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Local analysis of Marangoni effects during and after droplet
formation
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during droplet formation in a quiescent aqueous continuous phase for the two
transition components, acetone and acetonitrile, in toluene. Both transition
components have similar characteristics. However, an approximately eight
times slower mass transfer of a droplet hanging on a capillary in relation to a
rising droplet could be observed. The droplet formation time and the initial
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solute concentration are decisive for the mass transfer behaviour. A lower vol-
umetric flow leads to slower droplet formation and a higher specific mass
transfer area enhancing mass transfer, which is visualized via laser induced
fluorescence (LIF). Additionally, as expected, higher initial solute concentra-
tions promote Marangoni turbulences and thus mass transfer, which is mea-
sured via confocal Raman spectroscopy inside a fixed hanging droplet.
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1 | INTRODUCTION

experimental data from literature show that up to about
55%7 or even up to 80%!”' of the mass transfer is

Liquid-liquid extraction is used in numerous technical
processes, for example, in the pharmaceutical, petro-
chemical, biochemical, or chemical industries. However,
its fundamentals are still not fully understood. The pro-
cess efficiency and product quality are substantially
influenced by the specific interfacial area, which depends
on the local droplet behaviour, such as droplet formation
followed by rise, coalescence, and/or breakage.“’zl For
reliable modelling of extraction processes, droplet inter-
actions and non-idealities, like Marangoni effects, have
to be taken into account. In that respect mass transfer is
influenced by Marangoni convection (interfacial flow)
arising from surface tension gradients at high concentra-
tions, which induce oscillations affecting droplet interac-
tions. This already starts during droplet formation and

already finished during droplet formation. Therefore,
local and temporally highly resolved measurements are
necessary to capture mass transfer induced by Marangoni
convection during droplet formation.®! Marangoni insta-
bilities (strong interfacial flow) are observed' in systems
where interfacial tension is sensitive to solute concentra-
tion gradients. The occurring tangential shear stress cau-
ses random fluid motion on the mobile interfacial
surface, on the condition that the interfacial surface is
not contaminated with surfactants, which could hinder
interfacial motion."> In many cases, interfacial phe-
nomena dominate essential properties, such as mass
transfer rates or droplet rise velocities. It is evident that
interfacial instabilities enhance mass transfer,[7’12] but an
investigation of local mass transfer during droplet
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formation has so far not been accomplished,™® as only
the overall behaviour has been reported.l”!*'8! Nowa-
days, there is also a big focus on the single droplet.!'*-2!]

The mass transfer behaviour is concentration depen-
dent, whereby three different mass transfer regimes may
exist starting from high to low concentration gradients
(1-3).22! The first two are only with high gradients and
eddy diffusion and the last one is dominated by molecu-
lar diffusion.122223

1. In the turbulent regime Marangoni convective mass
transfer induces turbulences near the interface.'>2*!
2. In the eruptive regime at highest gradients, there is no
simple relationship between mass transfer and the
physical properties given in literature.'22%23!
3. In the diffusion regime the high gradients almost van-
ish and molecular diffusion prevails.['#?%%3]
Newman!****! is a standard reference for the calcula-
tion of the non-stationary mass transfer in spherical par-
ticles without internal circulation. The concentration
profile is time and location dependent and described by a
series development:

C* :_%i<_nl) _Sin(n.;.r) .exp(—(n~n)2~Fo)

_ W

The time dependent average concentration in the
droplet can be calculated by integrating Equation (1):

c*:%iéexp(—(nw)zFo) (2)

The approximate solution in Equation (3) with a max-
imum deviation of 0.1% is easier to apply!*>2°~2%! instead
of the series development above.

x Fo
Fo<0.15:¢c =1-6-y/—+3-Fo (3)
T

F0>0.15:¢ = %exp(—n2 -Fo)

with:

4-Dy-t
dZ

Fo=

(4)

An analytical extension of Newman’s equations,
for internal resistance, for droplets or bubbles with
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internal circulation was further developed by several
authors.>?°732! It was assumed that the circulation is
fast compared to diffusion and that the flow field in
the droplet is similar to the laminar one even at a high
circulation velocity. As a result, Equations (1)-(3) can
further be used, if the Fourier number is extended with
an effective diffusion coefficient as:

4-Dy-t
Fo, = T (5)
and:
D=T:Dg (6)

Here, the Fourier number Fo; contains both the tur-
bulent enhancement and the molecular diffusion coeffi-
cient. The turbulent constant, T, has to be identified in
single droplet experiments. Since the inner turbulent vor-
texes have not been yet quantified, T is regarded as an
adjustable parameter to describe experimental data.

