TBP) in the organic phase. Diffusion constants were measured for
neodymium in both the organic and aqueous phases, and the Nd(III) partition coefficients were measured at various
HTTA and TBP concentrations. A microfluidic channel was used as a high-shear model environment to observe mass
transfer on a droplet scale with xylenol orange as the aqueous-phase metal indicator; mass-transfer rates were meas-
ured quantitatively in both diffusion and reaction limited regimes on the droplet scale. The microfluidic results were
comparable to observations made for the same system in a laboratory scale liquid–liquid centrifugal contactor, indicat-
ing that single drop microfluidic experiments can provide information on mass transfer in complicated flows and geome-
tries. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 3071–3078, 2014
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Introduction

Centrifugal contactors are used for specialized liquid–liq-
uid extraction processes in the chemical, nuclear, and bio-
technology industries. In nuclear waste reprocessing, they
are uniquely suited for liquid–liquid extraction to separate
out the reusable fuel from spent fuel rods, to separate out
isotopes to optimize disposal methods, and to separate rare-
earth elements. Each contactor acts as a stage of the separa-
tion process, but is physically isolated except for inflow and
outflow streams; thus issues of monitoring and troubleshoot-
ing issue are improved compared to a monolithic column.

In a centrifugal contactor, two immiscible liquids are mixed
at high speeds using a rotor, which creates a fine dispersion of
droplets of one fluid in the other. High shear rates and large
interfacial area between the two liquids creates an efficient envi-
ronment for mass transfer of species from one fluid to another.
The internal portion of the rotor also acts as a centrifuge, so that
the emulsion is broken, and the organic and aqueous phases are
separated from each other into two outlet streams.

Significant progress has been made to understand the fluid
mechanics and mass transport in centrifugal contactors

through modeling1–3 and laboratory scale experiments.4–9 In

order to fully understand such studies, however, fundamental

parameters are necessary such as the droplet size and distri-

bution, mass-transfer coefficients, diffusion coefficients, and

partition coefficients. Established methods exist for obtaining

diffusion coefficients, for example, using a side-by-side dif-

fusion cell.10,11 Partition coefficients can also be measured

with accuracy12; however, mass transfer greatly depends on

mixing speeds, interfacial area, and the existence of bound-

ary layers, making its measurement nontrivial. In cases

where it is infeasible to directly measure mass-transfer coef-

ficients, inverse methods may be applicable.13

To obtain mass-transfer coefficients that are relevant for
the centrifugal contactor, it is best to use a model environ-
ment that also experiences high shear. One such controlled
environment is that within a microfluidic chip. Microfluidic
devices have proven useful for observing mass transfer quan-
titatively on a single drop basis.14–17 Microfluidic devices
are ideal model environments since they can produce high
mixing speeds with known interfacial areas.14 Reliable pro-
duction of monodisperse oil in water and water in oil drop-
lets has been well documented for a variety of channel
geometries.18–20 Unlike falling droplet experiments where
motion is driven by gravity,21,22 residence and reaction times
for droplets in microfluidic channels are on the order of
those observed for centrifugal contactors. Microfluidic devi-
ces have also been used to characterize the effects of surfac-
tant on the drop interface.23,24 By observing the circulation
in droplets, information pertaining to slip at the liquid–liquid
interface and Marangoni stresses can be elucidated.

Here, a system that mimics the TRUEX25 liquid–liquid
extraction process, where transuranic metals are separated
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from nuclear waste, is studied in a microfluidic chip and in a
contactor. The goal of this work was to develop a model sys-
tem whereby the mass transfer could be observed in real
time within the microfluidic chip and then compared to the
contactor results. The extraction of neodymium (Nd31) from
aqueous droplets to dodecane using the complexant thenoyl-
trifluoroacetone (HTTA) and ligand tri-n-butyl phosphate
(TBP) was chosen as a model mass-transfer system. The
aqueous phase also included xylenol orange as an indicator
for Nd31. The reaction for an analogous system using carbon
tetrachloride as the organic phase was found to be12

Nd31ðaqÞ13 HTTAðoÞ12 TBPðoÞ
$ NdðTTAÞ3ðTBPÞ2ðoÞ13 H1ðaqÞ: (1)

However, as shown in Section (Results, Partition Coeffi-
cients), it appears from the partition data that more than one
complex is being formed at pH 5 5.5.

Parameters including diffusion and distribution coefficients
were obtained to better understand the contactor behavior. A
flow focusing microfluidic channel is used to observe mass
transfer and measure mass-transfer coefficients on a single
drop basis. In a separate work, flow inside of the droplets
was measured to determine whether TBP, a surface active
material, may affect the internal circulation.26 Droplet size
distributions have also been collected experimentally and are
discussed elsewhere.9 The effects of these parameters on the
contactor experiments are discussed.

