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Recent studies showed the superior separation performance of stirred-pulsed columns of different diameters in liquid-

liquid extraction processes. Here, an efficient shortcut method will be presented, which is time and resource-efficient as

well as cost-effective to determine the operational window of these columns for industrial separation tasks. Savings in time

of less experiments and costs of materials consumption can be estimated with up to 30 %. The presented method is partic-

ularly suitable before the application of new chemical systems, which are particularly cost-intensive and scarce in material

supply.
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1 Introduction

Liquid-liquid extraction is an essential thermal separation
technique with many applications in petrochemistry or bio-
chemical and pharmaceutical industry. Three major catego-
ries of extraction apparatus are mixer-settlers, rotary extrac-
tors, or columns. The latter make use of the density
difference between the extract and raffinate phases so that
they can be operated in countercurrent operation. Further
subdivisions are made with regard to the mechanical energy
input with stirring or pulsation. A detailed overview of dif-
ferent column types can be found in the literature [1-3]
and should not be presented here.

The stirred-pulsed liquid-liquid extraction columns with
internal diameters of DN15, DN32, and DN50 have already
been characterized with the standard material system butyl-
acetate/acetone/water [4-6], which is recommended by the
European Federation of Chemical Engineering (EFCE) [7].
With these results, investigating industrial chemical systems
is the next step. Particularly the hydrodynamic behavior of
very complex substance systems with several impurities, as
they often occur in industry, are difficult to predict,
although many thermodynamic models [8, 9] or models us-
ing neural networks [10-12] have already been developed.

In this contribution, a practical shortcut method is pre-
sented for the application of industrial chemical systems in
stirred-pulsed extraction columns to achieve reasonable
results in short time with low effort. For this purpose, the
industrial system containing salts, impurities, and expensive
products are replaced by model component systems in a
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first step. By using the model systems, the flooding and
hydrodynamic behavior is investigated in a DN15 stirred-
pulsed measurement cell and a DN15 stirred-pulsed extrac-
tion column. These investigations help finding the optimal
operation window for complex industrial chemical systems
in a resource-efficient manner. These savings will also be
demonstrated.

2 Theoretical Background

The performance of an extraction column is mainly defined
by volumetric throughput and separation efficiency. The
flooding point defines the maximum throughput and thus,
the upper limit for the operation window, at which extrac-
tion columns cannot be operated properly anymore. At this
point, the counter-current flow breaks down and an intense
coalescence takes place, which is called phase inversion. The
loading B indicates the throughput of extraction columns
and is defined as the total ingoing volume flow rate related
to the cross-sectional area of the active extraction part
(Eq. (1)). The flooding loading Bg,.q refers to the operating
state where flooding occurs [3].
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As a rule of thumb, the column should be operated at
80 % of the flooding loading to maximize the separation
performance at high throughput [3]. This operating point is
denoted with Bgg. The prediction of flooding points is diffi-
cult due to the large number of influencing parameters such
as concentration, temperature, impurities, stirrer speed and
pulsation. Thus, correlations from literature are often not
transferable to other chemical systems and column geome-
tries [13, 14].

The drop size is a crucial factor of two-phase flow within
the column. In practice, there is a size distribution of differ-
ent drop sizes in a dispersion, which can be represented by
the Sauter mean diameter ds,. The Sauter mean diameter is
defined as the diameter of drops, which has the same sur-
face-to-volume ratio (Si(Vior ') as the whole droplet size
distribution (Eq. (2)).

dy =~ )

The mean diameter is an indicator for separation perfor-
mance and flooding limit and can be determined in glass-
wall columns. In order to increase the extraction perfor-
mance, narrow droplet size distributions are favorable
[13,15]. Very small droplets can lead to low column load-
ing, although in general, small droplets increase the mass
transfer rate [6]. In the literature, for example, a Sauter
diameter of 1.5-2.5mm in extraction columns is recom-
mended as a proper droplet size [3].

3 Materials and Methods

3.1 Experimental Setup of Extraction Equipment

The DN15 measurement cell representing the stirred-pulsed
extraction column consists of an active extraction part
made of glass with cooling jacket for precise temperature
control. The length of the active part is 136 mm for six stir-
rers separated by perforated plates [4]. The plates divide the
active extraction part in six compartments with a height of
20 mm each. Thus, the active volume of the measurement
cell is 19 mL. The pulsation unit is directly flange-mounted
to the bottom part of the measurement cell.

