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1  | INTRODUC TION

Nowadays, aromas are an essential part of many daily used prod-
ucts ranging from flavoured foods and feeds through cosmetics and 
household applications towards pharmaceuticals.1 Especially, the 
rising consumer's call for all-natural formulations and the rapid im-
provement in genetic tools and synthesis pathways has made the 
biotechnological aroma production in the past decades an alternative 

source of natural compounds alongside plant or animal feedstock.2-5 
Mild reaction conditions, higher regio- and enantioselectivity, hardly 
any toxic by-products and natural labelling of the product are some 
of the advantages over chemical production promising the biotech-
nological aromas a great future.4,6,7 Unfortunately, the partitioning 
of aromas between different phases and sometimes severe losses of 
volatile product through the off-gas still challenges the downstream 
processing from fermentation broth.
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Abstract
An increasing consumers’ call for natural aromas fuels the development of biotech-
nological aroma production. Although aroma fermentation is quite advantageous, 
especially severe product losses of volatile compounds through the bioreactor off-
gas may challenge the downstream processing. The application of novel process 
intensification methods to overcome the common drawbacks of conventional appa-
ratuses might be helpful on a way to commercial competitiveness of biotechnological 
aromas. This study explored the suitability of rotating packed bed (RPB), a rotating 
mass transfer enhancing machine, for the absorption of model aroma compounds 
in rapeseed oil. Increasing the rotation speed from 500 to 2750 rpm led to two- to 
threefold higher absorption efficiencies at elsewise constant conditions. Aiming for 
an enriched aromatic intermediate, 2.5 L of rapeseed oil was processed in a recycle 
for 200 minutes, and a final concentration of benzaldehyde of 0.323 ± 0.026 g/Loil 
was achieved. Compared to packed columns, the RPB outperforms at equal packing 
depth or requires less packing area to deliver same efficiency. Especially, the use of 
custom 3D-printed spiral packing with elaborated wall film flow combined with rota-
tion supported liquid distribution allows using absorbents with viscosities as high as 
100 mPa·s at low pressure drop increase. However, small dimensions severely limit 
the performance of a laboratory-scale RPB as the casing contributes disproportion-
ally to mass transfer.
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Among several techniques applicable for the recovery of bio-
technological aromas, the absorption in a rotating packed bed 
presents a novel approach to overcome the common drawbacks of 
conventional apparatuses, such as mass transfer limitations, narrow 
operational windows and bulky machinery.8 The rotating packed 
bed came from the area of process intensification in a high gravity 
field and was first patented in 1981 by Ramshaw and Mallinson.9 
Since then many investigations on different types and designs of 
RPB have been performed, showing the positive effect of the rota-
tion on the mass transfer and process performance for applications 
like distillation, adsorption, stripping, absorption, mixing and even 
reaction compared to conventional apparatuses summarized in dif-
ferent comprehensive reviews.10-12 The central element of any RPB 
is an annular packing inside a circular motor-driven rotor within a 
static casing similar to vertically arranged basket centrifuge. Under 
the counter-current flow, the less dense fluid, usually gas, is fed on 
the outer edge of the RPB casing and flows towards the inner eye, 
where the more dense fluid, usually liquid, is fed through a liquid 
distributor and flows under the centrifugal acceleration to the outer 
edge of the packing. The mechanical seal of the motor shaft and the 
gas seal of the rotor are required to prevent the gas bypass flows. 
The more elaborated liquid distribution and the generation of thin 
films and smaller droplets are the primary reasons for increased 
mass transfer coefficients and mass transfer areas. The rotation 
leads to wider flooding limits13 and allows achieving the same sep-
aration task in a much compacter design reducing the equipment 
volume by 1 to 3 orders of magnitude.14-16 As a result, a majority 
of the research focuses on the replacement of large absorption col-
umns for CO2 capture or post-combustion gas cleaning with RPBs. 
Despite all the advantages, persisting scepticism towards rotating 
equipment and still less systematic often case-by-case design is the 
reason for only a few applications outside China10,11 reported with 
no examples of RPB use for the recovery of fine chemicals like aro-
mas found.

As the majority of the RPB research found deals with large-scale 
chemical processes, the purpose of this study was to extend the 
RPB application field towards small-scale processes like fermen-
tative aroma production. The assessment of the usually reported 
RPB advantages of enhanced mass transfer, process flexibility, and 
space saving also for biotechnological processes could help to pro-
mote a broader industrial RPB employment. A further aim of this 
study was to investigate the suitability of the RPB application for the 
absorption of aromas in high viscous liquids like rapeseed oil. As a 
hydrophobic liquid, rapeseed oil is an excellent absorbent with high 
affinity and high capacity for hydrophobic aromas. Its naturalness 
and sustainability are additional benefits for green labelling. Besides, 
the use of plant oils in aroma absorption could lead to an enriched 
aromatic oily intermediate ready to use in final formulations, for 
example, in cosmetics or feeds. However, the high viscosity makes 
the utilization of oils in conventional packed or bubble columns chal-
lenging as it influences both the hydrodynamics and the mass trans-
fer negatively.17,18 Here, the increase of mass transfer by rotation 
and the use of customized packing in the RPB may be particularly 

