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A B S T R A C T   

We have developed a new methodology for measuring aroma release by coupling together two high performance 
instruments, a proton-transfer-reaction mass spectrometer and closed-cell pressure-controlled rheometer. In this 
article we report the aroma release from aqueous solutions as a function of different agitation levels, in 
connection with the theoretical model of mass transfer across interfaces. Two aspects are described in more 
detail: (1) the use of model parameters to fit the aroma release curves, and (2) the underlying theoretical model 
in terms of the separate mass transfer coefficients for the liquid phase and the gas phase, including the de-
pendency of these mass transfer coefficients on agitation. 

As expected from classical theories, the mass transfer coefficient for the liquid phase was found to correlate 
with agitation of the liquid phase following a power law relation. The overall aroma release was found to be 
related to a combination of factors: the thermodynamic equilibrium partition coefficient, as well as the mass 
transfer coefficient for the liquid phase (at low agitation levels) and the mass transfer coefficient for the gas phase 
(at high agitation levels). 
Industrial relevance: The use of modelling based on the dynamics and mechanistic aspects of aroma release en-
ables a better understanding of the aroma release in real life, and therefore a shorter development cycle for new 
products. Currently, many experimental studies on aroma release underexpose the need for understanding the 
dynamics and mechanistic aspects of mass transfer. The new methodology with more accurate measurements and 
more robust fitting is essential for obtaining experimental data that can be fitted with details of mass transfer 
models. Furthermore, the experimental system and approach can be used directly in an empiric way for the 
optimization of the aroma impact and profile of new food products.   

1. Introduction 

Aroma is an important characteristic and quality factor of food 
products. Appetizing smell, balanced flavour, and flavour richness are 
among the major product characteristics that define the palatability of 
food (Klosse, Riga, Cramwinckel, & Saris, 2004). Knowledge to control 
and influence this quality aspect is useful to perfect our smell and gus-
tatory senses and to increase the enjoyment of food and eating (Brillat- 
Savarin, 1862). In the recent years process and product design has 
gained more impact on food production, with increase in both the means 
(higher computational capacity) and demand (more consumer-led 
market with shorter product cycles) (Bruin & Jongen, 2003). Also, the 
production philosophy is changing, involving more flexibility in the use 
of raw products, and increasing the complexity of the food chain (van 
der Goot et al., 2016). These developments require faster and better 

evaluations of the food product performance and would benefit from 
predictive insight rather than time consuming tests based on trial and 
error. This makes knowledge about the dynamics of aroma release and 
the relevant interactions with the food composition more important. 

During food production, aroma release equates to aroma loss which 
is mostly related to a negative impact on food quality with loss of flavour 
richness and a distorted flavour balance. The utility of studies on aroma 
release during production is improvement of technologies and methods 
that help to control and increase aroma retention, which increases 
flavour performance during consumption. 

Early research on aroma loss and retention started in the late 60s by 
several chemical engineering research groups who focused on various 
drying techniques, most importantly spray drying and freeze drying 
(Coumans, Kerkhof, & Bruin, 1994). Since the 90s aroma release has 
been studied more widely due to developments in online mass 
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spectrometry measurement techniques (Lindinger, Hansel, & Jordan, 
1998; Linforth & Taylor, 1996). Mathematical models that can be used 
for selecting flavourings have been developed based on multidisci-
plinary knowledge (de Roos, 2007; Sonnenberg et al., 2002). 

The work by de Roos (2006) specifically focusses on the optimization 
of aroma performance in relation to retention during food processing 
and proposes three solutions. Besides two technological solutions, 
encapsulation, and in-situ flavour generation, a solution is found in 
improving formulations based on modelling and calculations. Yet, 
despite the theoretical knowledge of fundamental principles of mass 
transfer, the systems are often complex with many different interactions, 
and the theoretical knowledge is not that often used (Ammari & 
Schroen, 2018). Consequently, there is not sufficient knowledge about 
the details of the influence of process parameters on aroma release 
during food processing. The necessary parameters are mostly deter-
mined on an ad-hoc basis, and the research may sometimes be con-
flicting, resulting in little consensus on the relevance of the effects of 
mass transfer (Weterings, Bodnár, Boom, & Beyrer, 2020). 