In contrast to the DN15 measurement cell, the DN15
extraction column additionally has a head and a bottom for
phase separation. The structure of the internals is the same
as for the measurement cell. Due to the higher length of the
active extraction part of 220 mm, the number of compart-
ments is increased to ten. The extraction column setup has
been described in detail in previous works of Soboll et al.
[5,6]. A detailed comparison of both extraction devices is
given in Tab. 1 with main geometrical dimensions. The sys-
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Table 1. Comparison of DN15 measurement cell and DN15 col-
umn.

Property DN15 DN15 column
measurement
cell

Number of stirrer compartments 6 10

(-]

Length of active extraction part 136 220

[mm]

Volume of active extraction part 19 32

[mL]

Total volume [mL] 27 233

tem periphery of both apparatuses is described and illustrat-
ed (Fig. 1) in the following.

Micro annular gear pumps (MZR-7255, HNP Mikrosys-
teme, Germany) are used to feed the liquid streams of
organic solvent and aqueous mixture into the measurement
cell. The rotational speed of these pumps is controlled via
Coriolis flow meters (Mini Cori-Flow, Bronkhorst, Nether-
lands). A syringe pump (SyrDos 2, HiTec Zang, Germany)
is used to adjust the outlet flow rate of the heavy phase. The
light, organic phase leaves the measurement cell via over-
flow at the head of the column. Mass flow rates of ingoing
aqueous and organic phase are equal. A thermostat (Mini-
chiller, Huber, Germany) provides cooling water for the
jacket of the measurement cell and the heat exchangers to
preheat the ingoing liquids.

Pulsation of the liquid within the measurement cell is in-
duced through periodic, reciprocating motion of a stainless
piston driven by a double acting pneumatic cylinder. The
piston-cylinder system is connected by a tube to the bottom
of the measurement cell. The stroke length (peak-to-peak
amplitude) of the pulsation movement is 6 mm inside the
active extraction part. The time periods for upward and
downward stroke are equal without any stop times, result-
ing in a motion profile that corresponds to a triangle wave.

Sieve plates serve as stators and divide the active extraction
part into compartments. There are 12 holes in the sieve plates,
each with a diameter of 2 mm. The compartment height is
20 mm. There is one six-blade stirrer with 5mm height in
each compartment, while all stirrers are mounted on a central
shaft. All column internals are made of stainless steel.

The setup of the DN15 column is almost similar to that
of the measurement cell. The peripheral equipment differs
at some points. The jacket of the column is heated using a
thermofluid (DW-Therm M90.200.02, Huber, Germany)
and a thermostat (Ministat 240, Huber, Germany). The
ingoing liquids are preheated using an oil bath, which is
connected to the thermostat, and fed into the column using
gear pumps (BVP-Z, Ismatec, Germany). The mass flow
rates of these pumps are calibrated before each experiment.
The outlet of the aqueous phase is controlled with an over-
flow construction.
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Figure 1. a) Extraction DN15 measurement-cell and its assembly. b) Extraction DN15 column and its assembly.

3.2 Chemicals

The shortcut method is tested with two industrial systems
A and B, which are provided by the industrial partner
Merck KGaA. Both systems consist of carrier liquid, prod-
uct, solute and impurities. Carrier liquid of system A and B
is n-heptane and toluene, respectively. The solutes are cata-
lysts, which were added during the reaction step to form the
products. The industrial systems are always the dispersed,
light phase while the solvent is the continuous, heavy phase.
A mixture of methanol (>99.9 %, Merck KGaA, Germany)
and water (deionized, electrical conductivity < 5 - 10*Sm™)
is used as solvent for system A, water and a complexing agent
(>99.0%, Merck KGaA, Germany) for system B. Corre-
spondingly, model system A is n-heptane (>99 %, Merck
KGaA, Germany)/methanol-water mixture (50 wt % each).
Model system B is toluene (>99.0%, Merck KGaA,
Germany)/water.

