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The applicability of laser-induced dye fluorescence (LIF) and rainbow schlieren deflectometry (RSD) for qualitative, non-

invasive real-time visualization of spatial concentration distributions in two standard reference systems is presented. The

combination of LIF and RSD enables measurements inside and outside of droplets and is able to overcome limitations of

both measurement techniques. Experimental results in the presence of interfacial phenomena are compared and the

connection between inner and outer effects is shown during droplet production at a capillary.
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1 Introduction

In many industrial processes, e.g., in chemical engineering,
temperature and concentration gradients significantly affect
the mass- and heat transfer rates. However, the fundamen-
tals are still not fully understood. In that respect, the under-
standing of mass transfer near the interface of liquid-liquid
systems with interfacial instabilities, such as Marangoni
convection [1], is very important for the efficiency of
liquid-liquid contactors. The Marangoni effect leads to a
strong coupling between concentration and velocity field,
and therefore, significantly influences the mass transfer rate.
The smallest unit in liquid-liquid systems constitutes the
single droplet. During a droplet life three stages can be
identified: (I) droplet formation with droplet detachment
and acceleration, (II) droplet sedimentation, and (III) drop-
let coalescence [2]. Each of these stages has an effect on
droplet mass transfer and should be analyzed separately
[3, 4]. Complex physical phenomena on the single droplet
scale include deformation of the interface, Marangoni
effects and oscillations resulting in nonlinear mass transfer
[5]. In many cases, interfacial phenomena dominate large-
scale properties such as mass transfer rates or hold-up. To
analyze complex processes at the interface in a detailed way,

it is necessary to simplify the system by implementing a sta-
tionary environment around a single droplet. This enables
accurate determination of the mass transfer behavior at a
given surface area. Concentration and interfacial tension as
well as shear distribution along the interface causing
Marangoni instabilities can thus be analyzed [5–9]. How-
ever, the mass transfer behavior is concentration dependent,
whereby three different mass transfer regimes may exist
starting from high to low concentration gradients [10]. The
first two occur in case of high gradients and eddy diffusion
and the third one is dominated by molecular diffusion [11].
To achieve a detailed analysis, optical measurement tech-
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niques in general have the advantage
of being less invasive, flexible, and
offering high spatial and/or temporal
resolutions [12] compared to con-
ventional mass transfer measure-
ments where samples have to be col-
lected.

As every measuring technique has
its respective shortcomings (see, e.g.,
Hohl et al. [9] for an overview re-
garding experimental applications in
multiphase systems), the combina-
tion of LIF and RSD may overcome
the limitations of both experimental
techniques and therefore improve the experimental insight
into disperse liquid-liquid systems on a single drop basis.
LIF is theoretically capable of measuring dye concentrations
inside and outside of a droplet simultaneously, the parti-
tioning of the dye limits the simultaneous accessibility of
the internal and external concentration field as shown
exemplarily in Fig. 1 for the mass transfer of acetone from a
toluene drop into stagnant water as continuous phase. As
can be seen, the visualization of the external concentration
field (Fig. 1b) by application of Rhodamin 6G is not suitable
due to an overlighting effect of the inside of the drop: The
hydrophobic nature of the dye necessitates larger laser
power for the visualization in the surrounding water, which
in turn leads to the overexposure inside the drop. To cir-
cumvent this problem RSD is used for visualization of the
concentration distribution outside of the droplet (as shown
exemplarily in [9, 23]), while LIF measurements are used
inside the droplet [5, 6].

The measuring principle of RSD is based on deflection of
collimated light rays due to presence of density inhomo-
geneities. By application of color scale filters density gra-
dients are color coded and therefore made visible [13].
Since RSD is based on deflection of collimated light rays a
measurement inside of the droplet is not possible due to the
curvature of the surface of the drop, which leads to a strong
displacement in the filter plane and therefore no color-
coded information can be measured inside of the drop as
shown in Fig. 1c. Taking a close look
at the Schlieren image, light passing
through the center of the drop can be
detected as a result of only small
deviations from perpendicular orien-
tation between the collimated light
rays and the surface area in the cen-
ter region.