In this report we address the experimental assessment of the aroma 
mass transfer dynamics during food processing. In Section 2.1 we 
summarize previous research, which rarely place the experiments into a 
theoretical framework. In Section 2.2 we summarize this framework as 
is used for describing our sets of experiments (described in Section 3) 
that measure the dynamic release of aromas as a function of stirring 
speed. The fitting procedure with the theoretic model is described in 
Section 4. We make use of a range of aroma release attributes, the initial 
release rate, the peak height, the total release, and the depletion rate 
after the peak has been reached. This generates a robust outcome of 
mass transfer coefficients, which are then discussed in Section 5. The 
knowledge on the mass transport dynamics allows us to understand the 
system and make quantitative predictions for practical purposes. 

2. Background 

2.1. Experimental frameworks 

In recent decades much research has focussed on the challenge of 
measuring aroma release under dynamic conditions. Many different 
methods currently exist with various characteristics. In the following list 
we summarize these methods in increasing order of sophistication and 
complexity of measurement (We mostly refer to in-vitro methods of 
analysis. For more detail about in-vivo methods, the interested reader 
may find more information in the reviews and book chapters: Taylor and 
Linforth (2010); Romano (2016); Regueiro, Negreira, and Simal-Gan-
dara (2017)):  

• A single measurement at a single time. This does not provide much 
information about the kinetics. On the other hand, many analytical 
techniques can be applied. A recent example is the analysis of release 
from wine, modelled in-vitro in a bioreactor, using solid phase micro 
extraction determining head space concentration levels of 44 com-
ponents simultaneously (Munõz-Gonzáles et al., 2014).  

• Measurements at different times with a separate sample for each selected 
time. Comparable to the previous technique but repeated with mul-
tiple samples, each of which at a different incubation time (Juteau- 
Vigier et al., 2007; Mao, Boiteux, Roos, & Miao, 2014; Mao, Roos, & 
Miao, 2014; Seuvre, Philippe, Rochard, & Voilley, 2007; Tamaru, 
Ono, Igura, & Shimoda, 2019). This method provides some infor-
mation about temporal behaviour, but the time resolution is low, and 
the technique requires many samples to be prepared.  

• Measurements at different times with a single sample extracted multiple 
times. This reduces the need of preparing many samples. The 
increased number of measurement points per test also improves the 
statistical power. Specialized systems are built for the purpose of 
obtaining the multiple extractions by directing a stripping gas flow to 

several trapping stages (Kfoury, Landy, & Fourmentin, 2019; Rabe, 
Krings, Banavara, & Berger, 2002; Roberts & Acree, 1995). 

• Continuous measurement by dynamic head space dilution. After equili-
bration of a sample and the head space above it, the head space is 
purged by a gas flow that is directed to a mass spectrometer that 
allows continuous measurement of the dynamic conditions in the 
head space. The method allows the analysis of release kinetics in 
liquids (Marin, Baek, & Taylor, 1999, 2000; Taylor et al., 2010; 
Tsachaki et al., 2008; Tsachaki, Linforth, & Taylor, 2009). The 
method is also used for more general comparison of (dynamic) head 
space aroma concentrations above different products, such as testing 
variations in aroma delivery systems (Fisk, Linforth, Taylor, & Gray, 
2011) or variations in different emulsions (Pu, Linforth, Dragosavac, 
& Wolf, 2019).  

• Continuous measurement by dynamic stripping. Like the previous 
technique but the sample is not necessarily at equilibrium prior to 
connecting the purging gas flow. A sample is placed into a cell after 
which the head space is stripped with a gas flow that is directed to a 
mass spectrometer. Early designs of systems to perform this kind of 
experiment have been made by Lee (1986) and Elmore and Langley 
(1996). With modern mass spectrometry techniques the method al-
lows accurate comparisons of aroma release in slightly different 
situations, for instance analysis of variations between different 
bulking agents at similar viscosity levels (Siefarth et al., 2011) or 
emulsions with various fat content and droplet size (Frank, 
Appelqvist, Piyasiri, & Delahunty, 2012).  