Experimental Methods

Diffusion and partition coefficients

Diffusion Coefficients. Diffusion constants were meas-
ured in the aqueous and organic phases using a side-by-side
diffusion cell (PermeGear, Hellertown, PA, model #5G-00-
00-15-07), which has been described elsewhere.10,11 A mem-
brane was placed between two 7-mL glass cells. Each glass
cell was continuously stirred by a magnetic stir bar. With
both cells filled with solvent, a small volume of solvent was
removed from one of the cells, which was then replaced
with the same volume of a dilute solution of the solute of
interest. The concentration in one of the cells (the unadulter-
ated cell) was then monitored by continuous UV-vis spec-
troscopy using an Ocean Optics spectrometer (QE6000) and
a light source (LED Dolan Jenner LMI-6000). Flow through
the membrane is sensitive to pressure differences in the cells,
thus the cells were left open for approximately an hour to
equalize pressure and then gently taped with a piece of
scotch tape to prevent evaporation. The membrane was cali-
brated by performing the measurement using a compound
with a known diffusion constant.

In the aqueous diffusion experiments an acrylic-nylon
membrane (Gelman Pall Versapor-800, 0.8 lm, 47 mm
diameter, PN 66401) was used to separate the half-cells. rho-
damine B (Sigma-Aldrich), 500 lL of 13.4 lM was added to
the 7 mL half-cell as the membrane-calibration solute. Rho-
damine B has strong UV-vis absorption at 550 nm, and its
diffusion constant has been determined to be 4.2 6 0.3 3

10210 m2/s at pH 5 2 to 9.5, ionic strengths< 0.1 M, and
concentrations< 10 lM.27 The solvent for the membrane-
calibration was 0.008 M KHP buffer set to a pH of 5.75; the
absorbance, diffusion, and complexation of rhodamine B, flu-
orescein, and xylenol orange are sensitive to pH. As a cali-
bration check, we performed diffusion experiments using

fluorescein (Fluka). A 500-lL aliquot of 400-lM fluorescein
was added to the 7-mL half-cell containing 0.008 M KHP
buffer. Absorbance was measured vs. time at 489.68 nm,
which gave a diffusion constant D 5 3.9 6 0.6 3 10210 m2/s
consistent with experiments by Perale et al.28 but below
other literature values 4.2 2 6.4 3 10210 m2/s.29,30 With
nearly all of the compounds of interest we observed anoma-
lous absorbance trends over long periods of time (weeks),
which we attribute to slow degradation of the organic dyes,
and/or aggregation.29

For the organic diffusion experiments, a PFTE membrane
(Pall Zelfluor, 0.5 lm, 47 mm diameter, PN P5PQ047) with
the cellulose backing material removed was used to separate
the two half-cells. Dimethyl yellow (Fluka) was used as the
membrane-calibration solute with a diffusion constant of 9.9
3 10210 m2/s.31,32 A 1500-lL aliquot of 100-lM dimethyl
yellow was added to the high side cell, absorbance was
taken at 416.91 nm. The diffusion constant for the Nd-TTA-
TBP complex was determined by first mixing equal volumes
of 0.05 M Nd(NO3)2(aq) and 0.2 M HTTA 1 0.1 M TBP in
dodecane. A 1-mL aliquot of the Nd-laden organic phase
was then pipetted into a clean solution of 0.2 M
HTTA 1 0.1 M TBP in dodecane as the matrix medium.
Absorbance was then measured vs. time at 580.95 nm.

Partition Coefficients. Partition coefficients were deter-
mined placing volumes (3–30 mL) of the organic and aque-
ous phase in contact in bottles that were gently shaken on a
shaker table for at least 1 h. Although we did not perform a
time-dependent study examining the approach to equilibrium,
an equilibrium time of 1 h is consistent with the time
required in previous work for similar systems.12,33 The aque-
ous phase was then separated and sampled for ICP-OES
analysis (Perkin Elmer Optima 8000). In the organic phase,
we combined dodecane (Sigma-Aldrich, >99 %), HTTA
(Sigma-Aldrich, St. Louis, MO), and TBP (Sigma-Aldrich).
In the aqueous phase, we used two formulations of xylenol
orange, neodymium(III) nitrate, and KHP corresponding to
the microfluidic experiments and the contactor experiments,
respectively.

Drop production and flow visualization

Homogeneous droplets were produced in a flow-focusing
microfluidic device shown in Figure 1.34 The device con-
sisted of a cross geometry with the continuous phase fluid
flowing past the dispersed phase, generating a jet which
breaks up into drops due to capillary instability. Glass chips
were purchased from Translume (Ann Arbor, MI) and were
made hydrophobic using a 2 vol % octadecyltrichlorosilane
(OTS) (Sigma-Aldrich, St. Louis, MO,> 90% pure) in hexa-
decane (Sigma-Aldrich, St. Louis, MO, anhydrous> 99%)
wash. Chip orifice widths were 50 and 100 lm, and the chip

Figure 1. Flow focusing geometry showing aqueous
drops (dark) being produced in dodecane.