In case of symmetric conditions a
quantitative evaluation is possible
[14]. Since the concentration field is
strongly inhomogeneous, instation-
ary and most-likely asymmetric in
the presence of interfacial effects,
RSD is used for qualitative visualiza-

tion purposes. Nevertheless, the comparison with LIF gives
a deeper insight into the occurring mass transfer phenom-
ena and is able to explain the mass transfer behavior mea-
sured by conventional suction experiments.

Schlieren imaging was used for visualization of different
phenomena in the past, see, e.g. Settles [15] for an extensive
overview of past applications and Settles and Hargather
[16] for a review of recent developments due to technical
advances in digital photography and illumination tech-
nology. While qualitative optical investigations in liquid-
liquid systems are summarized in Sawistowski [17], more
recent results for the visualization of the Marangoni effect
via Schlieren Deflectometry can be found elsewhere
[18–20].

Tab. 1 summarizes the main characteristic of both mea-
suring techniques. It is worthy to note that the spatiotempo-
ral resolution for both techniques depends on the applied
camera and lens system in combination with the intensity
of the light source [9]. The given values are the ones real-
ized during the experiments shown in this publication but
may be improved to yield even higher resolutions. The mea-
surement of concentration inside or outside a pendant drop
is also possible by other measuring methods, such as Raman
spectroscopy [5, 21]. Though the advantage of a direct mea-
surement of the transfer component is given there, usually
neither the temporal resolution nor the full-field nature are
comparable to LIF or RSD [9].
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Figure 1. Visualization of mass transfer of acetone in toluene/water by LIF: intensity (laser
power) tuned for measurement a) inside and b) outside of the drop, c) RSD measurement
for the same system.

Table 1. Comparison of characteristics of both measurement techniques.

Trait LIF RSD

Measuring domain 2D cut/sheet 2D/3D integral/volume

Temporal resolution [fps] > 800 40–120

Distinction between several
components

no no

Invasivity quasi non-invasive non-invasive

Direct measurement no no

Visualized property dye concentration field attached
to solute

concentration gradient
field of solute

Research Article 181
Chemie
Ingenieur
Technik

 15222640, 2021, 1-2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202000135 by R

heinland-Pfälzische T
echnische U

niversität K
aiserslautern-L

andau, W
iley O

nline L
ibrary on [11/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2 Materials and Methods

Experiments are performed in two experimental setups
located at the Chair of Separation Science and Technology
at TU Kaiserslautern (TUK) and at the Chair of Chemical
and Process Engineering at TU Berlin (TUB). LIF measure-
ments were conducted at TUK, RSD measurements at TUB
and suction experiments at both institutes.

2.1 Laser-induced Fluorescence at TUK

The test cell (1) shown in Fig. 2 [5] was made of glass,
PTFE, and stainless steel, and is equipped with a heating/
cooling jacket using a Thermo Haake K10/DC30 thermostat
at an operating temperature of 25 �C. The droplet size
control (2) on a stainless steel capillary (di = 0.8 mm,
do = 1 mm) is done via 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 triggerd by the high-
speed camera (IDT Os8) and subsequently widened to a flat
beam by lenses (4) and directed into the measurement cell
(1). The image series (224 ·256 px) in this work were taken
with 800 fps, meaning that the ultra-fast motorized laser
beam shutter opened 800 times per second (up to 1000
openings are possible). Therefore, the laser with a wave-
length of 532 nm and 1000 mW (possible are 50 mW up to
2000 mW) always has the same intensity for each image

taken. The calibration for the rhodamine 6G is described in
[5]. Interfacial tension measurements have shown no effect
for the very low dye concentrations applied here.

