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Abstract

The mass transfer of europium(IIl) from an aqueous to an organic phase was studied in a quartz microchannel
(internal diameter of 200 pm) using a novel micro Laser Induced Fluorescence (micro-LIF) technique.
Europium(I1I) was extracted from a 1M nitric acid solution into an organic solution of TBP(1.2M)/CMPO(0.2M)
in Exxsol D80. For the flow rates investigated plug flow was established. An experimental and data processing
methodology was developed to calculate concentration profiles from the fluorescing light intensity profiles in both
phases at different locations along the microchannel. In particular, the effect that the high light intensity of the
organic phase has on the measurements in the aqueous phase was taken into account. Mass transfer was found to
be significant in the beginning of the channel close to the inlet (1 mm distance) with extraction percentages varying
between 20 to 40% depending on the total flow rate. High extraction efficiency (~80%) was achieved at short
residence times (in the first 6 s), while the overall volumetric mass transfer coefficients varied between 0.05 and
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1. Introduction

Microfluidic devices are very powerful tools for the development of intensified, efficient, resource saving, and
environmental-friendly processes. The small length scales offer, among others, high surface-to-volume ratio,
enhanced heat/mass rates, narrow drop size and residence time distributions, and safe operation [1, 2]. In recent
years, there have been increased efforts to translate studies from microfluidic devices into practical applications

in many areas including, hydrometallurgy for efficient separation and enrichment of metal ions, biotechnology for
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cell manipulation, analytical chemistry (u-TAS systems) for DNA and protein purification, and pharmaceuticals

for drug delivery [3-7].

From the many different patterns that can form during liquid-liquid flows in small channels, segmented (plug
flow) is the preferred one for applications where high mass transfer rates are important, such as liquid-liquid
extractions [8-10]. In this pattern, one phase forms dispersed plugs with diameter larger than the channel size,
whilst the other, continuous, phase (slugs) surrounds the plugs and separates them from each other and from the
wall. The large interfacial area favours mass transfer, while the well-defined and regular flow geometry and the
laminar flow fields allow precise modelling and characterization of the small scale units [11, 12]. Mass transfer
coefficients of up to two or three orders of magnitude higher than in conventional contactors have been found [13,

14].

One of the many areas that small scale units can be applied is in the extraction of lanthanides [15]. Lanthanides,
such as europium(IIl), play a growing role in modern society, and find applications in LEDs, laser technology,
luminescent lighting, and as industrial catalysts [16]. Scarcity on natural resources means that the large quantities
of lanthanides present in electronic waste such as spent fluorescent lamps, computer monitor scraps and colour
TV tubes need to be recycled. Lanthanides also have a range of nuclear applications; they have been used in
control rods to regulate nuclear reactors because of their properties to absorb neutrons. In addition, they have been
used as structural components in reactors, as well as shielding materials [17]. Liquid-liquid extraction is
commonly used for the recovery of these metals, but current technologies are based on process units, such as
mixers/settlers and counter-current columns that are large and not well characterised [18]. In a recent study small
scale extractors were used for the separation of europium(IIl) where higher mass transfer coefficients up to 0.07
s'! were found [15]. Mass transfer was monitored by analysing samples at the end of the micro-units using UV-

Vis.

Despite significant progress on velocity field measurements in small channels using particle image velocimetry
(PIV) techniques [19-22], concentration profiles are less well investigated. Mixing patterns have been obtained
from the measurement of fluorescence intensity of passive scalars with micro Laser Induced Fluorescence (micro-
LIF) [23, 24]. To date, concentration profiles and mass transfer within microchannels have mainly been studied
via numerical simulations [25, 26] partly because of the experimental difficulties encountered in obtaining detailed

measurements of the concentration. The study by Bai et al. (2016) [27] is the only one where micro-LIF is used



to investigate the mass transfer of water into ionic liquid in different microchannel inlets using Rhodamine 6G as

the model solute.