beneficial for intensification of aroma recovery in viscous liquids at 
moderate pressure drop. Previously, this positive effect has been 
shown for CO2 absorption in aqueous monoethanolamine (MEA) or 
methyl diethanolamine (MDEA) solutions with low to medium vis-
cosity in a range of η = 1.2-15 mPa·s.19-25 Chiang et al reported the 
useful impact of the RPB on the absorption of hydrophobic VOCs 
like xylene and toluene in silicon oil,26 unfortunately, without any 
specifications on the viscosity range or the silicon oil used. So far, 
no reports of RPB operation with plant oils of typical viscosity range 
around η = 51-82 mPa·s at 20°C27 have been presented.

In order to investigate the effect of rotation on absorption effi-
ciency and to demonstrate RPB’s flexibility dealing with differently 
volatile products, model compounds benzaldehyde (Hpc = 2.7 ± 0.3 
Pa·m3·mol−128), hexanal (Hpc = 25.5 ± 5.2 Pa·m3·mol−128) and iso-
pentyl acetate (Hpc = 41.5 ± 5.3 Pa·m3·mol−128) were absorbed in 
rapeseed oil (η = 63 mPa·s measured at 20°C) at two different rota-
tion speeds. At the same time, this compound screening might also 
show the limits of rotation enhanced mass transfer for thermody-
namically unpreferred systems. Afterwards, taking benzaldehyde as 
a compound for which the largest effects of the rotation enhanced 
mass transfer is expected due to the lowest volatility, the absorption 
with oil recycle was performed. The general trends and conclusions 
of the absorption with oil recycle, however, would be the same for 
all the aromas using equal machinery, packing, experimental set-up, 
and process parameters like rotation speed, but only the absolute 
absorption values caused by different volatility would differ. Aiming 
to enrich the absorbent with aroma, 2.5 L of rapeseed oil was also 
processed in recycle, and the achievable aroma concentration in 
the oil phase was compared with the one achievable in a packed 
column. The dependency of the pressure drop on the viscosity of 
the absorbent used was measured with water-glycerol solutions 
(η = 1 - 100 mPa·s at 20°C). In addition, the absorption efficiency 
using the spiral packing was compared to the performance of the 
plain machine targeting at further optimization possibilities.

A custom 3D-printed packing was designed for a laborato-
ry-scale RPB according to the theory of MacInnes29 on spiral channel 
intending to deliver thin liquid flow patterns maintaining constant 
fluid contact area throughout changing radius. Besides the precise 
control over the contact area, the closed structure of the self-as-
piring Archimedean spiral helps to overcome the commonly known 
challenge of liquid maldistribution in porous RPB packings like wire 
or grid mesh.30 The liquid is dragged inside the packing regardless of 
the initial destitution and forced by the centrifugal force to flow at 
the inside wall of the spiral channel. An additional advantage of the 
spiral packing is the generation of thin liquid films flowing along the 
walls of the spiral channel. According to commonly accepted theo-
ries on mass transfer, two-film theory31 and penetration theory,32 
the generation of thinner films increases the mass transfer as the 
diffusion resistance and the diffusion time decreases. Expecting the 
diffusion of aroma compounds being restrained due to the high vis-
cosity18 of the rapeseed oil, the employment of the spiral packing in 
combination with a high gravity field appears a good possibility for 
mass transfer enhancement needed to be tested.
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2  | MATERIAL S AND METHODS

2.1 | Experimental set-up

The experiment was set up according to Figure 1. The stripping col-
umn mimics an aerated bioreactor and is used to load the air stream 
with the initially liquid aroma compound. The aroma is added to the 
stripping column above its aqueous solubility concentration so that 
during the experiment, the aqueous phase in the stripping column 
is always oversaturated because two liquid phases are present, a 
saturated aqueous aroma solution and a pure aroma compound. 
This procedure ensures a constant aroma loading of the air passed 
through the stripping column. This stream is mixed with the air 
passed through a humidifier column to adjust the aroma concen-
tration. The combined air stream is fed into the RPB tangentially 
through the outer edge of the casing, passes the rotor containing 
the packing towards the inner eye, and leaves the RPB tangentially 
from the top cover. The rapeseed oil is fed counter currently from 
the liquid tank by a pump (Ismatec MCP-Z Standard, Cole-Parmer, 
USA) and is distributed axially at the inner radius of the packing 
by an open pipe liquid distributor with an inner diameter of 1/8’’ 
without any nozzle mounted. The RPB used in this study has a cas-
ing diameter of 260 mm and a height of 128 mm made from stain-
less steel A240-316L. It is equipped with a perforated bowl-type 
rotor (Figure 2) of 180 mm outer diameter (A240-316L stainless 
steel) containing the 3D-printed polymer spiral packing (Figure 3) 
with di = 0.045 m inner diameter, do = 0.174 m outer diameter and 
h = 0.020 m axial height. From the design procedure, the spiral pitch 
angle was set to 4.5°, the channel height to 2.1 mm, and the total 
spiral length to 2038 mm per spiral. In total, four spiral channels 
were incorporated in one packing with channel entries spaced 90° 
apart at the inner packing radius. The packing was printed using 
Formlabs Standard Clear resin,33 as the chemical system studied is 
not chemically aggressive. The rotor was sealed towards the casing 
top plate by a labyrinth sealing of 25 mm depth. The RPB could be 
operated at rotations up to 2750 rpm corresponding to 191 rcf at 
the inner or 741 rcf at the outer radius of the packing. The total gas 