2.2 Rainbow Schlieren Deflectometry at TU Berlin

The experimental setup used at TU Berlin for application of
rainbow schlieren deflectometry is shown in Fig. 3. The
setup is a slightly modified version of the one introduced in
Schulz et al. [22] where in combination with Schulz et al.
[23] its application for qualitative mass transfer measure-
ments and quantitative heat transfer measurements has
been shown successfully. The setup is based on an optical
aluminum rail (type X95) as main axis where the optical
components are aligned on. An optical cage system is used
for precise alignment of the optical components. For posi-
tioning of the mass transfer test cell described in Sect. 2.3
the optical cage system is opened between the collimating
and the collecting lens. In contrast to [22] the laser-driven
broadband light source (LDLS) Energetiq EQ-99XFC is
used for illumination and fiber-coupled (d = 230mm,
NA = 0.22, L =1 m) to a 30 mm wide slit aperture, which is
fixed at the center of the optical cage and defines the main
optical axis. An iris diaphragm is used to control the
diameter of the light beam emitted through the apparatus
to reduce optical aberration.

Light emitted through the source aperture acts as
point light source and is positioned in the focal point of

an achromatic lens (focal length
f1 = 250 mm, diameter dL = 50.8 mm) for
collimation. A second achromatic lens is
used for refocusing the collimated light
rays and its focal length is chosen ac-
cording to the desired magnification and
measurement sensitivity. The mass trans-
fer test cell introduced in Sect. 2.3 is posi-
tioned between the collimating and the
collecting lens. For RSD measurements a
color scale filter is positioned in the focal
plane of the collecting lens via a yz-trans-
lation mount for rectangular optics.
Inspired by Greenberg et al. [14] one-
dimensional color scale filters with
linear change of hue value in one direc-
tion and constant hue values in the
other direction are applied (see [22] for
details and calibration of the system). A
colored 4 MP CMOS-highspeed camera
(Vieworks VC-4MC-C180EO-CM) is
used in conjunction with a 12x Zoom
lens (LaVision) for magnification. From
the resulting images the hue value of
each pixel can be extracted. By compari-
son with the respective values in the
undisturbed reference image and by

www.cit-journal.com ª 2020 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2021, 93, No. 1–2, 180–190

Figure 2. Experimental setup for LIF measurements [6]: (1) measurement cell, (2) drop-
let 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, (10) computer.
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application of the calibration curve differences in hue values
between the experimental and reference image can be corre-
lated to the displacement on the filter in y or z direction. In
case of symmetric distributions, quantitative evaluation of
the projected refractive index gradient field would be possi-
ble. For asymmetric concentration fields the evaluation is of
qualitative nature or multiple viewing angles would be
needed [14].

2.3 Mass Transfer Test Cells for Optical and Suction
Measurements

The test cells used for the optical measurement of mass
transfer at both institutes are well established and have been
introduced in Heine and Bart [5] and Villwock et al. [24]
respectively. Comparability is ensured by control of the
main parameters influencing the mass transfer during drop-
let production, e. g., disperse to continuous phase ratio,
capillary diameter and material and sufficient cleaning pro-
cedures.

The suction experiments at TUK are performed in a sepa-
rate measuring test cell specifically designed for the suction
experiments [5], while the mass transfer samples at
TU Berlin are collected in the test cell introduced in Wege-
ner et al. [25] for mass transfer measurements during drop-
let production. Comparability is still ensured since both
experimental setups are well established in their field of
application and have been shown to yield accurate and
reproducible results [5, 25].

2.4 Materials

Two different reference systems were investigated: System 1
is the standard test system for high interfacial tension pro-
posed by the European Federation of Chemical Engineering
(EFCE) in Misek et al. [26] toluene(d)/acetone(s)/water(c).
The second reference system chosen consists of 1-octa-
nol(d)/water(c) with butyldiglycol as model transfer com-
ponent.

All measurements were per-
formed with the mass transfer
direction dispersed to continuous
phase. In case of acetone in tolu-
ene rhodamine 6G was added to
the solute while sulforhodamine
G was used for the visualization
in butyldiglycol/1-octanol. Since
the system is highly sensitive to
impurities, only chemicals of
high purity have been used, see
Tab. 2 for details. Relevant physi-
cal properties of all components
are also shown in Tab. 2. Water
was purified via reverse osmosis

and additional ion exchanger yielding a conductivity of less
than 0.5 mS cm–1 and total organic carbon below 3 ppm. The
binary systems of disperse and continuous phase were
mutually saturated to avoid additional mass transfer.