The mass transfer of europium(IIl) from an aqueous to an organic phase in a microchannel extractor is studied
here using a novel micro-LIF technique. This is the first time that the concentration profiles of the transferring
species are monitored along a microchannel. The development of the technique and of appropriate data processing
methodologies for the evaluation of the concentration profiles in both phases are then discussed; in particular, a
methodology is presented for alleviating the effects of the high intensity light from the organic phase on the
concentration measurements in the aqueous phase. The experimental results are then presented for a range of
conditions and positions along the channel. From the concentration profiles the amount of europium extracted and

overall mass transfer coefficients are calculated

2. Materials and experimental setup

The continuous extraction of europium(IIl) from aqueous nitric acid solutions (1 M) into an organic solution
D80/TBP(1.2M)/CMPO(0.2M) was investigated in a circular quartz microchannel of internal diameter (ID) 200
um at different positions (P;) along the channel, as shown in Figure 1. The inlet was a T-junction where each side
channel had the same diameter as the main one. The fluids were chosen to simulate the TRUEX (TRansUranic
EXtraction) extraction process in nuclear waste management for the separation of transuranic elements from

lanthanides.
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Fig. 1. (a) Schematic representation of the 200 um ID microchannel (b) Sketch of the experimental setup for the

LIF measurements.



The tri-n-butylphosphate (TBP), which acts as a modifier to prevent third phase formation at the interface, was
purchased from Sigma-Aldrich. The n-octyl(pheny1)-N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO)
was used as extractant and obtained from Carbosynth Limited. The aliphatic hydrocarbon solvent Exxsol D80 was
purchased from ExxonMobil. The fluids were fed into the side channels using high-precision continuous syringe
pumps (Harvard PHD Ultra), one for each phase. The aqueous phase entered from the T-junction channel that was
at the same axis as the main one while the organic phase entered from the perpendicular side channel. The
operating conditions were chosen to give plug flow and are shown in Table 1. For the two-phase system used in
this work (see Table 2), the organic solution (D80/TBP/CMPO) formed the dispersed plugs, while the aqueous
solution (HNOj3uq/Eu(Ill)) was the continuous phase. The viscosity of the organic phase was measured
experimentally using a Modular Compact Rheometer (MCR302) by Anton Paar. Although the two phases are
immiscible, small amounts of each phase can still be dissolved into the opposite one, which will affect the accuracy
of the LIF technique. Thus, in the experiments the two phases were pre-saturated. Equilibrium extractions were
also carried out at room temperature by stirring the two phases overnight before separating them. The
concentration of the europium(III) for the equilibrium experiments was measured in each phase using a UV-Vis

spectrometer (USB2000+, Ocean Optics) to validate the approach.

Table 1. Operating conditions.

Temperature, T 22+1°C
Organic (aqueous) phase flow rate, Qorg (Qaq) 1-5 pL/min
Organic (aqueous) superficial velocity, Uorg (Uag) 0.53-2.65 mm/s
Flow rate ratio, r (Qorg/Qaq) 0.5-1

Reactor length, L, 27.2 cm

Initial Eu(III) concentration in the aqueous phase, Cagq,0 6 mg/mL




Table 2. Fluid properties.

Chemicals
Property
Exxsol D80/TBP(1.2 M)/CMPO(0.2 M) HNO; (1 M)
Density (kg m™) 1852 21079
Viscosity (kg m™' s ©2.5-107 20.994-1073

a - Values as given by the manufacturer. b- Values as measured in the UCL laboratory

3. Development of p-LIF methodology

3.1. Laser apparatus characteristics

The micro-LIF system used consisted of a continuous diode laser (Vortran Laser), pulse meter (TSI instruments),
and a 12-bit intensified camera (Sensicam, PCO). The laser has an output power of 100 mW with a wavelength
of 396 nm and illuminated the microchannel from a 45° angle (volume illumination; see Fig. 1). A spherical lens
was placed in front of the laser unit to produce a tight focal spot. The laser beam excited the europium(IIl) which
has peak absorption and emission wavelengths of 395 nm and 610 nm, respectively. No photo-bleaching was
observed, and the intensity of the europium(IIl) was found not to be sensitive to temperature variations. The
orange emission from the europium(IIl) was detected by the 12-bit intensified camera, which implies that the LIF
measurements were obtained with a 4095 grey scale -range. The intensified camera was equipped with an optical
train (TSI instruments) and long focal distance microscope lens. This configuration provided x40 magnification
and spatial resolution of 0.85 pm/pixel. The focal plane was placed in the center of the channel and the depth of
field was approximately 3 um for the specification of the microscope lens [28]. An orange filter with a cut-off
wavelength of 570 nm was put in front of the camera lens to minimize reflections from the microchannel walls.
Images were obtained at a frequency of 14.5 Hz and were synchronized with a laser pulse meter that was constantly
checked throughout the experiments for laser energy fluctuations, which can potentially affect the concentration
measurements. The analysis of the data indicated that the fluctuations were less than 1% and had negligible effect