Orifice sizes are 50 and 100 lm, with all other dimen-

sions being equal. The channel depth is 100 lm.
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depth was always 100 lm. The continuous fluid was dode-
cane (Sigma-Aldrich, St. Louis, MO, >99% pure). Flow
rates were specified using syringe pumps (Harvard Appara-
tus, PhD 22/2000, Holliston, MA), which were calibrated
gravimetrically using a balance (Mettler Toledo, XS1003S,
Columbus, OH). Continuous fluid flow rates were varied
from 1 to 5 mL/h. Droplet production in a similar system
was discussed previously, including control of size and fre-
quency of droplets.34

Flow was visualized using an inverted microscope (Leica
DM IRB, Germany), and recorded using a high speed CCD
camera (Phantom v 9.1, Vision Research, Wayne, NJ), with
frame rates as high as 5000 frames per second. Distances are
calibrated using Klarmann Rulings, (Litchfield, NH) KR-868
reticules.

Mass transfer to droplets in microfluidic chip

The extraction of neodymium (Nd31) from aqueous drop-
lets to dodecane using the complexant HTTA (Sigma-
Aldrich, St. Louis, MO) and ligand TBP (Sigma-Aldrich, St.
Louis, MO) was chosen as a model mass-transfer sys-
tem.12,35 The aqueous phase also included xylenol orange
(XO, Sigma-Aldrich, St. Louis, MO) as an indicator for
Nd31. In all cases, the aqueous droplet fluid was 3.2 mM
NdNO3 (Sigma Aldrich, St. Louis, MO), 0.01 M xylenol
orange, and was buffered at pH 5 5.5 using 0.2 M potassium
hydrogen phthalate (KHP, Acros Organics, NJ). The continu-
ous dodecane phase had varying concentrations of TBP and
HTTA as specified. Aqueous solution concentrations were
verified using ICP-OES.

Uncomplexed xylenol orange absorbs light at 430 nm,
whereas the XO-Nd complex absorbs at 590 nm.36 There-
fore, by illuminating the microfluidic chip only at 590 nm
using a 70 mW LED (M590L2, Thor Labs, Newton, NJ), the
intensity of the resulting image could be correlated with the
XO-Nd concentration. Light intensity was captured using a
Phantom V9.1 camera at 2000 fps as well as a photodiode
(APD110A, Thor Labs, Newton, NJ). The photodiode signal
was recorded with a National Instruments multifunctional
data acquisition device (NI-USB-6366) and LabVIEW Signal
Express software at 106 Hz (National Instruments, Austin,
TX). The photodiode signal represents the average intensity
of an image of a drop with a field of view that is approxi-
mately 1.5 times the maximum drop size obtained in the
experiments. Drops were produced at a frequency such that
only one drop was in the imaging area at a time. The result-
ing signal was periodic as drops moved in and out of the
photodiode field of view, oscillating between dark values
representing the intensity of drop-containing images and
bright values representing the intensity of the background.
The log of the ratio between the drop intensity to the back-
ground intensity is then a quantitative measure of the Nd-
XO complex concentration by Beer’s law.

For both photodiode and camera methods, calibration
curves relating the log of the light intensity to the XO-Nd

complex concentration were created by imaging droplets of
six different concentrations ranging from 0 to 3.2 mM Nd-
XO through pure dodecane. Calibration curves were linear,
with R2 values of 0.986 (photodiode) and 0.995 (camera).
These curves are included in Supporting Information Appen-
dix A (online). In the case of the photodiode, the calibration
curves were specific to a given drop size, as the photodiode
measured light over an area 1.5 times the drop size. In all
cases, the concentrations were obtained with the highest
accuracy when the drops spanned the entire depth of the
chip, since the light path length in this case was known and
consistent. Thus, drops with diameters larger than the chan-
nel depth were primarily used in this work, such that drops
maintained a disk-like shape rather than a spherical shape.
The production of these drops is discussed elsewhere.34

To obtain the change of concentration in the drops as they
traveled down the channel of the microfluidic chip, images
were taken along the length of the microfluidic chip channel
(see Figure 1). Image locations are known through use of a
motorized stage (ProScan, Prior Scientific, Cambridge, UK).
Droplet velocities and sizes are measured from the images
obtained through the Phantom camera. Along with the chip
location information, these data can be translated to a diffu-
sion time. The average concentration in the drops is reported
using more than 2 3 106 measurements using the photo-
diode. A two-dimensional image of the concentration
throughout a drop can also be obtained by relating the cam-
era image intensity to concentration using the calibration
curve mentioned previously.