3 Results and Discussion

The droplet formation as well as the pendant drop in the
aforementioned reference systems has been investigated by
LIF and RSD measurements. Identical parameters were
used for comparability to investigate the influence of forma-
tion rate, initial solute concentration and droplet size on
mass transfer. Each figure is comprised of RSD results to
the left and LIF results on the right side and shows exem-
plarily a sequence of different time steps representing the
contact time between the disperse and the continuous
phase. The time for drop production depends on the volu-
metric flow rate in conjunction with the final drop diame-
ter. After dispensing the desired volume, the drop stays
attached to the capillary, which represents the phase called
‘‘pendant drop’’. Tab. 3 summarizes the parameters held
constant or varied between the chosen sequences for com-
parison.

The grey values in the LIF measurements have a linear
relationship with the concentration as described in [5] for
rhodamine 6G. For the measurements, the initial concen-
tration was set to pure white at the beginning. Thus, at
high concentration and low volumetric flow rate the drop
appears very dark right after formation, because the
mass transfer during droplet formation already leads to a
much lower concentration compared to the initial concen-
tration.

3.1 Experimental Results for Toluene/Acetone/
Water

A sequence of droplet formation with a final diameter of
2.5 mm is shown in Fig. 4 with a volume flow of 5 mL s–1

and an initial concentration of 2.5 wt %.

Chem. Ing. Tech. 2021, 93, No. 1–2, 180–190 ª 2020 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 3. Experimental setup applying RSD (slightly modified from [22]) with mass transfer and
coalescence test cell from [24].
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During droplet formation in the system toluene/acetone/
water it can be seen that the solute distribution is inhomo-
geneous. Fig. 4 shows a higher concentration of solute flow-
ing along the right side of the droplet during the initial
stages of drop production (0.35 to 1.23 s), which also leads
to higher mass transfer and therefore higher concentration
gradients on the right side outside of the drop as visualized
by schlieren imaging. Taking a closer look at the top right of
the drop small deviations of solute concentration can be
observed, which lead to movement of the interface (LIF)
and disturbance of the outer concentration boundary layer
by Marangoni flows shown by RSD (see, e.g., region indi-
cated at 1.23 s). Thus, a causal relationship of time and
place dependence between the concentrations inside the
droplet and the schlieren or concentration gradients respec-
tively outside the droplet can be shown. During further
formation the high concentration is distributed more uni-
formly in the droplet by the volumetric flow rate, whereby
the mass transfer takes place more evenly around the drop-

let. Due to the initial concentration difference, there are
always compensating currents, the Marangoni convection.

However, if the volumetric flow rate is increased, as
shown in Fig. 5, a more homogenous concentration in the
droplet can be observed during droplet formation. As soon
as the droplet formation is finished, Marangoni convection
occurs as a result of the concentration differences seen in
the first row of Fig. 5 for a contact time of 0.8 s, which is
alternated by diffusive time periods, as can be seen at 5.78 s.
However, when concentration gradients develop again,
Marangoni convection occurs again disturbing the concen-
tration boundary layer by inducing interfacial turbulence
which can be observed after more than 10 s of contact time
shown in the last row of Fig. 5. Overall, the mass transfer
decreases over time, which also reduces Marangoni convec-
tion. The eruptions can also be triggered by mass transfer
through the opening of the capillary.

In general, interfacial instability (turbulent, eruptive)
[10, 11] is prominent at solute mass fractions of 1 wt % and

www.cit-journal.com ª 2020 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2021, 93, No. 1–2, 180–190

Table 2. Physical properties of applied systems at 25 �C: data for toluene/acetone/water from [26] with interpolation concerning the
temperature dependence if needed, diffusion coefficients for butyldiglycol calculated via [27]).