flow rate is kept constant at Ġ = 100 L/min representing an off-gas 
of a technical scale bioreactor of 100 L volume at 1 vvm gassing 
rate. The rapeseed oil flow rate is varied from L̇ = 0.3-2 L/min. The 
temperature of the gas inlet stream is kept constant at 20 ± 0.1°C. 
The temperature increase at the gas outlet was measured and did 
not exceed 1 K.

2.2 | Analytics

For the analysis of the concentration in the liquid phase, the aroma 
was extracted from the rapeseed oil by acetonitrile (HiPerSolv 
CHROMANORM®, VWR International) from the rapeseed oil samples 
collected at the RPB liquid outlet. The solvent was added to 2 mL of the 
sample in a mass ratio of 1 gACN/gsample. The extraction was performed 
for 1 h at ambient temperature on an overhead shaker (PTR-60, 
Grant Bio) at 50 rpm using 5 mL Eppendorf tube. In total, 6 extrac-
tion stages per sample were performed with fresh solvent added to 
each stage. After each extraction step, the samples were centrifuged 
in a laboratory centrifuge (Centrifuge 5415 R, Eppendorf, Germany) 
at 13.200 rpm (16.100 rcf) for 30 s. The solvent phase of each extrac-
tion step was transferred to a separate GC vial, and the aroma concen-
tration was determined by GC-FID analysis (Agilent, USA) using the 
CP-Sil 8 CB capillary column (Agilent, USA) of 25 m length, 0.32 mm 
diameter and 0.12 μm film thickness. Helium was used as carrier gas 
at 1 mL/min, and a total of 1 μL was injected at 280°C using a split 
ratio of 20:1. The temperature of the oven was controlled starting at 
50°C for 5 minutes, linearly increasing the temperature to 200°C at 
50°C/min and holding the temperature at 200°C for another 2 min-
utes. The FI detector was heated to 290°C and operated at 450 mL/
min air flow rate, 50 ml/min hydrogen flow rate, and 30 ml/min makeup 
helium flow rate. The FI detector peak area was calibrated using an 
external aroma standard at a known concentration in an acetonitrile 
matrix. The aroma concentration in each sample of every single extrac-
tion step was measured separately without any pooling of any samples. 
No aroma was detected in any of the analysed samples of the 6th ex-
traction stage, and thus, the total mass of the extracted aroma and by 

F I G U R E  1   Schematic diagram of the 
experimental set-up for aroma absorption 
in an RPB
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that the concentration in the oil sample was recalculated from the mass 
balance of 5 extraction steps.

The aroma concentration in the gaseous stream was measured 
using a semiconductor-based mix gas sensor VOC-A-UI (ConSens 
GmbH) used for monitoring compartment air quality. The VOC sensor 
was calibrated similarly to chromatographic calibration methods inject-
ing the known mass of a particular aroma into the stripping column at 
a constant gas flow rate and calculating the area under the signal-time 
curve generated. At the beginning of each experiment, the VOC sen-
sor was preconditioned to the gas flow and the aroma compound at 
experimental parameters. After the signal of the VOC sensor for the 
set gas flow rate, gas temperature, aroma concentration and rotation 
speed of the experiment remained steady for 10 minutes, the liquid 
pump was turned on at the desired liquid flow rate. After a response 
time of the VOC sensor of 2-4 minutes, the signal steady state was 
reached. Therefore, each parameter set for any absorption experiment 

was measured for 10 minutes and the steady-state signal value of the 
VOC sensor was taken for the calculation of the absorption efficiency.

The absorption efficiency E was calculated from the relative 
differences of gaseous aroma concentration in the inlet and outlet 
streams Equation (1). As the VOC sensor signal is linearly propor-
tional to the concentration of the given aroma compound (data not 
shown) and the system was operated with only one volatile at a time, 
the absorption efficiency E can be calculated directly from the VOC 
sensor signal difference before and during the absorption Equation 
(2).

Because the VOC sensor was zeroed to a baseline value of 
S0 = 10 ± 1%, the baseline is subtracted from both values. Although 
the VOC sensor was calibrated for every aroma used to ensure equal 
gas loading despite different sensor response, there is no need to 
recalculate the signal to concentration as the relative absorption ef-
ficiency remains the same. The absorption efficiency is one way to 
measure equipment's performance alongside the mass transfer co-
efficients. Because in the end, the absorption efficiency determines 
the industrial application here it is used as a more direct evaluation 
parameter. However, the general result trends and conclusions re-
main transferable to the evaluation based on mass transfer coeffi-
cients, as they are usually calculated from the measured absorption 
efficiency. Therefore, further assumptions of, for example, negligible 
resistance in the gas phase, are made, which might not be valid for 
semi-volatile aromas used. In this study, the absorption efficiency 
represents the percentage of the aroma depleted from the gaseous 
phase with the efficiency of 100%, meaning all aromas were ab-
sorbed, and the VOC sensor signal goes to its baseline.