on the concentration measurements.

3.2. Image processing procedure

Initially, the calibration curves correlating the fluorescence intensity and europium(IIl) concentration in both

phases were investigated. Different solutions with concentrations of europium(IIl) ranging from 1 to 6 mg/mL



dissolved in both phases were prepared. This concentration range was chosen to avoid camera scale saturation in
the organic phase. In addition within this range, there is a balance in the fluorescent light emitted from the organic
and from the aqueous phases, and LIF measurements can be carried out in both phases. Subsequently, each phase
with a certain concentration of europium(Ill) was introduced in the microchannel and the corresponding
fluorescence intensity was recorded. The average grey scale over the whole channel was calculated from the
recorded images and plotted against the corresponding concentration as shown in Fig 2. The intensity values

shown in Fig 2 where normalised with the maximum grey scale of the camera which is 4095.
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Fig. 2. Calibration curve of the normalized europium fluorescence intensity at increasing concentrations of

europium in both phases.

As can be seen, there is a linear relationship between normalised intensity and concentration of europium(I1I) for

both phases. For the rest of the study, images are normalized according to Eq. (1):

I-1
I, = : (1

Iref=Io

where the index n denotes the phase of interest (i.e. org or aq) and I, I, and I are the raw, background and
reference images, respectively. The image obtained for 6 mg/mL of europium(III) in the aqueous or the organic
phase is employed as the reference image, I.r, for the corresponding phase. The image obtained for the pure
aqueous or organic phase (without any europium(IIl)) is employed as the background image, I,, for the
corresponding phase. Experiments were carried out at seven positions along the channel (P1-P7, see Fig. 1a). For
each of the chosen positions, the light intensity in each phase was averaged over many plugs or slugs. However,
the plugs (or slugs) were not always in the same location in the captured images (see Fig. 3a). An in-house pre-

processing routine was developed to identify the moving plugs (or slugs) in the images and translate them to the



same reference frame for the phase averaging (see Fig. 3a). The average concentration, [*, in the plug or slug was

then calculated as follows
I =+ $1,dA ()

where A is the area of the plug (or slugs). To check whether the location of the plug (or slug) in the image affected
the light intensity, the average intensities, I3, in the plugs are plotted in Fig. 3b for different Ax, where Ax is the
distance between the tip of the reference plug (xi) and of the measured plug (x») in the raw image. It can be seen
that for both positions P1 and P6, I, remains almost constant at different Ax/d over the length of one channel
diameter. Therefore, the images obtained from the micro-LIF can be phase-averaged for plugs that are a channel

diameter in front or at the back of the reference plug in each location. For the final results 30 images were

averaged.
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Fig. 3. (a) Schematic diagram of the plug area (A) and its position in the microchannel. The continuous (black)
lines denote the reference plug and the dashed (blue) lines denote the plug under investigation. (b) Space-averaged
light intensity in the organic phase, I5.g, for plugs located at different positions in the microchannel for Qo= 7.5

pL/min.