Observations of the fluid circulation pattern that develops
within the droplets are published elsewhere.26 The droplet
fluid exhibits a vortex in the horizontal plane, parallel to the
microfluidic chip. Fluid is driven backward toward the trail-
ing end of the droplet along the drop edges and returns to
the front of the drop along the centerline. Large, surface
active molecules TBP and HTTA were not seen to influence
the interfacial or vortex motions.37

Mass transfer in centrifugal contactor

Mass transport experiments were conducted in a CINC V2
contactor, operated at 3200 rpm, using a diluted version of
the formulation used for the microfluidic experiments. The
aqueous phase consisted of 1.8 3 1024 M Nd 1 3.6 3 1024

M xylenol orange in 0.1 M KHP buffer set to pH 5 5.5. The
organic phase consisted of 0.1 M HTTA 1 0.1 M TBP in
dodecane diluted with various amounts of dodecane. The
flow rates of the aqueous and organic phases through the
contactor were 3 mL/min and 1 mL/min, respectively. Flow
rates were verified using a stop watch and a graduated cylin-
der. The aqueous outlet of the contactor was sampled peri-
odically for later analysis by ICP-OES. The aqueous phase
was recycled through the contactor and the organic phase
was discarded after one pass through the contactor.

Results and Discussion

Diffusion and partition coefficients

Diffusion Coefficients. The diffusion coefficients in the
aqueous phase are given below in Table 1. The diffusion
constants for Nd(XO)(aq) and the H3XO(aq) were deter-
mined in 0.2 M KHP buffer. For the bare Nd31 ion, this was
not possible as Nd31 tends to form a solid phase with KHP
in the absence of the XO complexant, hence a lower-
concentration (0.01 M) sodium-acetate buffer was used; the

Table 1. Aqueous Diffusion Coefficients

Species Medium
Diffusion Coefficient

(m2/s)

Nd(XO)(aq) 0.2 M KHP buffer at pH 5.5 2.3 6 0.2 3 10210

H3XO(aq) 0.2 M KHP buffer at pH 5.5 3.0 6 0.2 3 10210

Nd31(aq) 0.01M NaAc buffer at pH 5.5 7.0 6 0.7 3 10210
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pH in this case matched the pH used in the mass-transport
experiments. The diffusion constant for the Nd-HTTA-TBP
complex in the organic phase is given in Table 2.

Partition Coefficients. Partition data is shown below in
Tables 3 and 4 for the microfluidic chip and contactor rele-
vant experimental formulations, respectively. We also calcu-
lated a distribution value Do,aq as the total concentration of
neodymium in the organic phase divided by the total concen-
tration of neodymium in the aqueous phase. A fit to the
standard complex given in Eq. 1 was attempted; however
looking at the data, it is clear that the concentration of Nd in
the organic phase depends in a complicated way on TTA
concentration rather than cubically, most likely due to multi-
ple complexes acting in solution.

Droplet concentration and mass-transfer coefficients in
the microfluidic chip

The concentration of Nd-XO complex in the droplets was
recorded as the droplets traveled down the chip outlet chan-
nel for various continuous fluid flow rates and TBP and
HTTA concentration. An example image of a drop under-
going mass transfer in the microfluidic chip is shown in Fig-
ure 2, which shows a droplet initially containing 3.62 mM
Nd31, 0.01 M xylenol orange, and 0.2 M KHP traveling in a
continuous dodecane liquid containing 0.2 M HTTA and
1022 M TBP flowing at 1.5 mL/h. The false color represents
the concentration of Nd-XO complex in the aqueous phase.
This image was taken with the Phantom camera, as dis-
cussed in Section Experimental Methods. As expected, the
drop is depleted of Nd-XO complex at the outer edges due
to mass transfer. The depleted material is swept around the
droplet edges and brought back to the front of the droplet by
a vortex pattern that develops due to the shear in the micro-
fluidic channel.26 The highest concentration of complex is

found at the centers of the vortices. Drops produced using
other flow rates are more homogeneous in concentration,
suggesting regimes of both kinetic and diffusion limited
mass transfer were observed. This will be discussed in the
Sections Kinetically Controlled Mass-Transfer Regime and
Diffusion Controlled Mass-Transfer Regime.