Component Density Viscosity Partition coefficient Diffusivity in (c) Diffusivity in (d) Purity/Producer

r [kg m3] m [mPa s] K [–] Dsc [m2s–1] Dsd [m2s–1]

Water (c) 997.2 0.8903 k < 0.5 mS cm–1

TOC < 3 ppm

System 1

Toluene (d) 862.3 0,552 > 99.8 %
(Fischer Chemical)

Acetone (s) 784.4 0.304 0.93 1.13 ·10–9 2.7 ·10–9 > 99.9 %
(BDH� Chemicals)

System 2

1-Octanol (d) 821.6 7.288 [28] > 99 % (Honeywell)

Butyldiglycol (s) 948.2 5.232 [29] 3.66 5.96 ·10–10 1.86 ·10–10 > 99 %
(Sigma Aldrich)

Table 3. Chosen parameter sets included in this publication (system 1: toluene/acetone/water, system 2: 1-octanol/butyldiglycol/water).

System Fig. no. Initial solute conc. Final diameter Volumetric flow rate Time for drop formation Focus on

[wt %] [mm] [mL s–1] [s]

1 4 2.5 2.5 5 1.64 reference

1 5 2.5 2.5 10 0.82 flow rate

1 6 10 2.5 5 1.64 initial conc.

1 7 10 2.5 10 0.82 flow rate

1 8 5 3.5 10 2.25 final diameter

1 9 5 1.5 5 0.35 final diameter

2 10 8 2.3 8.33 0.77 test system

184 Research Article
Chemie
Ingenieur
Technik

 15222640, 2021, 1-2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202000135 by R

heinland-Pfälzische T
echnische U

niversität K
aiserslautern-L

andau, W
iley O

nline L
ibrary on [11/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



higher in the system observed here [6]. By increasing the
acetone mass fraction to 10 % (Fig. 6), the convective flow is
much more pronounced. The characteristic lateral displace-
ment of the drop attached to the capillary by momentum
transfer connected to intense mass transfer [6, 25] can be
observed. The flow of high acetone concentration is directed
to the right at the capillary, causing the phase boundary to
move significantly. Since the mass transfer intensification
by interfacial tension gradients is much more pronounced,
the drop has a significantly lower concentration during and
after formation, which was also observed in [3, 4, 30, 31]
stating extraction rates up to 60 or even up to 80 % [32] in
case of drop formation in the presence of interfacial insta-
bilities.

Higher volumetric flow rates may change this behavior.
In Fig. 7 the increased volume flow dominates the mixing in
the droplet, thus the concentration in the droplet is distrib-
uted and the typical vortexes are formed, which also occur
in case of rising droplets in a stagnant fluid [33]. Neverthe-
less, Marangoni convection is clearly visible by RSD, as well

as the stronger mass transfer on the right side due to con-
vection. After the formation is finished at approximately
0.8 s, the mass transfer on both sides is equally intensified
by instabilities and the onset of convection shifts to the
upper hemisphere of the drop, disturbed occasionally by
eruptive flows alternating between the right and the left side
of the drop (see Fig. 7 at 2.1 s and following (right side)).

In Figs. 8 and 9 the influence of the final diameter after
drop production is compared. Fig. 8 shows the experimental
results for the drop production of a drop with a final diame-
ter of 3.5 mm and an initial solute concentration of 5 wt %.
The inner vortexes induced by the volumetric flow rate and
the curvature of the drop interface can be identified. A flow
of high concentration is oriented vertically in the center of
the drop. By following the curvature of the drop the flow is
redirected, thus creating the inner circulation. As a result,
the phase boundary moves downwards too, which can also
be seen by the downward movement of the schlieren
(0.23–2.28 s). Due to the size of the droplet, the inner vor-
texes stay longer intact after formation (2.7 s), which still
affects the development of the outer concentration field as
visualized by the schlieren measurements around the drop-
let. When the vortexes further decrease in intensity, the
same behavior as described above can be observed. With in-
creased contact time the mass transfer gets less intense and,
as described above, convective and diffusive phases (16.35 s)
alternate until the mass transfer finally stays diffusive at the
end.