A snapshot of the raw LIF image obtained for the organic phase for Qit =7.5 ulL/min and phase ratio 1 with an
initial concentration of europium(IIl) at 6 mg/mL is shown in Fig. 4a. The fluorescent signal of europium(III) in
the organic phase is very strong because of the cation and ligand structures that have strong fluorescing properties
[29]. Therefore, a low laser power of 3 mW was employed for the measurements in the organic phase. The
recorded image was aligned with the reference plug and the intensity was then normalized according to Eq. (1) as
shown in Fig. 4b. The phase-averaged intensity in the plug over 30 images is shown in Fig. 4c. Contrary to the

organic phase, the 6 mg/mL europium(III) in the aqueous phase (nitric acid solution) has a very weak fluorescent



signal. The use of the sensitive camera in combination with high laser power of 100 mW, an important feature of
the configuration, ensured that the emission signal from the europium(IIl) in the aqueous phase can be detected.
Higher initial concentration of europium(IIl) in the aqueous phase would increase the signal intensity. However,
this would also increase the concentration and intensity of europium(IIl) in the organic phase and lead to camera
scale saturation. Fig. 4d shows a raw image of the europium(III) in the aqueous phase surrounded by a very intense
fluorescent signal from the organic phase. Based on the intensity histogram of the raw image, a threshold value
was used to binarize the image and reconstruct the interface as shown in Fig. 4e. Similar to Fig. 4c the intensity

in the slug phase shown in Fig. 4f is phase-averaged over 30 images.

Fig. 4. Raw experimental images of (a) the plug and (d) slug; Normalised experimental images of (b) the plug
and (e) slug; Phase-averaged of 30 normalized images of the (¢) plug and (f) slug; Qi =7.5 pL/min, initial

concentration of europium(III) in aqueous phase is 6 mg/mL.

3.3 Analysis of the light propagation impact on the concentration profile in the aqueous phase

It was found that the fluorescent light emitted from the organic phase is very strong and can affect the intensity of the
light emitted from the aqueous phase. This is demonstrated in the example below. Initially, a solution of the aqueous
phase, at equilibrium with the organic phase, was used. This solution was injected into the microchannel and its
corresponding phase-averaged intensity, (I,q,q), Was obtained as shown in Fig. 5a. It can be seen that the intensity field

is uniform, which is expected for an equilibrated solution.
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Fig. 5. Contour plot of the phase-averaged intensity in (a) equilibrated aqueous phase, (I, eq)- (0) equilibrated aqueous
phase (0.6 mg/ml of europium(Ill) concentration), {I,qs) surrounded by equilibrated organic phase (5.4 mg/ml of
europium(I1T) concentration). (c) Concentration profiles of (I, cq) and (I,qs) along the centreline of the microchannel

for Qut =7.5 pL/min; phase ratio 1.

Subsequently, both phases at equilibrium were injected into the microchannel at Q=7.5 mL/min and phase ratio equal to
1. Because the phases are at equilibrium, no mass transfer of europium(lll) takes place. However, it can be seen from
Fig 5b, that the intensity in the aqueous slug is not uniform anymore. There is a high intensity region close to the
interface, which suggests that the emitted light in this region is affected by the organic phase fluorescence. It
should be noted that x and x, in Fig 5b refer to the size of the slug and the position of the centre of the image,
respectively. To quantify this behaviour, intensity profiles of (I,qeq)and (I,qs) along the centerline of the
microchannel are shown in Fig. 5¢, where X, is the centre of the channel. The profile of (I, .q) remains constant, while
the profile for (I, <) is almost constant in the region|(x — x,)/d| < 0.75, but increases close to the interfaces at the front
and the back of the slug. Compared to (I, ) the intensity is almost two times higher near the centre of the slug and 2-6
times higher near the interfaces. Similar trends were observed for the other flow rates tested, i.e. Q=5 and 10 mL/min.

It was found that the fluorescent light emitted from the organic phase is very strong and can affect the intensity of the
registered light emitted from the aqueous phase. A suitable aqueous phase background needs to be established that takes
into account this effect. To this end, experiments were carried out in plug flow with the organic phase with europium(l1)
and the aqueous phase without any europium(ll). To avoid any mass transfer between the phases, a high concentration
of 3M nitric acid was used in the aqueous phase [30, 31]. Two cases with low (1 mg/mL) and equilibrated (high) (5.4
mg/mL) europium(111) concentration in the organic phase were investigated. Fig. 6a shows the phase-averaged intensity

measurements of (1,4 1) for organic phase with high europium(l1) concentration. Again, there is high light intensity