In order to prove, if a significant amount of aroma is lost through 
the headspace of the liquid tank, the time development of liquid 
aroma concentration during the recycle experiments was used. The 
liquid aroma concentration obtained from the GC measurements 
was compared to the values calculated from the VOC signal based 
on the assumption of the closed mass balance. Under consideration 
of the error bars, the deviations between the two methods were not 
significant for any time point (no data shown). Therefore, the aroma 
losses can be neglected, and the measurement of gaseous aroma 
concentration via VOC sensor can be accepted as generally valid 
with the precision equal to the off-line GC measurement.

2.3 | Simulation set-up for the comparison to 
packed bed absorption

The experimental results of aroma absorption in RPB were com-
pared to the performance of a packed column using a simulation 
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F I G U R E  2   Perforated bowl-type rotor used in RPB

F I G U R E  3   3D-printed spiral packing



     |  141LUKIN et aL

model. The simulation of well-established machinery is one way to 
estimate the benchmark for novel equipment like RPB without the 
full experimental effort of building a packed column. For the simu-
lation of aroma absorption in packed column, ASPEN Plus 8.8 was 
used. A Rad-Frac module with rate-based calculation type of two 
stages was chosen, and both the condenser and the reboiler were 
disabled, and both incoming streams were fed on-stage. The col-
umn top pressure was set to 1.013 bar. The packing was defined 
to be MELLAPAK 350Y from SULZER to provide a comparable spe-
cific packing surface area as the packing used in RPB. The section 
diameter was determined starting from dc,init = 0.03 m correspond-
ing to equal gas loading factor as in RPB to finally dc = 0.06 m as 
a minimum to prevent column flooding. The packed section height 
was varied to deliver the desired comparison from H = 0.065 m cor-
responding to equal packing height as the radial depth of the RPB 
packing, over H = 0.08 m generating equal surface area as in the 
RPB, to H = 0.35 m providing equal performance as the RPB, finally 
to H = 2.9 m, delivering 90% of aroma recovery from the gaseous 
phase. In the packing rating section, counter-current flow with film 
resistances in both phases and both phases non-ideality correction 
was chosen because especially for semi-volatile aromas in a range 
of Hpc = 100 - 102 Pa·m3·mol−1 both phase resistances might be im-
portant.34 Both the mass transfer coefficient and the interfacial area 
were estimated using HanleyStuc (2010) correlation35 as it is the 
most accurate method for structured packings such as MELLAPAK. 
Pure triolein, a triglyceride of oleic acid, which is contained in rape-
seed oil typically at 51 - 70%,27 up to 84%36 was used to simulate 
the oil phase. The triolein incoming stream of 20°C and 1.013 bar 
was saturated with 0.045 mol/mol air to prevent air transfer from 
the gaseous phase to the oil phase during the absorption and make 
the results more comparable to the experimental RPB set-up. The 
incoming gas stream consisted of air saturated with 0.0003 mol/mol 
triolein and containing 25 ppm benzaldehyde. UNIFAC was chosen 
as a thermodynamic model for the liquid phase as it is expected to 

be more accurate when estimating a complex molecule like triolein 
consisting of glycerol and three fatty acids. Moreover, the compas-
sion of the predicted Henry volatility coefficients in water using the 
extended Raoult law and activity coefficients calculated by UNIFAC 
delivered the lowest deviation from data collected in the literature 
(data not shown). Thus, the partitioning of the aroma compounds 
between gaseous and oily phase was determined by UNIFAC ther-
modynamics. No aqueous Henry's constants were manually used in 
the simulation. In order to simulate the recycle of the rapeseed oil 
and the non–steady-state enrichment of the liquid phase, in total 80 
columns were connected subsequentially (Figure 4). The liquid phase 
was passed from column to column and contacted with the fresh gas 
phase of the same composition in every column as if it would have 
been passed 80 times through just one column. Thus, each column 
represents one passage of the oil through the RPB operated under 
liquid recycle, respectively, one absorption step. Because the rape-
seed oil was passed through the RPB 80 times during the experimen-
tal investigations, in total 80 columns were needed.

2.4 | Pressure drop measurements

The pressure drop of the RPB was measured using a U-pipe manom-
eter. The manometer was connected to the gas inlet and the gas out-
let, and the pressure drop was calculated from the height difference 
of the water column (3).

The viscosity of absorbent was adjusted between 1 and 
100 mPa·s by preparing water-glycerol mixtures at 20°C based on 
published data.37 Each pressure drop measurement was performed 
two times. Because the height of the water column did not vary in 
an observable range between any replicates, the error bars of the 

(3)Δp=������ ⋅g ⋅Δh

F I G U R E  4   ASPEN Plus set-up for the simulation of aroma absorption in packed column with liquid recycle
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pressure drop data are based on the measurement precision of 
±10 Pa.