However, with a final diameter of 1.5 mm, as shown in
Fig. 9, the time and volume to induce vortexes inside the
droplet by the volumetric flow rate is much shorter com-
pared to Fig. 8. The first row of Fig. 8 with timestamp 0.23 s
is identical to Fig. 9, but the formation in case of the 1.5 mm

Chem. Ing. Tech. 2021, 93, No. 1–2, 180–190 ª 2020 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 4. Sequence of droplet formation with a final diameter
of 2.5 mm, volumetric flow rate _V ¼ 5 mL s�1 and initial solute
concentration of 2.5 wt % in the system toluene/acetone/water,
left: RSD images(RSD images were converted to grey-scale for
publication purposes. The raw images comprise hue values be-
tween 0 and 0.9 in the HSI color scheme.), right: LIF images with
0.005 mmol L–1 of rhodamine 6G.

Figure 5. Sequence of droplet formation with a final diameter
of 2.5 mm, volumetric flow rate _V ¼ 10 mL s�1 and initial solute
concentration of 2.5 wt % in the system toluene/acetone/water,
left: RSD images, right: LIF images with 0.005 mmol L–1 of rhoda-
mine 6G.
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drop in Fig. 9 is finished at 0.35 s. As can be seen, the
vortexes start to get disturbed earlier by the mixing effect of
the Marangoni currents for smaller droplets, see the first
row of Fig. 9, showing a contact time of 0.4 s. The transition
component is distributed differently inside the drop, with
the concentration on the left side being significantly lower
than on the right side, which is a result of the higher
concentration differences on the left side in the beginning
leading to a stronger convective flow pattern induced by
Marangoni forces shown on the left side of the drop by
RSD.

3.2 Experimental Results for 1-Octanol/
Butyldiglycol/Water

If the substance system is now changed to 1-octanol(d)/
butyldiglycol(s)/water(c), a clearly different behavior can be

observed. The mass transfer is slower compared to the
system toluene(d)/acetone(s)/water(c). Marangoni convec-
tion can still be observed, but it is less pronounced and the
movement of the drop and the outer concentration bound-
ary layer is less intense and shows a lower frequency. Fur-
thermore, in Fig. 10 it can be seen that the convection flow
spreads differently in contrast to the previously observed
behavior of the system toluene/acetone/water.

The mass transfer starts at the top of the droplet and
spreads downwards, thus creating a flow around the droplet
which transports the transition component downwards by
free convection. Subsequently, the transition component
stays in the vicinity of the drop and the Schlieren sediment
in direction of the capillary. This behavior can be explained
by the change of density of the mixture between the transi-
tion component and water as continuous phase (Fig. 11).
Due to negative excess volume, the density of the mixture
increases above the value of pure water for butyldiglycol
mass fractions between 0 and approximately 30 wt %, which
explains the slow sedimentation in direction of the gravita-
tional force. With increasing solute concentration the den-
sity reaches a maximum of close to 1000 kg m–3. The small
deviation in densities leads to much slower movement of
the schlieren observed in the continuous phase. At approxi-
mately 30 wt % the density decreases below the reference
value of pure water.

However, Marangoni convection is also decisive for the
increased mass transfer in this system compared to the the-
oretical value for a fluid particle without interfacial instabil-
ity. This can be seen by the internal mixing visualized in the
droplet via LIF measurement and also by the transient,
irregular movement of the concentration boundary layer
around the droplet shown by RSD.

As mentioned above, mass transfer in the system 1-octa-
nol/butyldiglycol/water is much slower compared to the
system toluene/acetone/water. By visual observation,
Marangoni convection could be verified in both systems,
though differing in intensity. By means of droplet suction,
the qualitative observation can be supported by quantitative
data: The droplet was formed and directly sucked off or
either attached to the capillary for a certain contact
time and then sucked off to be analyzed by gas chromatog-
raphy. Fig. 12 shows the difference in extraction efficiency
(E = 1 –-w ·wS0

–1) for varying contact times for both sys-
tems indicating higher mass transfer rates for the system
toluene/acetone/water. For one thing, this can be explained
by the difference in diffusion coefficients (see Tab. 2) and
investigated diameters (see Tab. 3) favoring faster mass
transfer in that system.