• Combined continuous measurement and extractions at different time. 
Combined systems have been created to make use of both high time 
resolution with continuous in-line measurements and wide applica-
bility of analytical techniques with single extractions (Lindinger 
et al., 2005).  

• On-line systems. The above techniques have been applied to aroma 
release dynamics in more complex conditions. The most prominent 
applications are in-vivo measurement of aroma release during con-
sumption (Regueiro et al., 2017; Romano, 2016; Taylor & Linforth, 
2010) and measurements in model systems mimicking the con-
sumption process the mouth (Hinderink, Avison, Boom, & Bodnár, 
2019; Ruth & Roozen, 2000), the throat (Weel et al., 2004), or a 
process as tooth brushing (Pozo-Bayon et al., 2010). On-line mea-
surements have also been applied to study coffee during roasting 
(Yeretzian, Jordan, Badoud, & Lindinger, 2002) and brewing 
(Sánchez-López, Zimmermann, & Yeretzian, 2014).  

• Diffusion through layers. A very specific device for measurement of 
aroma release was developed by Déléris, Atlan, Souchon, Marin, and 
Tréléa (2008): A layer of a sample product is placed on top of a 
membrane and a diffusion process occurs from the bottom of the 
layer to the head space all above the layer. Accurate estimates of the 
solubility, the permeability and the diffusivity can be made by 
varying the thickness of the product layer. 

Aroma release is by definition dynamic, and the dynamic nature 
cannot be neglected. The models applied along with the different mea-
surement methods have dependencies on the mass transfer that may be 
analysed from a mechanistic point of view. However, only a few studies 
have analysed the underlying mass transfer models. 

2.2. Theoretical frameworks 

2.2.1. Two phase model 
The head space dilution method has been used to estimate mass 

transfer coefficients, and analyse underlying mass transfer models for 
aroma mass transfer from a liquid product to head space (Marin et al., 
1999, 2000; Taylor et al., 2010; Tsachaki et al., 2008, 2009). In these 
analyses the transfer across the interface has been described by the two 
phase model of Lewis and Whitman (1924) for gases of intermediate 
solubility, in which an overall mass transfer coefficient, ko, is the sum of 
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two separate liquid and gas film transport coefficients, kl and kg: 

1
k0

=
1
kl
+

H
kg

(1)  

where H is the molar partition coefficient between the liquid and gas 
phase, which we will refer to as Henry’s coefficient in the rest of this 
paper since we are dealing with water as liquid phase and air as gas 
phase. 

The influence of process conditions on the individual mass transfer 
coefficients is typically studied in the field of chemical engineering, for 
example analysing volumetric mass transfer coefficients, kla and kga, in 
a bubble column (Besagni, Inzoli, & Ziegenhein, 2018; Schuhfried, 
Romano, Märk, & Biasioli, 2016). Relationships were found for the mass 
transfer coefficients and the bubble velocity, u : kga ∝ u0.75 and 
kla ∝ u0.75. 

2.2.2. Mass transfer correlations 
We know by the Buckingham-Π-theorem (Buckingham, 1914) that 

the relation that describes the mass transfer dependency on other 
quantities can be reduced to a simple expression in terms of three 
dimensionless quantities. This simple expression is Sh = f(Re,Sc) with Sh 
the Sherwood number, Re the Reynolds number, and Sc the Schmidt 
number. In many works the used expression is a power law function: 

Sh∝RenScm (2)  

in which the parameters n and m are determined from correlations in 
large experimental data sets or based on theoretical considerations. 