near the edges of the slug. However, for the low concentration of europium(lll) in the organic phase, the averaged
intensity profile in the aqueous slug (I,4,s,) Shows that the increase in light intensity near the interfaces is not as large
while it occupies a limited region as shown in Fig. 6b. Intensity profile lines along the centreline for both concentrations
in the organic phase are shown in Fig. 6¢, for two different positions in the microchannel, namely, P1 and P6.
Interestingly, there is little difference between the intensity profiles for low and high concentration at P1 and P6, indicating
that there is indeed negligible extraction of europium(I11) from the organic to the aqueous phase along the channel. This
analysis indicates that the fluorescence signal of the aqueous phase is due to the background reflection of the
organic phase rather than the presence of europium(l11) in the slug. The low fluorescence of europium(l1l) in the

aqueous phase is due to the low molar absorptivity and poor quantum yield of europium(lll) [32].
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Fig. 6. Contour plot of the phase-averaged intensity in the 3M nitric acid solution for: (a) {I,q,s1), With high (equilibrated)

(x-x0)/d

concentration (5.4 mg/mL) of europium(l11) in the organic phase; (b) (I,qs2) » With low concentration (1 mg/mL) of
europium(Ill) in the organic phase; (c) Concentration profiles of (I,451) and (I,qs2) along the centerline of the

microchannel at two different positions, P1 and P6 for Qi =7.5 uL/min; phase ratio 1.

To improve the accuracy of the intensity measurements of (I,q¢) it is necessary to remove the influence of the
surrounding organic phase. For the results shown in Fig. 5b, (1,4 s1) Was subtracted from (I, <), because in both cases
the same concentration of europium(lIl) was present in the organic phase. Fig. 7 shows the intensity profiles along the
channel centreline for (I, eq), {lags): {lags1)? @nd the difference between (I,q¢) and (I qs1). In the regions
|(x — x,)/d| > 0.75, the profile of (I, s)-(Iaq,s1), deviates from the true profile of (1,4 ) With errors larger than 20%,
while in the region |(x — x,)/d| < 0.75 close to the centerline of the plug, a good agreement is observed with errors
less than 3%. For the analysis of the aqueous phase, in the following section, the effect of the surrounding light from the

organic phase was taken into consideration according to the following two main steps:

10



1) The space-averaged intensity of the organic phase, (Io.g)" is estimated to obtain the average amount of

europium(IIT) concentration that is present in the plug for each Q.

2) Based on the concentration of europium(IIl) in the organic phase for each of the three different flow rates investigated,
a pixel by pixel interpolation is carried out between (I, s1), and (Ioq,s2) to generate three different background images
in the slug for each total flow rate. These images are then subtracted from the normalised images obtained for the slug. It
should be noted that the high intensity areas near the edges of the slug, up to 5% of the plug size, were also removed and

did not influence the interpretation of the experimental data.
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Fig. 7. Concentration profiles of (I,qeq). {laqs)» {lag,s1) and the difference between (I,qs) and (I,q;) along the

centerline of the microchannel for Qu =7.5 pul/min; phase ratio 1.
4. Mass transfer of europium(III) in the microchannel

For the characterisation of the mass transfer performance in microchannels, two parameters are mainly used, i.e.

the extraction efficiency (%Ees) and the overall volumetric mass transfer coefficient (kpa).
4.1. Extraction efficiency (%o Eer)

As extraction efficiency is defined the ratio of the amount of europium(IIl) transferred from the aqueous to the

organic phase, to the maximum amount transferrable:

Caq,fin_caq,to
PoEett = T, oa Cagro G)
ag,eq—‘“aq,to

where Caqo is the initial concentration of europium(Ill) in the aqueous phase, Caqfin is the concentration of

europium(III) in the aqueous phase at each position (P1-P7), and Caqeq is the concentration of the europium(III)

11



in the aqueous phase at equilibrium with the organic phase at infinite time (t=0). Caqeq Was found from the

equilibrium experiments.