Kinetically Controlled Mass-Transfer Regime. When the
HTTA concentration in the continuous phase was less than
0.004 M, the mass transfer at the droplet surface was slow
compared to the diffusion of Nd in the droplet. Assuming
that the droplet is well mixed and the concentration of Nd31

is constant in the outer fluid, a mass-transfer balance for the
concentration of Nd31 in the aqueous phase, C, at time t can
be written for a droplet of surface area, A, and volume, V

keffAðC2D21
o;aqCoÞdt52VdC (2)

where keff is the first-order mass-transfer reaction rate. Since
the flow rate of continuous fluid is always 100 times greater
than that of the droplet fluid, the quantity D21

o;aq Co, the parti-
tion coefficient times the Nd31 concentration in the dode-
cane is approximated to be zero. Upon integrating this
equation and simplifying the area to volume ratio of a
sphere, an expression for the effective mass-transfer coeffi-
cient keff can be found

26keff t

d
5ln

C

Ci

� �
(3)

Here, Ci is the initial concentration of Nd31 in a drop
with diameter d. The effective mass transfer coefficient com-
bines the mass-transfer rate at the liquid–liquid interface as
well as the mass-transfer rate across any concentration gra-
dients in the fluid.

Using this simplified model, keff was found for a range of
TBP and HTTA concentrations. Figure 3 displays representa-
tive data for four separate cases. Plots of ln(C/Ci) vs. t/d
were linear. Values of R2 corresponding to the linear fit used
to find keff are reported. As shown in Figure 3, the continu-
ous fluid flow rate (Qc) did not impact the mass-transfer
coefficient. The observations that ln(C/Ci) was linear with t/d

Table 2. Organic Diffusion Coefficient

Species Medium
Diffusion Coefficient

(m2/s)

Nd-HTTA-TBP 0.2 M HTTA 1 0.1 M
TBP in Dodecane

3.7 6 0.4 3 10210

Table 3. Partition Data for the Microfluidic-Chip Relevant Experiments

[HTTA]initial,o

(mol/L)
[TBP]initial,o

(mol/L)
[Nd]eq,o

(mol/L)
Vol aq
(mL)

Do,aq 5 [Nd]eq,o/[Nd]eq,aq

(dimensionless)

0.2 0.3 3.17 3 1023 30 4.81 3 103

0.2 0.3 3.17 3 1023 30 5.55 3 103

0.2 0.1 3.16 3 1023 30 3.04 3 102

0.2 0.01 3.15 3 1023 30 1.70 3 102

0.2 0.01 3.15 3 1023 30 1.65 3 102

0.004 0.0025 8.02 3 1024 30 3.39 3 1021

0.004 0.0025 8.13 3 1024 30 3.45 3 1021

0.002 0.0025 6.17 3 1024 30 2.42 3 1021

0.002 0.0025 6.40 3 1024 30 2.53 3 1021

0.002 0.01 6.48 3 1024 30 2.57 3 1021

0.002 0.01 6.47 3 1024 30 2.57 3 1021

0.002 0.005 6.16 3 1024 30 2.42 3 1021

0.002 0.005 6.48 3 1024 30 2.57 3 1021

0.004 0.0025 2.73 3 1024 3 6.22 3 1021

0.002 0.0025 1.80 3 1024 3 1.31 3 1021

0.002 0.01 2.46 3 1024 3 3.45 3 1021

0.002 0.005 2.31 3 1024 3 2.70 3 1021

Here the initial [Nd(XO)]aq 5 3.2 mM, the xylenol orange concentration was 0.01 M and the matrix solution was 0.2 M KHP buffer pH 5 5.45. The volume of
the organic phase was 30 mL. The volume of the aqueous phase is as given in the table.
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and the lack of dependence on Qc are consistent with a
kinetically limited process.

Table 5 lists the results for keff for runs in the kinetically
controlled regime. Also reported in Table 5, the Reynolds
number defined for the continuous fluid flow through the
outlet channel with width w, Re 5 qcQc/wlc, showing that
the flow is always laminar. The drop-scale Reynolds number,
using the parameters given in Table 5 yields Re 5 qdVdd/ld

�1. The drop velocity Vd, and the relative velocity of the
drop with respect to the maximum velocity of the fluid Vrel

are also given. The Peclet number, Pe, is defined for the
drop as Pe 5 Vrel d/(4D), where the diffusion coefficient for
the Nd(XO)(aq) complex, D, is that given in Table 1. Here
the length scale for diffusive transport is assumed to be one-
fourth of the drop diameter, d, or approximately the distance
to the center of the vortex observed in Figure 8 of Roberts
et al.26 The Peclet number Pe � 100, confirming that con-
vection in the droplet is much faster than diffusion across
streamlines. The values of keff shown in Table 5 indicate
that the mass-transfer rate was roughly first-order with