3.3 Determination of Flooding Point

The flooding point is determined for different stirrer speeds
(500, 700, 800, and 900 rpm) and different pulsation fre-
quencies (0.5, 1.0, and 1.5 Hz). The lowest flooding loading
is expected for the highest stirrer speed and lowest pulsation
frequency, see [4]. Thus, the flooding point determination
starts with this combination of operating parameters (here
900 rpm and 0.5 Hz). At first, the column is started by fill-
ing with the heavy aqueous phase. The total mass flow rate
of both components (feed and solvent) is increased succes-

sively by 2gmin™' from starting flow rate of an already
investigated system (here 10 gmin™' for each phase) and the
two-phase flow is observed for 15min. This procedure is
continued until flooding behavior is detected.

The next flooding point is determined at the next lower
stirrer speed and constant pulsation frequency. Therefore,
the total mass flow rate of the previous determination is
slightly reduced by 4gmin" in total. Here again, the total
mass flow rate is successively increased until flooding
behavior is detected. This procedure is repeated for different
stirrer speeds at a constant pulsation frequency until the
next higher pulsation frequency is set. Pulsation amplitude
is always 6 mm. The first flooding point of this measuring
sequence is determined at the highest stirred speed. The
starting point is the total mass flow rate of the flooding
point with same stirred speed and next lower pulsation fre-
quency reduced by 2 gmin™" in total. A schematic overview
of the method is given in Fig. 2a.

3.4 Shortcut Method to Determine Flooding Points
for Industrial Liquid-liquid Systems

The identification of the operation window of industrial
systems in extraction columns is time and cost consuming
[16,17]. The following method is an approach to reduce
consumption of chemicals by minimizing the number of
potential flooding points during the identification of the
operation window. Therefore, flooding points of the indus-
trial systems are estimated based on hydrodynamic studies
of a reduced form of the industrial system, the so-called
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Figure 2. a) Schematic representation of the conventional method. b) Schematic represen-

tation of the shortcut method.

model system. The model system consists only of the carrier
liquid of the industrial feed stream and the solvent.

In a first step, the dependency of the flooding loading on
stirrer speed and pulsation frequency of the model system is
investigated (as described in Sect.3.2). Subsequently, the
flooding points of the industrial system are determined
analogously.

3.5 Determination of Drop Size

Drop sizes are determined by taking digital images of the
dispersion taken with a digital camera (iPhone 6S, Apple
Inc., USA) at Bgg to exclude flooding during the experi-
ments and ensure stable two-phase flow. An acrylic glass
box is placed around the active extraction part and filled
with deionized water to reduce optical distortions caused by
the cylindrical shape of the column [18]. In the back of the
acrylic glass box, a LED panel (StarCluster 3270, Kaiser
Fototechnik, Germany) is placed for illumination. The
droplet sizes are determined by measuring drop diameters
manually using the software Image]®. For a sufficient statis-
tic, at least 300 droplets are counted per operating point.
Sauter mean diameter is calcu-

Flooding loadings of model and

industrial system A in DN15 mea-
surement cell are shown as function of stirrer speed at fixed
pulsation frequencies in Fig. 3a.

In general, flooding loadings decrease with higher stirrer
speed and increase with higher pulsation frequency, thus,
indicating typical trends for stirred extraction columns [19].
Lower flooding loadings of the industrial system are due to
the influence of various components, which reduce the den-
sity difference between solvent and disperse phase. This
results in a lower buoyancy force of the droplets, hence, the
droplets accumulate and the column floods at lower load-
ings. Furthermore, flooding of the systems was investigated
for different stirrer speeds and pulsation frequencies in the
DN15 column (Fig. 3b).

Flooding curves show the same trend, in which higher
frequencies and lower stirrer speeds lead to higher flooding
loadings. In addition, the stirrer speed dependence increases
with increasing pulsation frequency for both systems. It can
also be seen that the flooding loadings of the industrial
system are lower than those of the model system. Here, the
flooding loading differences between the model system and
the industrial system are significantly higher than those in
the measurement cell. Flooding loadings of the column are
above those of the measurement cell at the respective

lated with Eq.(2) and serves as
o a) b)
indicator for mass transfer, sepa- 40 rET 40 Yy T Jﬂ Jl
. . P of=1 Z dh =1 z
rat101.1 efficiency and limit for a5 daf=10Hz | 35 4Af=10Hz § |
flooding. = |of=05Hz i = ©f=0.5Hz
~ 30 {mmodel . & 30 qEmodel 1
£ m industrial i IS W industrial
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Development S S
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In the following, a comparison of I
the flooding loadings in the dif- 10 10
ferent apparatuses (measurement 400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
. . n [min'] n [min-']
cell and column) is carried out.