2 | MATERIAL AND METHODS

The European Federation of Chemical Engineering (EFCE)
standard test system,”*! tolueneqy-acetoneywater, (d =
dispersed phase, s = solute, ¢ = continuous phase), and the
chemical system, toluenegj-acetonitriley-water, is used
for all experiments. Toluene and acetonitrile (ACN) are
with a purity >99.8% (Fischer Chemical) and acetone is
with a purity of >99.9% (BDH Chemicals). The water for
the experiments was purified through reserve osmosis
(Hydrotec, Hydromos UO 50 W) and additional ion
exchange (Hydrotec, Hydromos VE 17) yielding a conduc-
tivity of <0.5 pS - cm™". Water and toluene were mutually
saturated in order to avoid additional mass transfer.

2.1 | Droplet suction
The test cell (1) was made of glass, PTFE (poly-
tetrafluoroethylene), and stainless steel. It is equipped
with a heating/cooling jacket (see Figure 1) using a
Julabo FP40-HC/6 thermostat at an operating tempera-
ture of 25°C. The droplet size control (3) on a stainless
steel capillary (d; = 1 mm, d, = 1.2 mm) was via two high
precision syringe pumps (9, 10) and the droplet from the
funnel was sucked off (5) with a syringe pump (Cavro
Centris Pump Base CG CM).

Through injecting a defined volume in a cross
section (12) of organic phase (toluene, either with ace-
tone or acetonitrile) being followed by water with
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FIGURE 1

Experimental setup: (1) measurement cell, (2) flushing capillaries, (3) droplet at capillary, (4) droplet funnel, (5, 9, 10) precision

syringe pump, (6) sample tank, (7) membrane pump, (8, 11) storage tank, (12) droplet generation, (13) high-speed camera, and (14) computer

acetone or acetonitrile, the droplet volume size can be
adjusted precisely. There is no mass transfer in the feed
line due to a mutual saturation of the phases in equilib-
rium. After the droplet formation (3), a short pulse of
aqueous phase with the syringe pump (9) detaches the
droplet from the capillary. This procedure is very sensi-
tive to volume and velocity of the pulse so a gentle rise of
the droplet will result. After the droplet rise, it is sucked
off (4, 5); this procedure is repeated until sufficient vol-
ume (6) is available for gas chromatography (Agilent
6890 Series) analytics (three repeated measurements).
For an exact measurement, the two flushing capillaries
(2) destroy the occurring concentration zone over the
total rising height by using a membrane pump (7), so that
the same conditions exist for each measurement.

2.2 | Laser induced fluorescence (LIF)
For the LIF visualization, the tracer rhodamine 6G
(0.2-20 pmol - L") was added to the solute (acetone or
ACN in toluene) in experiments with the mass transfer
direction (d = c). The ultra-low fluorescence dye concen-
tration does not influence physical properties, is well-
soluble in water, acetone, and ACN and less soluble in
toluene, and makes a LIF visualization possible.

Test cell (1) in Figure 2 is made of glass, PTFE (poly-
tetrafluoroethylene), and stainless steel. It is equipped with
a heating/cooling jacket using a Thermo Haake K10/DC30
thermostat to maintain an operating temperature of 25°C.
The droplet size control (2) on a stainless steel capillary
(d; = 0.8 mm, d, = 1 mm) was via a high precision syringe

pump (8) (Hamilton PSD/3 mini). The laser beam (gem
532, Laser Quantum) (6) passes through the ultra-fast
motorized laser beam shutter (standa) (5), which is trig-
gered by the high-speed camera (IDT Os8) and subse-
quently widened to a flat beam by lenses (4) and directed
into the measurement cell (1).

The image series (224 X 256 px) in this work was
taken with 800 fps and therefore the ultra-fast motorized
laser beam shutter (5) opened 800 times per second (pos-
sible up to 1000 opened-opened per second). Therefore,
the laser (6) with a wavelength of 532 nm and 500 mW
(possible range 50-2000 mW) always offers the same
intensity on the droplets per image.