Only in one set of experimental works on aroma release the results 
were compared with a mass transfer correlation. These experiments 
were made with the computerized aroma extraction system of Rabe et al. 
(2002). Estimates were made of mass transfer coefficients at the liquid/ 
gas interface of water (Banavara, Rabe, Krings, & Berger, 2002), sugar 
solutions (Rabe, Krings, & Berger, 2003a) and salt solutions (Rabe, 
Krings, & Berger, 2003b). The correlation used was a correlation func-
tion describing mass transfer at the wall interface for turbulent flow in 
pipes described in various chemical engineering textbooks (Coulson, 
Richardson, Backhurst, & Harker, 1996; Cussler, 2009; Welty, 2008): 

Sh = 0.023Re0.83Sc1 /

3 (3) 

However, this correlation was adjusted with an additional perme-
ability factor for which there was no theoretical or experimental basis. 
Also, the correlation itself was not tested by varying the independent 
parameters in a wide range. In a later study (Rabe, 2004) the stirring rate 
was varied but no test of the stirring rate dependency was made and the 
variations in release rate, as function of stirring rate, were explained by 
disturbance of the surface and increase of the surface area. 

The correlation for turbulent flow in pipes in Eq. (3) is just one of 
many specific versions of Eq. (2). Depending on the geometry and flow 
regime different power-law coefficients m and n are found. Correlations 
that are related to the release of aroma from a liquid food product to the 
head space are summarized in Table 1. In this table we see a range of 
values for the coefficients m and n in which m is often around 1/3 or 0.5 
and n ranges from 1/3 for laminar flow to 0.8 for turbulent flow, and up 
to around 3 for an aeration process in which the gas becomes vigorously 
mixed with the liquid. The power law coefficient associated to the 
Schmidt number, n, has also been associated to theoretical models of the 
mass transfer at the interface, with n = 0 for a model that assumes the 
interface to be composed of a stable laminar layer, and n = 0.5 for a 
model that assumes the interface to be composed of a continuously 
replenished dynamic layer (Weterings et al., 2020). 

2.2.3. Mechanistic model fits 
Mechanistic models have been applied as well to in-vivo systems. An 

early implementation by Normand, Avison, and Parker (2004) made use 
of a model based on a mass balance between three phases: saliva, 

mucosa, and air. The output of this model are estimates from fits for the 
overall mass transfer rates between the phases. 

ksaliva,air = 0.3*10− 2[m/s] and ksaliva,mucosa = 1.7*10− 5[m/s]

More recently such modelling has been done with eight different 
phases including saliva, mucosa, and air in the oral, pharynx and nasal 
cavities (Déléris, Saint-Eve, Saglio, Souchon, & Trelea, 2016). Five pa-
rameters were used as free parameters in a fitting procedure with two 
mass transfer coefficients among the results: 

ksaliva = 6.0*10− 5[m/s] and kmucosa = 4.9*10− 5[m/s]

The advantage of these complex models is that they give insights in 
the effects of many parameters that are not easily tested experimentally. 
A disadvantage of these complex models is that they provide less stable 
fits with estimates of lower reliability, while the models are so flexible 
that they will easily adapt to the data, and thus their value for mecha-
nistic interpretation is limited. 

2.3. Robust measurement of mass transfer parameters in aroma release 
problems 

In this report, the aroma release is described by a practical approach 
of the full theory, simplified to an intuitive as well as mathematical 
description of aroma release from aqueous solutions. This approach 
improves the confidence in the used models and in the estimates of the 
parameters involved. The performance of mechanistic models used to be 
limited by small amount of experimental data from well controlled 
studies and lack of knowledge about the system behaviour in experi-
mental settings. This can now be surpassed by increasing computational 
power and data greedy calculations that start from first principles and 
fundamental parameters rather than relying on experimental values and 
on non-reliable estimates. 

3. Materials and methods 

3.1. Chemicals 

The following chemicals were used in this study: Five ethyl esters 
(ethyl acetate, ethyl propionate, ethyl butyrate, ethyl pentanoate and 
ethyl hexanoate) were provided by Firmenich SA. Dimethyl sulfoxide 
(DMSO), was obtained from Sigma Aldrich (> 99.9% purity). 

From these chemicals, pre-diluted mixtures of the five ethyl esters, 
40 μL each, were made in 10 mL DMSO. DMSO is used because it is a 
versatile solvent and it dissolves well in water and other food matrices. 
Another advantage of DMSO is that it has a high boiling point and does 
not evaporate much, such that it does not interfere with the detection in 
the PTR-MS. 

Descriptive parameters for the five esters are shown in Table 2. The 
differences between molecules are largest for ethyl acetate: ethyl 

Table 1 
Diffusion coefficients of aroma molecules in water and air.  