3  | RESULTS AND DISCUSSION

The aromas used in this study were selected based on the Henry co-
efficient Hpc taken from the literature for aqueous solutions allowing 
the classification of compounds in volatility classes. As a thermo-
dynamic property, the Henry coefficient strongly depends on the 
solvent used and will differ from literature data taken in case of the 
rapeseed oil as an absorbent. The general classification of the volatil-
ity, however, is expected to remain in the same order with isopentyl 
acetate as the most and benzaldehyde as the least volatile. Thus, 
the Henry coefficient Hpc for aqueous aroma solutions is used for 
volatility classification in the diagrams presented despite rapeseed 
oil absorbent. In Figure 5, the time evolution of the gas sensor signal 
for these aromas is shown for two different rotation speeds.

After the start of the liquid flow, a drop in the sensor signal is ob-
served, indicating a decreased aroma concentration in the gas outlet 
compared to the beginning of the experiment, meaning that a part of 
aroma is absorbed in oil. Steady state is reached within 2 to 3 min-
utes after the start of the liquid flow. However, the observations 
of the sensor behaviour suggest that most of the dynamics of the 
signal come from the slow sensor response, and the actual steady 
state inside the RPB is reached probably even faster. Once the rota-
tion speed is increased from 500 rpm, corresponding to 6 rcf on the 
inner packing radius to 2750 rpm (191 rcf) at 15 minutes, the sensor 
signal decreases further, implying an enhanced absorption. From the 
different relative signal drops, it is evident that the absorption is the 
highest for benzaldehyde, followed by hexanal and isopentyl ace-
tate. This observation is underlined in Figure 6, where the absorp-
tion efficiency is presented over Henry's volatility coefficient for the 
three aromas and the two rotation speeds investigated.

In agreement with the widely reported positive effect of the ro-
tation on mass transfer, the increase of the centrifugal force leads to 
a two- to threefold increased absorption efficiency for all aromas. 
According to a common theory for mass transfer, the mass flow of 
a certain compound for a constant driving force (the concentration 

gradient Δc) depends on the mass transfer coefficient k and the mass 
transfer area a (4)38

As the mass transfer area a in the spiral packing remains constant 
for all operational parameters once the full wall film is established, 
the absorption increase can be traced back to an increased mass 
transfer coefficient k. The mass transfer coefficient is a function of 
the binary diffusion coefficient and the thickness of the boundary 
layer (5).38

At higher rotation speed, greater shear forces lead to the forma-
tion of thinner liquid films with faster surface renewal, decreasing 
the boundary layer thickness � and by that the mass transfer resis-
tance. In his research, Holly39 found out that the thickness of the 
diffusion sublayer mainly depends on the flow and mixing conditions 
and is inversely proportional to the Schmidt and Reynolds numbers 
and thus to the fluid velocity. As the liquid flow rate and with it the 
liquid velocity and Schmidt and Reynolds numbers remain the same, 
it can be assumed that the film thickness as a hydrodynamic param-
eter remains equal for all three aromas as it should depend on flow 
conditions applied only. The binary diffusion coefficient as a thermo-
dynamic parameter, however, depends for the constant absorbent 
on the aroma properties and is expected to decrease from the least 
volatile benzaldehyde over hexanal to the most volatile isopentyl 
acetate. Combined, it would lead to different mass transfer coeffi-
cients and result in the observed decreasing absorption efficiency 
for aromas with larger Henry coefficient.

The positive effect of the rotation supported distribution of vis-
cous liquids can be used not only to increase the mass transfer of a 
particular aroma but also to process more volatile components in 
a multipurpose plant intensifying the use of the equipment. Going 
from 500 to 2750 rpm allowed the absorption of more volatile iso-
pentyl acetate (Hpc = 41.5 ± 5.3 Pa·m3·mol−128) compared to benz-
aldehyde (Hpc = 2.7 ± 0.3 Pa·m3·mol−128) at constant absorption 
efficiency. Another possibility for further process intensification 
of the aroma absorption in RPB is to increase the liquid enrichment 
with aroma through the recycle of oil. Reusing the oil phase does not 
only save absorbent but is in particular beneficial when an enriched 
aromatic intermediate can be utilized in a final formulation without 
further downstream processing.