HTTA concentration and was only weakly dependent on the
TBP concentration; however, the presence of TBP was nec-
essary to obtain mass transfer and prevent the formation of a
solid phase (presumably an Nd-TTA phase) in the organic
liquid. The assumption that the droplets are well mixed can
be tested by calculating the mass-transfer Biot number,
defined as Bi 5 keffd/4D, (given in Table 5) with the diffu-
sion constant for the Nd(XO)(aq) complex taken from Table
1. The value of Bi for all cases in Table 5 is greater than
one, indicating that the kinetic transport to the drop is faster
or at least comparable to the diffusive transport within the
drop. This suggests that for rigorous determination of the
mass-transfer coefficient a mixed kinetic-diffusion model
may be more appropriate. The Biot number does not take
into account effects of Taylor dispersion, which would
increase the diffusion rate within the drop due to shear. It
also assumes that the droplet shape is purely spherical within
the channel and that the characteristic length scale for diffu-
sion in the droplet is d/4. If thin continuous liquid boundary
layers between the droplet and the channel wall become
depleted of species, this is also not accounted for.

Diffusion Controlled Mass-Transfer Regime. When the
HTTA concentration in dodecane was increased to �0.2 M,
the mass-transfer kinetics at the drop interface became diffu-
sion limited. Looking at Figure 2 (organic phase HTTA
concentration 5 0.2 M), at the edges of the drop is a false
ring of high complex concentration, which is an artifact of
imaging the oil–water interface. At the edges of the drop
and at the centerline, the neodymium concentration is
depleted. This corroborates the circulation pattern described
in Roberts et al.,26 where the aqueous liquid travels in sym-
metric two vortices. From the figure, diffusion has not
homogenized the neodymium concentration throughout the
drop and therefore the mass transfer under these conditions
is diffusion limited. Figure 4 shows the fraction of Nd31

extracted from a drop vs. time, nondimensionalized by a

Table 4. Partition Data for the Contactor Relevant

Experiments

[HTTA]initial,o

(mol/L)
[TBP]initial,o

(mol/L)
[Nd]eq,o

(mol/L)
Do,aq 5 [Nd]eq,o/

[Nd]eq,aq

1.00 3 1021 1.00 3 1021 1.79 3 1024 1.21 3 102

1.00 3 1021 1.00 3 1021 1.79 3 1024 1.35 3 102

5.00 3 1022 5.00 3 1022 1.80 3 1024 4.56 3 102

2.50 3 1022 2.50 3 1022 1.80 3 1024 5.73 3 102

2.00 3 1022 2.00 3 1022 1.78 3 1024 8.31 3 101

2.00 3 1022 2.00 3 1022 1.78 3 1024 8.90 3 101

1.11 3 1022 1.11 3 1022 1.71 3 1024 1.96 3 101

1.11 3 1022 1.11 3 1022 1.71 3 1024 1.97 3 101

9.09 3 1023 9.09 3 1023 1.67 3 1024 1.26 3 101

9.09 3 1023 9.09 3 1023 1.67 3 1024 1.26 3 101

9.09 3 1023 9.09 3 1023 1.35 3 1024 3.01 3 100

9.09 3 1023 9.09 3 1023 1.72 3 1024 2.28 3 101

4.76 3 1023 4.76 3 1023 7.31 3 1025 6.85 3 1021

4.76 3 1023 4.76 3 1023 1.48 3 1024 4.71 3 100

3.23 3 1023 3.23 3 1023 6.52 3 1025 5.68 3 1021

3.23 3 1023 3.23 3 1023 1.51 3 1024 5.17 3 100

Here the initial [Nd(XO)]aq 5 1.8 3 1024 M, the xylenol orange concentra-
tion was 3.6 3 1024 M, and the matrix solution was 0.1 M KHP buffer
pH 5 5.45.

Figure 2. Aqueous drop in the microfluidic channel,
approximately 0.5 cm from the orifice.

Here, color represents the concentration of the

neodymium-xylenol orange complex. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. Concentration as a function of time for (�)
0.0025 M TBP, 0.002 M HTTA, Qc 5 2 mL/h;
(�) 0.0025 M TBP, 0.002 M HTTA, Qc 5 2 mL/
h; �) 0.0025 M TBP, 0.004 M HTTA,
Qc 5 2 mL/h, (�) 0.005 M TBP, 0.002 M HTTA,
Qc 5 2 mL/h.
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characteristic time for diffusion, s 5 4Dt/d2, with the diffu-
sion constant for the Nd(XO)(aq) complex taken from Table
1. The mass transfer of all cases is equivalent, irrespective
of the TBP concentrations in the dodecane. For comparison,
the Kronig-Brink solution for mass transfer from a perfectly
circulating sphere translating through a quiescent fluid is
also included.21,38 The Kronig-Brink solution assumes a per-
fectly symmetrical flow pattern within the drop. Since the
Kronig-Brink solution contains more circulation than the
observed flow, the observed mass transfer is slower. From
these microfluidic mass-transfer experiments, the boundary
between kinetically limited mass transfer and diffusion lim-
ited mass transfer was found to occur at Bi >� 7.5.