The mass transfer of europium(IIl) during plug formation at the T-junction inlet is demonstrated in Fig. 8 for
different total flow rates and flow rate ratio equal to 1. The aqueous continuous phase (6 mg/mL of europium(l1l)
in nitric acid) was introduced at the same axis as the main channel, while the organic phase (D80/TBP/CMPO)
was introduced perpendicular to the main channel. Once the two fluids come into contact at the T-junction,
europium(I11) is transferred from the aqueous phase to the organic plug. The plug formation time increases as the total flow
rate decreases. As a result, the two phases will be in contact for longer time during plug formation and more europium(I11)
will be transferred at low flow rates compared to the high ones (“same position” column). It can be seen, that the highest
concentration of europium(lll) is close to the interface, whilst the concentration profiles follow the circulation pattern

expected during plug formation [22].
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Fig. 8. Evolution of plug and europium(III) concentration fields in the mixing zone at flow rate ratio equal to 1.

The normalised phase-averaged slug (I,q) and plug (I,,g) intensity fields at 1 mm downstream (P1) of the mixing zone
are shown in Fig. 9 for three different Q. The intensity (or concentration) fields, in both the aqueous and organic phases,

display several distinctive features. The intensity fields for Q.= 5 puL/min in the aqueous slug and in the organic plug are

12



lower and higher, respectively, when compared to the other two flow rates. The concentration fields in the main channel
seem to follow the internal circulation patterns expected in both the slugs and plugs [33]. This is more evident from the
concentration field of (I,.) at Q=10 plL/min. This behaviour was also observed by Bai et al. (2016) [27] who
investigated the mass transfer of Rhodamine 6G from water into an ionic liquid and found that the circulation patterns were
more obvious when the total flow rate increased. A larger concentration of europium(lll) in the plug is observed near the
wall that is opposite to the plug entrance side (bottom part of the images) for the two lowest Q.. At the lower part of the
channel there is an interface which increases the mass transfer between the phases. There is a different distribution of the
concentration of europium(I11) in the organic phase for the highest Quwt. At low Qierthe circulation in the plugs is weak [15]
and slows the distribution of the europium(IlI) in the plug. At the highest Q=10 pL/min a better distribution
of the europium(III) is observed in the plug because of increased recirculation intensity; in addition at the highest
flowrate there is less amount of Eu(Ill) transferred in the plug up to the measurement location P1, which is

distributed faster.

For all Q. investigated, the europium(l11) tended to accumulate in the front end of the slug and the back end of the plug.
A similar behaviour was also observed by Bai et al. [27] who reported that the vortical structures were more obvious near
the front of the slug rather than the rear [34] and promoted mass transfer at the slug front. Good agreement was found
between the amount of europium(III) leaving the aqueous slug and transferring into the organic plug. Since the mass
balance was confirmed with average error less than 3%, for the rest of the cases studied the concentration of
europium(II) was calculated only in the organic phase, where the maximum error associated to the organic

phase is less than 2%.
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Fig. 9. Contour plots of the phase-averaged aqueous phase (slug) intensity, (I,4) and organic phase (plug)

intensity, (Iorg) at P1 for: (a) Q= 5 pL/min; (b) Q= 7.5 pL/min; (¢) Q= 10 pL/min. (Flow rate ratio = 1)
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The percentage of europium(IIl) extracted (%E) at position P1 for different phase ratios is shown in Fig. 10a.
As can be seen, significant mass transfer of about 20-40% (depending on the total flow rate) has already occurred
at this early position in the channel, which agrees with the numerical simulations by Riaud et al. [25] that up to
40% of the mass transfer happens at the beginning of the channel. The extraction percentage (%E) was found to
decrease with increasing total flow rate for all phase ratios. This is attributed to the decrease in contact time with
increasing flow rate, since, as can be seen from Fig. 11 the specific interfacial area (o) does not change with
flow rate for a fixed flow rate ratio. The specific interfacial area available for mass transfer can be calculated by
assuming that the plug has a cylindrical body and two hemispherical caps at the front and back ends. For a fixed
total flow rate, the %E decreased with decreasing the organic to aqueous phase flow rate ratio. This is linked to
the decrease in interfacial area as can be seen in Figure 11. The extraction efficiency (%Eecf) at P1 is shown in
Fig. 10b. The efficiency decreases with an increase in total flow rate similar to %E. However, in contrast to