In particular, the difference of the
flooding loadings between the
model system and the industrial
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Figure 3. a) Flooding loading of model and industrial system A in DN15 measurement cell as
function of stirrer speed for different pulsation frequencies. b) Flooding loadings of system A in
DN15 column as function of stirrer speed for different pulsation frequencies.
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pulsation frequency. This may be caused by differences in
apparatus configuration between both setups. Firstly, the
inlet zone of the disperse phase occupies a smaller propor-
tion in the column due to the comparatively greater length
of the extraction part. Thus, constant flow profile and stable
droplet size are obtained earlier than in the measurement
cell. Secondly, the liquid hold-up in the column is higher
due to the longer extraction section, which results in higher
loadings.

4.1.2 System B

Fig. 4 shows the flooding tests for model and industrial sys-
tem B in the DN15 column as a function of stirrer speed for
different pulsation frequencies.

40
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m industrial

w
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Figure 4. Flooding loadings of system B in DN15 column as
function of stirrer speed for different pulsation frequencies.

With model and industrial system A, the course of the
flooding loadings with increasing stirrer speed is due to
decreasing droplet sizes and their higher tendency to
coalesce. In particular for the pulsation frequencies
f=0.5Hz and f = 1.0 Hz, the dependence of the flooding
loading on the stirrer speed is stronger for the model system
than for the industrial system. In general, flooding loadings
of system B are smaller than those of system A, which is
due to larger droplets of system B.

Fig. 2b. The difference between the flooding loadings of the
model and industrial system is evaluated for different stirrer
speeds and pulsation frequencies (Fig. 5).

The almost constant course of the differences, related to
the stirrer speed, shows that the flooding behavior of the
industrial system can be estimated with sufficient accuracy
as soon as flooding curves of the model systems have been
determined and a single additional measurement of the
flooding point was made for the industrial system. Due to
the linear course of the differences, it is possible to predict
the flooding loading of the industrial system for a specific
pulsation frequency over the investigated area.

The comparison of the conventional and shortcut method
is carried out by means of the number of investigated flood-
ing points and the resulting chemical use in both methods.
Cost accounting is performed based on the mass flow rates,
which were fed during the experiments and the correspond-
ing costs for chemicals. Each operating point, and thus
potential flooding point is run for 15 min to ensure steady
state of the column. The total costs for the model system
Cwodel depend on the time until steady state is reached ¢ [s],
mass flow rate of the solvent riig [kgs™'] and the carrier lig-
uid e [kgs™'], and their corresponding cost Ps [€kg™']
and P [€ kg’l], cf. Eq.(3). Total costs for the industrial
system are calculated analogously except that the value of
the product Pp [€kg™'], which the mass flow of the feed
g [kgs™'] contains, is considered. Therefore, the weight
fraction of the carrier liquid wc [kgkg™'] and the product
wp [kg kg'l] are taken into account (Eq. (4)).
Chodet = t(ritsPs + rircPc)

©)

CIndustrial = t(mSPS + mF(WCPC + WPPP)) (4)

Subsequently, the economic efficiency of the shortcut
method using flooding loading difference as parameter is
investigated. Due to sensitivity of the data regarding the
costs for chemicals, a percentage of the cost comparison of

This favors the accumulation of
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evaluated. Finally, the application of n[min”] n[min-]

AB is verified as a shortcut parameter
for the estimation of flooding points
based on model systems. A schematic
overview of the method is given in
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Figure 5. a) Flooding loading difference between model and industrial system A in DN15
column and DN15 measurement cell as function of stirrer speed for different pulsation fre-
quencies. b) Flooding loading difference between model and industrial system B in DN15
column as function of stirrer speed for different pulsation frequencies.
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both methods is given. The costs for determining all flooding
points of the industrial system in the DN15 measurement cell
are approximately 30 % higher than using the shortcut meth-
od for estimation and verification. In the DN15 column, the
costs are approximately 19 % higher. For specific flooding
points the cost saving ranges between 3 and 28 %, depending
on pulsation frequency. The proportion of cost incurred in
determining the flooding points of the model system in the
shortcut method is approximately 3 % of the total cost in the
DN15 measurement cell and 4 % in the DN15 column, re-
spectively. The cost savings are the result of less operating
points that have to be investigated as potential flooding
points. The number of potential flooding points is reduced
by 12 in the DN15 measurement cell and 7 in the DN15 col-
umn, respectively. This leads to lower consumption of oper-
ating resources and consequently lower costs. Product mate-
rial saving ranges between 5 and 34 %, depending on the
pulsation frequency. Furthermore, the reduction of potential
flooding points also leads to time savings. Thus, especially
the experimental data of the DN15 measurement cell provide
a fast and comparatively inexpensive basis for estimating
flooding points of industrial systems. Calculation of econom-
ic efficiency for industrial system B is only possible through a
comparison with industrial system A due to the unknown
composition. The value of the product in industrial system B
is approximately 8 times higher than that of industrial system
A. Therefore, it can be assumed that the application of the
shortcut method has higher economic efficiency than the
conventional method for system B as well.