The observation that the TBP concentration did not influ-
ence the mass transfer in the diffusion limited regime is
additional evidence that TBP does not affect the mobility of
the liquid–liquid interface significantly.26 If TBP caused slip
at the dodecane–water interface, the circulation pattern
within the droplet would have been altered and the relevant
diffusion length would have changed.24 Within the experi-
mental capabilities, this was not observed.

Mass transfer in the centrifugal contactor

A simple model that includes the contactor, a well-stirred
aqueous reservoir, and the piping between the reservoir and
the contactor is given here for the purpose of understanding
the contactor mass-transfer results and for the purpose of
comparing mass-transfer rates to the microfluidic chip
experiments. The model is depicted in Figure 5, where Cr is
the concentration of Nd31 in the aqueous reservoir and in
the fluid leaving the reservoir, Cr,i is the concentration of
Nd31 in the aqueous fluid entering the reservoir, Cc,o is the
concentration of Nd31 in the aqueous fluid exiting the con-
tactor, and Cc,i is the concentration of Nd31 in the
aqueous fluid entering the contactor. These concentrations
are related by

Cc;iðtÞ5Crðt2tiÞ (4)

Cr;iðtÞ5Cc;oðt2toÞ (5)

where ti and to are the lag times required for the fluid to
travel from the reservoir exit to the contactor entrance and
from the contactor exit to the reservoir entrance, respec-
tively. The concentration of Nd in the fluid exiting the con-
tactor can be calculated using a model based on Eq. 3

Cc;oðtÞ5Cc;iðt2tcÞe2ð6keff tc=dÞ (6)

where tc is the time spent in the contactor (which is esti-
mated below). Equations 4–6 can be combined to determine
Cr,i(t) in terms of Cr(t)

Cr;iðtÞ5Crðt2tlÞe2ð6keff tc=dÞ (7)

where tl is the total trip time around the aqueous loop,
tl 5 ti 1 tc 1 to. With Eq. 7, we can write the following mass
balance equation

dCr

dt
5

F

Vr

Cr;iðtÞ2CrðtÞ
� �

5
F

Vr

Crðt2tlÞ2CrðtÞe2ð6keff tc=dÞ2CrðtÞ
h i

(8)

where F is the volumetric flow rate of the aqueous phase
(3 mL/s), and Vr is the aqueous-reservoir volume (�
100 mL). Nondimensionalizing time by tl, Cr by Cr(t50) in
Eq. 8 and solving yields the following relation

keff5
d K2ln 12 KVr

Ftl

� �� �
6tc

(9)

Here K is the slope of 2ln(Cr,i(t)/Cr(t 5 0)) vs. t/tl. The
mean drop diameter, d, was estimated to be 100 lm,9 how-
ever, there is a distribution of drop sizes in the contactor.
The drop sizes in Wyatt et al.9 were measured for PDMS in
water. A separate experiment was performed for dodecane in
water which obtained similar results; these data are available
on request. The residence time in the contactor tc was esti-
mated by assuming the drops make a plug-flow descent

Table 5. Parameters Obtained for Microfluidic Reaction-Limited Mass-Transfer Experiments

Continuous Fluid

TBP (mol/L) HTTA (mol/L) Qc (mL/h) Vd (mm/s) Vrel (mm/s) d (mm) keff (mm/s) R2 Re Pe Bi

0.0025 0.002 2 15 24.3 0.084 3.9 3 1023 0.88 0.62 392 3.19
0.0025 0.002 4 33 25.7 0.083 4.0 3 1023 0.93 1.24 514 3.22
0.0025 0.004 2 16 23.1 0.084 9.1 3 1023 0.99 0.62 283 7.48
0.0025 0.004 4 34 24.4 0.080 7.3 3 1023 0.97 1.24 382 5.77
0.005 0.002 2 14 25.1 0.084 5.6 3 1023 0.97 0.62 465 4.56
0.005 0.002 4 31 27.7 0.083 5.9 3 1023 0.95 1.24 694 4.80
0.01 0.002 4 33 25.6 0.083 5.3 3 1023 0.93 1.24 505 4.29
0.01 0.002 2 15 24.5 0.085 5.3 3 1023 0.99 0.62 415 4.41

Figure 4. Fraction of Nd31 transferred vs. dimension-
less time for diffusion limited experimental
cases (symbols).

The Kronig-Brink solution for a perfectly circulating

sphere in plug flow is shown for comparison (2).
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along the contactor. Estimating the total liquid volume in the
contactor from Wyatt et al.9 to be Vc � 14 mL, and given
the total (organic 1 aqueous) flow rate of Ftotal 5 4 mL/s
yields tc 5 V/Ftotal 5 3.5 s.