Herefore, 2.5 L of rapeseed oil is pumped through the RPB in 
a closed loop for nearly 3.5 h at a constant throughput of 1 L/min 
and constant gas inlet composition. In Figure 7, the time evolution of 
the gas sensor signal shows a rather slow signal increase over time 
after an initial drop. This slow dynamic shows that the steady state 
is not achieved after 80 absorption cycles yet and indicates a large 
capacity of rapeseed oil for benzaldehyde. The rapeseed oil is not 
saturated and absorbs aroma from the gaseous phase during the 

(4)ṅi=k ⋅a ⋅Δci

(5)k=
D��

�

F I G U R E  5   Time evolution of the gas sensor signal for the 
absorption for different aroma compounds in an RPB using 
rapeseed oil at different rotation speeds (G = 100 L/min; N = 3)
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entire time of the experiment. Thus, the gaseous aroma concentra-
tion in the RPB outlet is always lower compared to the inlet causing 
lower VOC signal. However, as the recycled liquid phase becomes 
more loaded with aroma, the driving force for mass transfer de-
creases, causing less aroma being absorbed from the gaseous phase 
with proceeding time of the experiment, and thus, higher off-gas 
concentrations detected. With the large initial amount of recycled 
oil and low gaseous aroma concentration used in this experimental 
set-up, no full saturation of the rapeseed oil and, as a result, no ab-
sorption steady state were reached here. The measurements of the 
liquid phase confirmed the constant enrichment of rapeseed oil with 
the aroma compound. After 80 absorption steps corresponding to 

200 minutes of rapeseed oil recycle, a benzaldehyde concentration 
of 0.323 ± 0.026 g/Loil could be achieved.

For comparison purposes, the experimental performance of the 
RPB for the aroma absorption in the recycled rapeseed oil is com-
pared with a simulated conventional packed column (Figure 8).

From Figure 8, it is evident that a column with a packed height 
of just H = 0.065 m equal to the radial depth of the packing used in 
RPB would deliver just around a fifth to a quarter of the oil phase 
enrichment achieved in the RPB. As such column provides slightly 
less surface area as determined for the RPB, a comparison with a col-
umn of H = 0.08 m delivering equal surface area seems more legit. 
Here, the often-cited mass transfer improving characteristics of the 
RPB becomes obvious as the enrichment of the oil phase achieved at 
equal surface area is 3 to 4 times larger in an RPB. In order to achieve 
the same performance as the RPB, the conventional column needs to 
be packed with H = 0.35 m operating with 4.3 times larger surface 
area. Thus, the use of RPB leads to an intensified process with less 
mass transfer area needed for equal separation efficiency. However, 
a relatively small column with just H = 2.9 m of packing would deliver 
about more than a double aroma loading in the oil phase, increasing 
the space-time yield of the process. These results make clear that 
the RPB used outperforms the conventional absorption columns at 
similar dimensions by an increased mass transfer. The rotation sup-
ported process intensification makes it possible to get equal perfor-
mance at a reduced surface area. However, for a recovery optimized 
aroma absorption, the laboratory-scale RPB used in this study sig-
nificantly lacks mass transfer area. Although the laboratory-scale 
RPB used does not seem preferable over small packed columns, one 
of its advantages is the fact that the rotation supported liquid distri-
bution and a film flow along the spirals of the packing used allow the 
processing of highly viscous liquids like plant oils at only moderate 
viscosity induced pressure drop increase.

3.1 | Investigation of pressure drop dependence on 
absorbent's viscosity

In order to prove that the pressure drop in a rotating packed bed does 
not reach uneconomically high levels when using oil as an absorbent, 
the viscosity of the liquid was varied between 1 and 100 mPa·s. 
Results of the wet pressure drop measurements and simulations in a 
packed column are displayed in Figure 9.

The pressure drop rises only slightly with increased viscosity for 
all gas load factors tested, and the measured effect is even stronger 
for higher gas load factors. At lower gas load factors, the viscosity 
effect lies within the measurement precision of Δp = ±10 Pa even 
at the highest viscosities tested and can be neglected. At the high-
est gas load factor, a slight increase in the pressure drop could be 
observed for the viscosities larger than 50 mPa·s only. As the dis-
tribution of such viscous absorbents could be challenging in a con-
ventional laboratory-scale packed column, the pressure drop was 
simulated. The column's diameter was set to give an equal gas load 
factor at an equal gas flow rate as in an RPB. The pressure drop in 

F I G U R E  6   Dependency of the absorption efficiency on aroma 
volatility for the absorption of different aroma compounds in an 
RPB using rapeseed oil at different rotation speeds (G = 100 L/min, 
L = 1 L/min; N = 3; the lines are added to guide the eye only)

F I G U R E  7   Time evolution of the gas sensor signal and liquid 
aroma concentration for the absorption of benzaldehyde in an 
RPB with the recycle of rapeseed oil (G = 100 L/min; L = 1 L/min; 
L_tot = 2.5 L; ω = 2750 rpm; N = 2)

F I G U R E  8   Comparison of the liquid aroma concentration during 
the absorption of benzaldehyde in rapeseed oil with the recycle of 
liquid phase for RPB and packed column
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an equally performing column of just 0.35 m height was at low gas 
load factors lower than in the RPB regardless of the liquid viscosity. 
However, for the highest gas load factor, no pressure drop could be 
simulated for the column because flooding occurred even with low 
liquid viscosity. As the pressure drop is proportional to the packing 
height, it is obvious that a column of 2.9 m height had a much larger 
pressure drop at equal gas load factors than an RPB. According to the 
simulation, such column exceeded 80% flooding boundary already at 
the FG = 1.0 Pa0.5, and at FG = 1.9 Pa0.5 no meaningful results could 
be generated as flooding exceeded 200%, and the pressure drop 
calculated was larger than 2 bar. Here, the effect of the absorbent 
viscosity became visible as the pressure drop of this packed column 
increased stronger than in an RPB, starting already at 5 mPa s which 
would make experimental investigations difficult indeed.