By comparing the results with reference to the Fourier
numbers (Fo = 4DtR–2), the influence of diffusion coeffi-
cient and diameter can be seen in Fig. 13. Though the ex-
traction efficiency in the system 1-octanol/butyldiglycol/
water (~) for the highest contact time or lowest Fourier
number respectively and the value for toluene/acetone/
water with 5 wt % initial solute concentration (^) for the

www.cit-journal.com ª 2020 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2021, 93, No. 1–2, 180–190

Figure 6. Sequence of droplet formation with a final diameter
of 2.5 mm, volumetric flow rate _V ¼ 5 mL s�1 and initial solute
concentration of 10 wt % in the system toluene/acetone/water,
left: RSD images, right: LIF images with 0.02 mmol L–1 of rhoda-
mine 6G (sharp ridges on the left hand side result from the lens
effect of the drop interface)
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lowest Fourier number fit together. However, the mass
transfer rate is directly connected to the slope of the data
points, which is distinctively higher for the toluene/water
system and therefore supports the claim of lower mass
transfer rates for the 1-octanol/water system. However, this
finding is also in combination with the partitioning behav-
ior and the varying initial solute concentrations not suffi-
cient to explain the differences in mass transfer rates.
Therefore, since both systems show convective flows
(Marangoni convection) due to interfacial tension gradients
with differing intensity and flow patterns, the different
Marangoni intensity has to be taken into consideration.
Based on the suction experiments, mass transfer of the
system toluene/acetone/water is 3–5 times faster in relation
to the system 1-octanol/butyldiglycol/water in terms of
weight percent in the experiments shown here.

4 Conclusions

The influence of the Marangoni effect on mass transfer at
single droplets during and after droplet formation was
studied with two independent methods: laser-induced
fluorescence (LIF) measurements and Rainbow Schlieren

Deflectometry (RSD), to visualize local concentration distri-
butions inside and around the droplet. For determination of
the overall concentration of several droplets, the droplets
were additionally sucked off and the concentration deter-
mined via gas chromatography. In general, a rapid decrease
of the solute concentration during droplet formation and
the first seconds after formation could be determined. How-
ever, the mass transfer is about 3–5 times faster in the
system toluene/acetone/water compared to the system
1-octanol/butyldiglycol/water due to a different Marangoni
intensity. The mass transfer enhancement by Marangoni
convection during droplet formation could by visualized by
LIF and RSD measurements for both systems. By combina-
tion of both measuring techniques it could be shown how
the turbulent mixing by Marangoni convection inside the
droplet is connected to the flow patterns around the drop-
let. The interfacial instability is strongly pronounced during
droplet formation at lower volumetric flow rates. This can
be explained by higher concentration gradients, which are
caused by the larger surface to volume ratio and less inlet
flow with the initial solute concentration, which leads to a
faster depletion of the concentration and less homogeniza-
tion inside the drop. However, at higher volumetric flow
rates the inlet flow is dominating the concentration distri-

Chem. Ing. Tech. 2021, 93, No. 1–2, 180–190 ª 2020 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 7. Sequence of droplet formation with a final diameter of 2.5 mm, volumetric flow rate _V ¼ 10 mL s�1 and
initial solute concentration of 10 wt % in the system toluene/acetone/water, left: RSD images, right: LIF images with
0.02 mmol L–1 of rhodamine 6G.
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bution, which reduces the formation of strong concentra-
tion gradients as can be seen by LIF and Schlieren measure-
ments in- and outside of the drop. Thus, it can be estab-
lished that at low volumetric flow rates, the Marangoni
convection dominates the mixing inside the droplet and by
increasing the volumetric flow rate, the mixing is more
dominated by the volumetric flow rate. Furthermore, by
comparing the two systems, it could be shown that concen-
tration profiles inside the droplet and thus also around the
droplet may differ significantly which is connected to differ-
ent intensities of the Marangoni effect which is responsible
for a different increase in mass transfer rates.
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Symbols used

d [m] diameter
D [m s–1] diffusivity
E [–] extraction efficiency
Fo [–] Fourier number
R [m] radius
t [s] time
w [kg kg–1] mass fraction
_V [m3s–1] flow rate