%E, better extraction efficiency is achieved by decreasing the phase ratio at constant total flow rate.
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Fig. 10. (a) Percentage of europium(III) extracted in the organic phase (%E) and (b) extraction efficiency (%oEer)

at 1 mm from the mixing zone (P1).
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Fig. 11. Specific plug interfacial area (o) at different flow rates and phase ratios.
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To investigate further the effect of the phase ratio for the same residence times on the extraction performance of
the system, the feed of the aqueous solution was kept constant at 5 pL/min, whilst the feed of the organic phase
was decreased. In Fig. 12 the %E and the %E.s are plotted against the residence time. The residence time was

calculated by using the velocity of the plug (u,), which was measured from successive camera images, as T=Lcn/u,.

As can be seen the %E increases significantly at short residence times and then increases more slowly. The mass
transfer is very high at the inlet where the phases first join because the initial concentration differences between
the two phases are large and the mixing at the inlet is intense. Once the plug flow develops, circulation in the
plugs and slugs will help mass transfer. However, once the circulation patterns develop, the mixing depends
mainly on the diffusion across the concentration gradients (such as those shown in Fig. 9) rather than the velocity
of circulation. At later residence times, therefore, further downstream the channel the increase in %E is more slow.
As can be seen, the %E is higher when the phase ratio is increased. However, the %E.s (Fig. 12b) is similar for

both cases, even though the interfacial area is larger at phase ratio 1 (as shown in Fig. 11).
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Fig. 12. (a) Percentage of europium(III) extracted in the organic phase (%E) and (b) extraction efficiency %(Ees)
as a function of residence time at constant aqueous phase flow rate equal to 5 uL/min and flow rate ratios of 1 and

0.5.

In Fig. 13 the %E.s is plotted as a function of the residence time for different total flow rates at phase ratio 1. As
can be seen, at residence times less than 10 s, the %Eecs follows the same trend for all Qo (inset in Fig. 13). At
longer residence times, %E. was slightly increased for increased Q. This change in behaviour suggests that in
the beginning of the channel mass transfer is mainly affected by the residence time. After a certain time the
intensity of the circulations inside the two phases which increases with total flow rate [2] also contributes, even

though slightly to mass transfer. For all cases the extraction efficiency reached about 80% in the first 6 s.
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Fig. 13. Extraction efficiency as a function of residence time for different total flow rates at phase flow rate ratio

equal to 1.

The following equation can be fitted to the experimental data on extraction percentage:

%E = 0.47%+7.65-K-r 4)
ch

where K is the distribution coefficient and r is the organic to aqueous phase flow rate ratio. The above correlation

can describe the experimental data (Fig. 14) with an average deviation of 8% for residence times higher than 1s,

and extraction efficiency lower than 90%.
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Fig. 14. Comparison of experimental and predicted percentage extraction (%E).

4.2. Mass transfer coefficient

The rate of mass transfer of europium(III) from the aqueous to the organic phase is given by:
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dCy
Tq = _kLa (Caq - Caq,eq) (5)

where, Cyq is the concentration of the europium(III) in the aqueous phase (at time t).

Based on the average concentrations measured, the overall mass transfer coefficients for the europium(III)
extraction were evaluated, to enable direct comparison of the mass transfer performance of the microchannel with
other contactors (Table 3). Integrating Eq. 5 over the whole channel length from the initial contact time of the two
phases in the T-junction (t=0) to t=t, the residence time in the reactor, the mass transfer coefficient can be found

from Eq. 5 as follows [35]:

1 C —C
ko = - In(S2aca=Cagto, (©6)
tj Caq,eq—Cagqfin

In general, kro ranged from 0.05 to 3.3 s}, and was one to two orders of magnitude higher than in conventional
contactors such as mixer settlers and pulsed columns and of similar order with centrifugal contactors (Table 3). In
Figs 15a and b the overall mass transfer coefficients are shown at different locations along the channel and
different residence times respectively. Caq,0 Was the initial concentration of europium in the aqueous phase, whilst
Caq,fin Was the concentration of the aqueous phase at each of the different positions (P1 to P7 i.e.1 to 241 mm).
The overall mass transfer coefficients shown in these graphs were averaged from the beginning of the channel

where the fluids join, to each of the different positions (P1-P7).