A plot of 2ln(Cr,i/Cr(t 5 0)) vs. t/tl is shown in Figure 6.
The time lag around the aqueous loop, tl, was roughly esti-
mated using a stop watch while the contactor was initially
empty and was found to be � 15 s. At concentrations of
0.003 M HTTA 1 0.003 M TBP and above, the curves col-
lapse, which we hypothesize indicates that diffusion is domi-
nating over chemical kinetics. If thermodynamic control
were dominant, the curve slopes would continue to increase
with increasing HTTA concentration. Table 6 gives the
slopes of the curves in Figure 6. The resulting values of keff

from Eq. 9 are also shown in Table 6, which are in reasona-
ble agreement with the values given in Table 5 for similar
concentrations of HTTA and TBP.

Also shown in Table 6 is the Biot number, redefined with a
characteristic length scale of d/2 instead of d/4, and using the
diffusion coefficient D for the organic Nd-TTA-HTP complex
taken from Table 2; in the contactor the organic phase was
the dispersed phase.9 The d/2 length scale arises from the
expectation that there is a single vortex within each drop,39

unlike the microfluidic chip experiments. The boundary
between kinetic and diffusion Bi number appears to be
between 2 and 5, in reasonable agreement with the microflui-
dic results. The flow regime in the contactor (see Wyatt
et al.9) can be estimated by taking the inner rotor speed
(3200 RPM) and the inner rotor diameter (50.8 mm) to obtain
the linear velocity of the inner rotor to be � 8.5 m/s. The gap
between the inner rotor and the outer wall of the contactor
was 6.35 mm. Thus a lower bound on the shear rate that the
drops experience c � (8.5 m/s)/(6.35 mm) � 103 s21. Then
calculating the Pe 5 cd2/(4D)�6 3 104, with D taken from
Table 2 we find that diffusion is subdominant to convection.

The Reynolds number based on the gap Re 5 5.4 3 103,
based on an aqueous continuous phase (l 5 1 cSt, q 5 1 g
cm23). On a drop scale (d � 100 lm), Re 5 900 using the
viscosity and density of water, and 500 using the viscosity
and density of dodecane.

Conclusions

A study was performed to determine whether single-drop
experiments in a microfluidic chip could be used to predict
and understand the mass-transfer characteristics of a turbulent
centrifugal contactor. To this end a model system was devel-
oped containing Nd(III) 1 xylenol orange in the aqueous
phase buffered to pH 5 5.5 with KHP, and dodecane 1 HT-
TA 1 TBP as the organic phase. Diffusion coefficients were
measured for neodymium species complexed with xylenol
orange in the aqueous phase, and for neodymium complexed
with HTTA 1 TBP in dodecane. The partition coefficient
between the total concentration of Nd(III) in the organic and
aqueous phases was determined. Drop-scale microfluidic
experiments were used to determine chemical concentrations
of complexant that lead to kinetic vs. diffusion control. Labo-
ratory scale centrifugal contactor experiments confirmed that
both kinetic and diffusion limited mass-transfer regimes exist
under realistic operating parameters. Furthermore the kinetic
mass-transfer coefficients of the process corresponded well
between the two experimental techniques, which was surpris-
ing given that Eq. 2 is phenomenological.

Although the macroscopic flow in the contactor is turbu-
lent, on the drop scale, Re � 500, the flow is laminar, con-
sistent with the microfluidic-chip experiments. Furthermore
Pe >> 1 for both the contactor and microfluidic-chip experi-
ments indicating that both experiments were either in the

Figure 5. Schematic description of contactor-experiment. Figure 6. Aqueous Nd concentration vs. time normal-
ized by total trip time around the loop on the
outlet of the contactor for various concentra-
tions of HTTA and TBP.

Table 6. Effective Mass-Transfer Rate from the Contactor Experiments

HTTA
(mol/L)

TBP
(mol/L)

K
(dimensionless)

Standard Deviation
(dimensionless)

keff

(mm/s)
Bi

(dimensionless)

0.008 0.008 0.202 0.004 3.8 3 1023 4.6
0.005 0.005 0.246 0.04 4.9 3 1023 6.0
0.003 0.003 0.222 0.03 4.3 3 1023 5.2
0.0015 0.0015 0.0976 0.01 1.6 3 1023 2
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kinetic or diffusion limited transport regimes, allowing com-
parison between the two experiments. The similar flow
regime confirms that the microfluidic experiments offer the
ability to see in real-time the mass transfer rather than aver-
age mass-transfer rates obtained in traditional column experi-
ments. It is our hope that microfluidic environments could
be used as a relatively simple and inexpensive approach for
future studies of mass transfer from drops in contactors.
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