Greek symbols

m [Pa s] dynamic viscosity
r [kg m–3] density
k [S m–1] electrical conductivity
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Figure 8. Sequence of droplet formation with a final diameter
of 3.5 mm, volumetric flow rate _V ¼ 10 mL s�1 and initial solute
concentration of 5 wt % in the system toluene/acetone/water,
left: RSD images, right: LIF images with 0.01 mmol L–1 of rhoda-
mine 6G.

Figure 9. Sequence of droplet formation with a final diameter
of 1.5 mm, volumetric flow rate _V ¼ 5 mL s�1 and initial solute
concentration of 5 wt % in the system toluene/acetone/water,
left: RSD images, right: LIF images with 0.01 mmol L–1 of rhoda-
mine 6G.
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Sub- and superscipts

c continuous phase
d disperse phase
p particle
s solute
0 initial value

Abbreviations

EFCE European Federation of Chemical Engineering
fps frame per second
HSI hue, saturation, intensity color scheme
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Figure 10. Sequence of droplet
formation with a final diameter of
2.3 mm, volumetric flow rate
_V ¼ 8:33 mL s�1 and initial solute
concentration of 8 wt % in the sys-
tem 1-octanol/butyldiglycol/water,
left: RSD images, right: LIF images
with 0.05 mmol L–1 of sulforhoda-
mine G.

Figure 11. Density of mixtures of 1-octanol with varying butyl-
diglycol mass fraction at 25 �C.

Figure 12. Experimental results for suction experiments for
toluene/acetone/water (dp = 2 mm, wS0,d = 5, 10 wt %,
_V ¼ 10 mL s�1) and 1-octanol/butyldigylcol/water (dp = 2.3 mm,
wS0,d = 8 wt % _V ¼ 8:33 mL s�1) for varying contact times.

Figure 13. Experimental results for suction experiments for
toluene/acetone/water (dp = 2 mm, wS0,d = 5, 10 wt %,
_V ¼ 10 mL s�1) and 1-octanol/butyldigylcol/water (dp = 2.3 mm,
wS0,d = 8 wt %, _V ¼ 8:33 mL s�1) for varying Fourier numbers.
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LDLS laser-driven light source
LIF laser-induced fluorescence
RSD rainbow schlieren deflectometry
TOC total organic carbon
TUB Technische Universität Berlin
TUK Technische Universität Kaiserslautern

References

[1] C. Marangoni, Ann. Phys. 1871, 219 (7), 337. DOI: https://
doi.org/10.1002/andp.18712190702

[2] F. Gebauer, J. Villwock, M. Kraume, H.-J. Bart, Chem. Eng. Res.
Des. 2016, 115, 282.

[3] W. Licht, J. Conway, Ind. Eng. Chem. 1950, 42 (6), 1151.
[4] W. Licht, W. Pansing, Ind. Eng. Chem. 1953, 45 (9), 1885.
[5] J. S. Heine, H.-J. Bart, Can. J. Chem. Eng. 2020, 98, 1164.
[6] J. S. Heine, H.-J. Bart, Chem. Eng. Technol. 2019, 42, 1388.
[7] A. Javadi, D. Bastani, M. Taeibi-Rahni, AIChE J. 2006, 52, 895.
[8] A. Javadi, M. Karbaschi, D. Bastani, J. K. Ferri, V. I. Kovalchuk,

N. M. Kovalchuk, K. Javadi, R. Miller, Colloids Surf. A 2014, 441,
846.

[9] L. Hohl, R. P. Panckow, J. M. Schulz, N. Jurtz, L. Böhm, M.
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