Table 3. Overall mass transfer coefficient in different two-phase contactors.

Contactor Two-phase system Reference

Quartz microchannel TBP/kerosene-U-HNO3 0.05-3.3 Present
(ID=200 pm) work
Y-junction PTFE Kerosene/acetic acid/water 0.05-0.4 [36]

microchannels (ID=0.5
mm)
Annular pulsed column TBP/kerosene-U-HNO3 0.009-0.012 [37]
T-junction serpentine H,O-acetone-toluene 0.001-0.19 [38]
microchannels
(ID=0.278 and 0.319 mm)
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Mixer-settler NPH-TBP-HNO; 0.5-13.3 (x107) [39]

Centrifugal extractor aqueous NaOH-(butyl acetate, iso-amyl 0.2-2 [40]

acetate, hexyl acetate)

Initially, the mass transfer coefficients decreased with increasing channel length or residence time, while after
about 100 mm or 20 s they remained almost constant. As discussed above significant mass transfer happens at the
inlet. The mass transfer coefficients include both the mass transfer at the inlet as well as in the main channel up
to the point of measurement. As a result, at short lengths (or residence times) the effect of inlet is large; this is the
reason that kra reduces with channel length or residence time. For a longer channel length (about 100 mm or 20),
the effect of the inlet on the overall mass transfer coefficient is reduced and the ki a values remain almost constant
after that. For a certain channel length, kpo slightly increased when the total flow rate increased. When plotted

against the residence time, however, the mass transfer coefficient was almost the same for all the cases studied

(Fig 15b).
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Fig. 15. Overall mass transfer coefficient (a) at different positions along the channel and (b) as a function of

residence time, for phase flow rate ratio equal to 1.
Conclusions

In this paper the extraction of europium(Ill) from an aqueous to an organic phase in a microchannel was
experimentally investigated using a novel micro Laser Induced Fluorescence (micro-LIF) technique. The

technique was able to measure the transfer of europium from the one phase to the other at different positions along
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the channel. The aqueous phase was a nitric acid solution (1 M) while the organic phase was a mixture of
TBP(1.2M)/CMPO(0.2M) in Exxsol D80. A methodology was developed to calculate the europium(III)
concentration profiles in each phase from the intensity of the emitted light. The method was able to take into
account the variation of the plug and slug positions in the images and the effect that the high light intensity of the
organic phase has on the aqueous phase. From the concentration profiles the amount of europium transferred from
one phase to the other was estimated and was found to balance with an average error of less than 3%. The results
showed that there was significant mass transfer in the mixing zone close to the channel inlet with extractions
between 20 and 40% depending on the total flow rate. The specific interfacial area was calculated from the
geometric characteristics of the plug and varied from 10000 to 15000 m?/m?®. High extraction efficiency (~80%)
was achieved at short residence times (within 6 s), whilst the overall volumetric mass transfer coefficients varied

between 0.05 and 3.3 s\

Nomenclature
Cag,t0 Concentration of europium(I1I) in aqueous phase at to [mol L]
Cag,fin Final concentration of europium(IIl) in aqueous phase [mol L]
Cageeq Concentration of europium(I1I) in aqueous phase at equilibrium [mol L]
Caq Concentration of europium(III) in aqueous phase [mol L]
d Channel diameter [mm]
E Extraction percentage [%]
I Intensity [-]
< Overall mass-transfer coefficient [m/s]
kro Overall volumetric mass transfer coefficient [s™']
K Distribution ratio
L Length [m]
Q Volumetric flow rate of fluid [m?/s]
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r organic-to-aqueous phase ratio

u Velocity [m s™']
Greek symbols

a Specific interfacial area [m* m]

n Dynamic viscosity [kg m™ s7]

p Density [kg m™]

T Residence time [s], t=Len/up
Subscripts

aq aqueous

ch channel

eq equilibrium

mix mixture

org organic

p plug

r reactor

ref reference



] slug

tot total
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