4.3 Droplet Size in Measurement Cell and
Extraction Column

Fig. 6 shows the dependency of the Sauter mean diameter of
model and industrial system A on the stirrer speeds for
fixed pulsation frequencies in DN15 measurement cell and
column.

2.0
1 A model (MC): f=05Hz
A ¢ model (MC): f=10Hz
1.6 @ model (MC): F=15Hz
e » model (column):  f=05Hz
£12 s © model (column):  f =1.0 Hz
ﬁ‘x o model (column):  f=15Hz
0.8 4 industrial (column): f = 0.5 Hz
+ industrial (column): f = 1.0 Hz
04 ? m industrial (column): f = 1.5 Hz

400 500 600 700 800 900 1000
n [min]

Figure 6. Sauter mean diameter of model and industrial system
A in DN15 measurement cell and column at different pulsation
frequencies depending on stirrer speed at Bgo.

Sauter mean diameter decreases linearly with increasing

stirrer speed due to increasing shear stress acting on the
droplets. The disperse phase is contacted more frequently
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per unit of time with the stirrer blades at higher stirrer
speeds, which results in a greater dispersion of the droplets.
The curves lie for different frequencies on top of each other
and exhibit almost identical slopes. This indicates a lower
influence of the pulsation frequency on the droplet size than
the stirrer speed. Droplet sizes of the industrial system are
slightly larger at higher stirrer speeds than those of the
model system. In addition, droplet sizes of the model sys-
tem in the DN15 measurement cell and DN15 column are
approximately the same due to the unchanged stirrer and
plate geometry. Droplet size is also influenced by physical
properties of the chemical system. The assumed decrease of
the interfacial of the industrial system, compared to the
model system, theoretically leads to smaller droplet sizes.
This behavior is not observed here. Hence, the decrease of
the density difference, which leads to larger droplets, influ-
ences the droplet size of the industrial system stronger than
the decrease of the interfacial tension. Optical measurement
of droplet size can lead to estimation of separation perfor-
mance. Droplets smaller than 0.5 to 1 mm have a low flood-
ing velocity and are prone to form emulsions leading to
flooding of the column [3, 20, 21].

5 Conclusion

An efficient shortcut method was presented to determine
the flooding behavior of a new, unknown industrial liquid-
liquid extraction system for a stirred-pulsed extraction col-
umn or measurement cell in a cost-effective and resource-
efficient manner. For this purpose, the flooding points of
two industrial systems were each examined with an associ-
ated simplified model system, and their flooding loading
differences were determined. Since the difference in flood-
ing loadings between the model and the industrial system
remains constant at different stirrer speeds and specific pul-
sation frequency, material savings of up to 34% can be
achieved using this method. Furthermore, the droplet size
in an extraction column was compared with the droplet size
in a measurement cell (without head and bottom) and it
was found that this measured variable can already be well
mapped in the measurement cell. Droplet size can serve as
indicator for separation efficiency. This hypothesis will be
tested in future investigations.
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I Symbols used

A [m?] area

B [m’m~=h™] loading

C [€ kg'l] total cost

ds, [m] Sauter mean diameter

f [Hz] pulsation frequency

m kg s mass flow rate

P € kg'l] cost of individual chemicals
t [s] time

1% [m*h™!] volume flow rate

w [kgkg™'] weight fraction

I Greek letters

A [-] difference

I Sub- and superscripts

80 80 percent

active active extraction part
C carrier liquid

conti continuous phase

dis disperse phase

F feed

flood flooding
industrial industrial system

model model system
P product

S solvent

tot total

I Abbreviations

DN diamétre nominal
MC measurement cell
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