For calibration, a stock solution of the dispersed phase
Cacno = 10 Wt% acetonitrile +0.02 mmol - L™ rhodamine
6G in toluene was prepared. For lower concentrations
(up to 0.1 wt% solute concentration), it was diluted with
toluene. For precise calibration any measured grey values
were then assigned to the tracer concentration at different
laser powers, initial concentrations, droplet sizes, and
exposure times. As a result, there is a linear relationship
between concentration and grey value (see Figure 3).

2.3 | Confocal Raman spectroscopy

A precision syringe pump (PSD/3-Mini module, Hamil-
ton) is used to generate droplets of a well-defined vol-
ume in a newly designed measurement cell, as already
described elsewhere.l**! It is made of stainless steel
with the inner dimensions of 23 X 33 X 33 mm
(H x W x Di) and a capillary height of 2 mm. The
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FIGURE 2 Experimental 1)
setup: (1) measurement cell,
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(2) droplet at capillary, (3) widened
laser beam, (4) optics, (5) laser
beam shutter, (6) laser, (7) storage
tank, (8) precision syringe pump,
(9) high-speed camera, and

(10) computer

@)

(2) (3) (4) (5) (6)

@)

O

droplet is formed on a capillary, which has an inner
diameter of 0.8 mm and an outer diameter of 1 mm.
The measurement of the solute concentration inside
the droplet is performed via a confocal Raman laser
spectroscopy HR800 from Horiba (532 nm laser from
Laser Quantum, type torus 532, software LabSpec6) in
a volume of about 2 to 180 fL.

3 | RESULTS AND DISCUSSION

3.1 | Confocal Raman spectroscopy
(fixed hanging droplet)

The solute concentration is measured in the exact middle
of a hanging droplet (focused by microscopy), with an
initial solute concentration of cacno from 2.5 to 10 wt%,
and a diameter of d = 2 mm (V = 4.2 pL) is depicted as
dimensionless (Equation (7)) in Figure 4. The time-point
0 represents the concentration before droplet formation.
All other concentrations are measured values.

*

c = (7)

c
Co

The highest starting concentration (cacno = 10 Wt%)
leads to the fastest mass transfer (T = 4). At lower con-
centrations the faster regimes (1 or 2) do not exist for the
same amount of time as with higher concentrations, and,

therefore, the mass transfer is slower and diffusion domi-
nates. The initial mass transfer rate (gradient of the curve
at t = 0) is, therefore, also much smaller at 2.5 wt%. The
modified Newman!****! approach (see Equation (6))
described the experimental findings well.

However, if the concentration (c, = 10 wt%) and the
droplet size (d = 2 mm) are kept constant and only the
volumetric flow rate is changed (see Figures 5, 9, and 10),
a significantly faster concentration decline is measured
after the first seconds (see Figure 5) at low volumetric
flow rates, compared to high ones. On the one hand, this
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FIGURE 3 Grey value determination at constant laser power
for three constant exposure times for different Rhodamine 6G
concentrations
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FIGURE 4 ACN concentration profiles: V = 4.2 pL,
d =2 mm, V = 50 uL - s7* for different starting concentrations,
Cacno = 2.5, 5, 10 wt%
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FIGURE 5 ACN concentration profiles in the middle of a
droplet: V=42 pL, d = 2 mm, Cacn,o 10 wt% for different
volumetric flows, V = 50 pL and 0.4 pL-s™*

is expected because the droplet has a better volume to
surface ratio for a longer time with a lower volumetric
flow and thus the mass transfer can take place more
quickly!®>**! (see Figure 10). Thus, the mixing inside the
droplet is more influenced by Marangoni convection and
less by the volumetric flow rate.

On the other hand, the concentration profile inside
the droplet during the first seconds is higher and more
homogeneous mixed at a faster volumetric flow because
the volumetric flow dominates the mixing inside the
droplet (see Figures 9 and 5 (first seconds)). This results
in a constant high concentration gradient, which leads to
Marangoni convection immediately after and not during
droplet formation, causing the droplet to wobble at the
capillary. Thus, the solute around the droplet’s circumfer-
ence is better transported away and enhances mass

o
o
<HH

dimensionless concentration c” ()
o
i
i
T

o
g i
g
0.2 T+
0.0 —
0 25 50 75 100

height h (mm)

FIGURE 6 Acetone and ACN concentration profiles:
V =4.2ypL,d=2mm, cacn,o = 10 wt% for different volumetric
flows, V= 2.8 and 14 pL-s™*

transfer. However, approximately 20 seconds after drop-
let formation, both volumetric flows (see Figure 5) reveal
a similar mass transfer behaviour when already 80% of
the possible mass transfer is completed.