Unlike in packed columns, in the RPB the liquid, forced to flow as 
a thin wall film by the structure of the spiral packing and the rotation 
applied, does not present an additional resistance for the gas flow 
to overcome. The main pressure drop is generated by the gas inlets 
and outlets as well as by the rotation. To prove the hypothesis, dry 
pressure drop measurements are performed (Figure 10). Obviously, 
the gas flow rate is the dominating factor influencing the pressure 
drop. Besides the gas flow rate, the applied rotation is one of the 
main causes for pressure drop as with the increased rotation, the 
slip between the rotor and the incoming gas increases. Despite the 
expectations, the less porous spiral packing does not cause much 
additional pressure drop. At low gas flow rates, the data point of 

the measurements with packing and without packing overlaps. The 
packing effect could be observed reliably once again only at the larg-
est gas flow rate tested.

The results of the pressure drop experiments emphasize the ad-
vantage of the rotation supported liquid distribution in an RPB for 
processing highly viscous liquids like plant oils. Although the current 
machine design and the rotation lead to a larger pressure drop in an 
RPB compared to packed columns at low gas load factors, the minor 
viscosity induced pressure drop increase enables a wider operational 
window, a more stable process and lower costs for the gas transport 
making RPBs beneficial for the use with plant oils at larger gas load 
factors.

3.2 | Estimation of the cavity zone effect

Despite the fact that the spiral packing design used in this study is 
obviously beneficial for the distribution of viscous absorbents, the 
low surface area generated on the spiral wall only does limit the 
mass transfer. The liquid surface area in the spiral packing should 
remain constant regardless of the liquid flow rate. Once the wall flow 
is established, and the entire spiral channel is wetted, the surplus of 
the absorbent will lead to an increasing film thickness only. In order 
to investigate this effect, the absorption of the lowest volatile aroma 
benzaldehyde was performed at different rapeseed oil flow rates 
(Figure 11). Besides, a comparison to an empty RPB, containing a 
rotor without any packing, allows an estimate of the cavity zone ef-
fect only. There are several reports published describing the cavity 
zone effect indicating that even when the packing is removed from 
the RPB, the casing still contributes significantly to the overall mass 
transfer.40,41

It is amazing that even without the packing high absorption ef-
ficiencies could be achieved. At each liquid throughput tested, the 
casing contributed on average roughly 67%-87% to the total absorp-
tion. The casing contribution to the overall absorption increased at 
larger flow rates and remained constant from 1 to 2 L/min once the 
liquid was fed in surplus. When the packing is removed from the 
rotor, the oil distributed from the open pipe axial to the rotor forms 
a film flow covering the bottom and the wall of the rotor bowl. This 
oil film breaks into droplets at the edges of the perforated rotor, and 

F I G U R E  9   Wet pressure drop of an RPB (measured) and of 
a packed column (simulated) for different liquid viscosities at 
different gas load factors (L = 1.5 L/min; ω = 1500 rpm; N = 2; 
error bars based on measurement precision of Δp = ±10 Pa)

F I G U R E  1 0   Dry pressure drop of an RPB measure for different 
rotation speed at different gas flow rates (open symbols: no packing 
included; solid symbols: spiral packing included; N = 2; error bars 
based on measurement precision of Δp = ±10 Pa)

F I G U R E  11   Dependency of the absorption efficiency on liquid 
flow rate for the absorption of benzaldehyde in rapeseed oil for the 
operation of the RPB without packing and with spiral packing (G 
̇ = 100 L/min; ω = 2750 rpm; N = 3)
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the spray formed in the gap between the rotor and the casing covers 
casing's wall and bottom. At high rotation speed and large liquid flow 
rates, the oil film was observed even at the top covers of both the 
casing and the rotor bowl after dismounting the machine. The high 
viscosity of the rapeseed oil used supports the coalescence of the 
droplets generated in the cavity zone into thin films on the casing 
wall, which presents an additional mass transfer area and increases 
the absorption. The total wetted surface area of the casing and the 
rotor without the packing is estimated in the range of 69%-88% of 
the surface area generated in the RPB when the packing is used.1 
Thus, once the casing is fully wetted at larger liquid flow rates and 
higher rotation speeds, it seems to contribute to the overall mass 
transfer according to the provided surface area. These observations 
make evident that especially in small laboratory-scale apparatuses 
like the RPB used in this study, the cavity zone effect is expected to 
be more severe than in larger RPB’s where the larger packing gener-
ates much more mass transfer area than the casing. The scale-down 
of RPB comes with a significant shift in the proportion of mass trans-
fer contribution from the packing towards the casing, which cannot 
be neglected when scaling up from laboratory to an industrial scale.