3.2 | Droplet suction (fixed hanging and
moving droplet)

The overall concentration of the droplets can be deter-
mined by suctioning off the droplets at different rising
heights respectively residence times. The difference
between acetone and ACN were measured for two forma-
tion rates of a 2 mm droplet at different measurement
heights with a starting concentration of ¢, = 10 wt% (see
Figure 6).

It could be confirmed, that with a faster droplet for-
mation, less mass transfer has taken place than with a
slower formation rate for both solutes. These results are
not unexpected, because the droplet has more time to
release the solute when the droplet is formed more
slowly'®3*! (see Figures 5 and 6). It is noteworthy that
at a rising height of 0 mm in the time during droplet
formation, approximately 40% of the mass transfer is
already completed for both solutions and volumetric
flows. However, at a rising height of 50 mm, approxi-
mately 65% and at a rising height of 100 mm approxi-
mately 73% of the mass transfer has already taken
place. Thus, the droplet formation has a major influ-
ence on the mass transfer.

However, the comparison between ACN and acetone
shows that ACN exhibits a slightly faster mass transfer.
The marginal difference can be explained by a slightly
larger ACN mixing gap as the EFCE test system under
otherwise comparable physical properties.3>3¢-37]
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FIGURE 7 ACN concentration profiles: cacn, o = 10 wt%,
V = 14 L -s™* for different droplet sizes

At constant volumetric flow V = 14 pL-s™" and con-
centration cacno = 10 wt% with varied droplet size (see
Figure 7), the mass transfer is faster with a higher surface
to droplet volume ratio at 0 mm rising height. Under the
same conditions as in Figure 7, the Raman measurement
inside the droplet clearly shows a similar influence of the
volume to surface ratio after droplet formation (see
Figure 8). The decline of concentration of the larger
(d = 3mm) droplet is slower compared to the smaller
(d = 2mm) droplet. However, integral GC concentrations
derived by droplet suction at 0 seconds and compared for
a contact time after 10 seconds with a rising height of
0 mm correspond nicely with local Raman measurements
(hanging droplet). In both cases a decline of about 65% of
the initial concentration is measured for the smaller
(d = 2mm) droplet and about 50% for the larger
(d = 3mm) droplet. However, the solute transport is sig-
nificantly influenced by the continuous phase hydrody-
namics, as a fixed droplet has an approximately 8 times
slower mass transfer compared to 100 mm rising droplet
based on the contact time (see Figures 6 and 8). Here, the
rising droplet has a contact time of approximately.
1.2 seconds compared to the hanging droplet, which has
a contact time of 10 seconds. The droplet formation was
identical in both cases.

3.3 | Laser induced fluorescence (droplet
formation)

A sequence of droplet formation observed by the LIF sys-
tem is shown in Figures 9 and 10 with the same starting
concentration of cacno = 10 wt%, but at two different
volumetric flow rates (2.5 and 10 pL - s™*). At a high vol-
umetric flow rate in Figure 9, there are no internal turbu-
lent vortexes during droplet formation and the liquid is
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FIGURE 8 ACN concentration profiles: d = 2 and 3 mm,
Cacno = 10 Wt%, V = 14 uL - s~* (open symbols: Raman
spectroscopy, full symbols: droplet suction)

quite evenly distributed. The white colour corresponds to
high concentrations and the uprising feed flow causes
slight swirls on the left and right side of the forming
droplet (see Figure 9; 0.25 seconds), because of the small
lower starting concentration on the top of the droplet
(see Figure 9; 0.00 seconds). Thus, the volumetric flow
rate of the feed dominates the mass transfer behaviour,
which is rather low and looks similar to a pure diffu-
sional regime, but is still convective inside the droplet.
This corresponds to the Raman measured profiles (fixed
hanging droplet) in Figure 5 after droplet formation and
the droplet suction (rising droplet) in Figure 6.

At the reduced volumetric flow rate in Figure 10, the
behaviour of the droplet formation changes decisively.
Now the Marangoni mass transfer turbulences (grey
zones, not white ones in Figure 10; 0.25 seconds) domi-
nate over the impact of feed flow rate. A precise time
comparison between the different volumetric flows shows
that the mass transfer is already further advanced due to
the much higher surface to volume ratio (higher specific
mass transfer area) achieved at the lower volumetric
flow. In the next 0.3 seconds, inner vortexes start on the
left and right of the droplet at 0.35 seconds, quickly lead-
ing to a lower concentration. Additionally, these inner
turbulent vortexes lead to a mixture of the concentration
inside the droplet (0.45 and 0.55 seconds) and correspond
to the first measurement points after droplet formation
(see Figures 5 and 6).

4 | CONCLUSIONS AND OUTLOOK

The influence of the Marangoni effect on mass transfer at
single droplets during and after droplet formation was
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FIGURE 9 Droplet formation in different time steps of a toluene droplet (10 wt% acetone and 0.02 mmol - L™ rhodamine 6G) with a
-1

formation rate of 10 uL - s
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-
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FIGURE 10 Droplet formation in different time steps of a toluene droplet (10 wt% acetone and 0.02 mmol - L™ rhodamine 6G) with a

formation rate of 2.5 pL - s™*

studied with three independent methods: Raman measure-
ment (fixed hanging droplet), droplet suction (hanging and
rising droplet), and LIF (droplet formation). Confocal
Raman spectroscopy allows high resolution measurements
at distinct locations inside the droplet. In addition to this,
the overall concentration of several droplets is determined
by gas chromatography after droplet suction and collection.
In general, a rapid decrease of the solute concentration dur-
ing droplet formation and the first seconds after formation
could be determined. In both cases (droplet suction and
Raman microscopy), more than half of the mass transfer
was completed after 10 seconds for a 2 mm hanging droplet.
This is consistent with the results from literature, which
report between 19% and 80% of the mass transfer occurs
during droplet formation. However, at a rising height of
100 mm, almost the same decrease in concentration could
be measured in relation to a 10 second hanging droplet.
Thus, there is a big difference between a quiescent and a

moving surrounding continuous phase around the droplet,
which could explain the great differences in literature.

Nevertheless, the influence of the starting concentration
inside the droplet was measured via Raman spectroscopy. It
was determined that, at higher starting concentrations, the
absolute mass transfer is faster and these differences could
also be described with the modified Newman model. Fur-
thermore, it is evident that the droplet size has an influence
on the mass transfer, as a droplet at a low formation rate
exhibits a larger surface to volume ratio, as well as the lon-
ger contact time, yielding a faster mass transfer.

The mass transfer enhancement by Marangoni convec-
tion during droplet formation could be visualized by LIF
measurements for two different volumetric flows. It was
recognized that the Marangoni turbulences inside the drop-
let are more strongly pronounced during droplet formation
at a lower volumetric flow rate. This is due to the stronger
concentration gradients, which are caused by the larger
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surface to volume ratio. However, at higher volumetric flow
rates, there is less mixing between different concentrations,
which reduces the formation of strong concentration gradi-
ents. Thus, the mixing inside the droplet dominates at low
volumetric flow rates by Marangoni convection and at
higher volumetric flow rates more and more by the volu-
metric flow. The fact that the mass transfer is faster at lower
formation rates could also be verified via Raman measure-
ments on a hanging droplet after formation.
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NOMENCLATURE

¢ concentration (kg - kg™
droplet diameter (m)

diffusion coefficient (m? - s™)
depth of the measuring cell (m)
Fourier number

grey value

height of the measuring cell (m)
count number

distance in radial direction (m)
droplet radius (m)

time (s)

turbulent enhancement factor
volume (m?)

flow rate (m? - s7%)

width of the measuring cell (m)
mass fraction of the solute (kg - kg™")

%€<'<H”WHBEQE§J§UD‘

Greek letters
p density (kg - m™)
¢ interfacial tension (kg - s7")

Subscripts

* dimensionless
0 initial

ACN acetonitrile

c continuous

d disperse

S solute

t turbulent
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