4  | CONCLUSIONS

The consumers’ demand for all-natural formulations leads to an in-
creasing interest in biotechnological aroma production. An absorp-
tion from gaseous process streams in a rotating packed bed is an 
innovative approach for downstream processing of biotechnological 
aromas. This study shows that the use of a centrifugal force inside a 
rotating spiral packing of an RPB leads to the formation of thin films, 
which decreases the mass transfer resistance and increases aroma 
absorption in viscous rapeseed oil. In an RPB, the rotation presents 
an additional degree of freedom and therefore allows processing of 
differently volatile molecules using the same equipment. Such flex-
ibility poses a significant advantage over conventional packed col-
umns. Thus, the process intensification in a high gravity field allows 
to outperform conventional packed columns at equal packing dimen-
sions. Altogether, these results demonstrate the advantages of RPB 
application for the recovery of biotechnologically produced aromas. 
An additional benefit of the RPB compared to conventional columns 
is the fact that the rotation supported liquid distribution makes it 
possible to process highly viscous liquids such as plant oil at minor 
pressure drop increase. Whenever viscous plant oils are used as an 
absorbent for the recovery of aroma compounds and concerns about 
liquid distribution in static packed columns exist, the application of 
RPB technology should be considered as a method for process inten-
sification. However, a compact design of an RPB combined with the 
spiral packing of limited dimensions limits the available mass transfer 
area. As the simulated columns were relatively small compared to the 
ones usually used in the industry, an often reported benefit of space 
savings in an RPB is questionable for this particular application. The 
RPB use remains thus restricted to special cases only when a packed 

column comes to its operability limits. For the industrial-scale pro-
cesses, the RPB technology might find its application within the bio-
technological downstream in cases of space limitations. When the 
high of the planned apparatus is restricted during the retrofit or, for 
example, in a container plant, the RPB seems a suitable replacement 
for the static packed column. The advantages of compact equipment 
seem in any case subordinate to the technically better performance 
for the biotechnological processes. Besides, most of the surface area 
available for the mass transfer and by that most of the achieved per-
formance in the current laboratory-scale machine origins from the 
casing and the rotor showing the hurdle of equipment scale up and 
down. All in all, these results show that the RPB presents a suitable 
alternative for the recovery of biochemically produced aromas from 
gaseous process streams. Especially when the use of plant-based 
absorbents is beneficial, but the handling of high viscosity might be 
challenging in the packed columns, the RPB should be considered 
as an opportunity for process intensification. This particular benefit 
of RPB might also be advantageous for industrial-scale biofuel pro-
duction with its viscous oil feeds and glycerol by-product. However, 
the small packing volume and the relatively low pressure drops 
presented in this laboratory-scale study do not have comparative 
significance for large-scale industrial processes. The evaluation of 
the RPB use for the intensification of biotechnological downstream 
processes would benefit from a comparison based on a relevant pa-
rameter like, for example, process costs. Also, the usual claims of 
space and costs savings originating from an intensified equipment 
need proper economic evaluation for biotechnological applications. 
Besides, the mass transfer phenomena in small-scale apparatuses 
and the scale-up rules need to be investigated more deeply. The 
experimentally measured data on thermodynamic aroma partition-
ing between real bioreactor off-gas and rapeseed oil would strongly 
improve the quality of the simulation and, by that, the significance of 
the comparisons drawn.

NOMENCL ATURE
a mass transfer area [m2]

c
g

aroma,in
gaseous aroma 

concentration in the inlet 
stream

[garoma/Lair]

c
g

aroma,out
gaseous aroma 

concentration in the 
outlet stream

[garoma/Lair]

Δci concentration difference 
of a target compound

[mol/m3]

DAB binary diffusion coefficient [cm2/s]

di inner diameter of the 
packing used in RPB

[m]

do outer diameter of the 
packing used in RPB

[m]

dc diameter of the packing 
used in simulated column

[m]

E absorption efficiency [%]
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a mass transfer area [m2]

FG gas load factor [Pa0.5]

Ġ gas flow rate [L/min]

g gravitational acceleration [m/s2]

h height of the packing used 
in RPB

[m]

Δh height difference of the 
U-pipe manometer

[m]

H height of the packing used 
in simulated column

[m]

Hpc Henry's law coefficient [Pa*m3/
mol]

k mass transfer coefficient [1/s]

Ltot absorbent volume [L]

L̇ liquid flow rate [L/min]

N number of experimental 
replications

[-]

ṅi molar flow of a component [mol/s]

η viscosity [mPa·s]

Δp pressure drop [Pa]

� density [kg/m3]

Sin gas sensor value of the 
inlet stream

[%]

Sout gas sensor value of the out 
stream

[%]

S0 gas sensor baseline value [%]

δ boundary layer thickness [m]

ω rotation speed [rpm]
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ENDNOTE
 1 The area of the generated spay was calculated under the assumptions 

found in Sang at al41 and is one to two orders of magnitude lower than 
the casing area and thus can be neglected; especially, it is expected to 
remain equal for both configurations with and without packing. 
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