Aroma 
molecule 

Diffusion coefficient 
in water 
Dw 

*10− 10 [m2 s− 1] 
(Hayduk and Laudie, 
1974) 

Diffusion coefficient in 
air 
Dg 

*10− 6 [m2 s− 1] 
(Fuller, Schettler, & 
Giddings, 1966) 

Henry’s 
constant 
Hbond 

[cl/cg] 
(US EPA, 
2012) 

Ethyl acetate 9.5 8.7 105.0 
Ethyl 

propionate 
8.54 7.9 79.2 

Ethyl butyrate 7.78 7.2 59.7 
Ethyl 

pentanoate 
7.19 6.7 44.9 

Ethyl 
hexanoate 

6.70 6.3 33.8  
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hexanoate and results in about a factor 1.5 for the diffusion coefficients 
and a factor 3 to 4 for the partition coefficient. 

3.2. Equipment 

3.2.1. Food processing in a rheometer pressure cell 
A pressure cell of a MCR302 rheometer (Anton Paar GmbH, Austria) 

was chosen as a reactor for mimicking food processing, which creates a 
platform that allows a wide range of parameters to be controlled and 
measured. In the study described here we used the system to control the 
stirring rate and temperature. For temperature control the rheometer 
was equipped with a Peltier system (C-PTD200) and a water bath. 

The pressure cell has a cylindrical shape with a 27 mm inner diam-
eter. A cross vane of 24.5 mm width is used for applying physical stress 
and creating agitation. The cross-vane blades leave a gap of 9 mm at the 
bottom and 1.25 mm at the edges. The 17 mL sample reaches a height of 
32.2 mm, which is 4.2 mm above the top of the vane blades. Such a vane, 
with flat blades, generates a flow pattern of liquid moving radially 
outward away from the blades generating two vortexes, one below the 
blade and one above the blade (Zlokarnik, 1999). The stirring speeds 
were kept sufficiently low such that no deformation of the surface 
occurred. 

3.2.2. Concentration measurement by PTR-MS 
The gas phase aroma concentration was measured by a PTR-MS in-

strument (IONICON Analytik GmbH, Austria), which was connected to 
the rheometer pressure cell. The PTR-MS settings were chosen to reduce 
fractionation of the molecules, preventing an overlap in the spectra from 
fractions of different aroma molecules. This was done by selecting a low 
electric field intensity in the reaction tube (around 106 Td) and a low 
water gas flow towards the ion source (6 sccm). At these setting we 
found that the fractionation of the ethyl esters is below 1%, which 
corresponds with findings of Aprea, Biasioli, Märk, and Gasperi (2007). 

The reaction tube settings were 450 V, 2.0 mbar pressure and 50 ◦C. 
The nose-cone voltage of the inlet to the quadrupole was set at 5.7 V 
which is a standard value from the manufacturer. The O2

+ signal is below 

1% of the H3O+ signal. The amount of water cluster ions, H3O+ ⋅ nH2O, 
was between 30 and 70% of the primary H3O+ signal, which is related to 
the low intensity setting. 

The PTR-MS was connected via an inlet tube made of a 1.3 m length 
polyether ether ketone capillary with 1 mm inner diameter, and a pol-
yether ether ketone pre-column filter with a 2 μm frit. The inlet tube was 
kept at 105 ◦C to prevent absorption of aroma to the inside surface. The 
capillary inside the PTR-MS was kept at 80 ◦C which is the value rec-
ommended by the manufacturer. A low inlet flux of 35 mL/min was 
selected to allow the system to measure the head space continuously 
while causing limited dilution of the head space and system. 

3.2.3. Gas flow system 
The basic principle of the in-line measurement is a stripping of the air 

from the head space in the pressure cell, which is pumped through a 
loop. The stripped air is passed towards the inlet of the PTR-MS for 
determination of the aroma concentration. This stripping air system can 
be described by three flows: a stripping flow, a split flow, and a circu-
lating flow. The settings that are used are shown in Fig. 1 and are:  

• 4.3 mL/min for the stripping flow as measured and controlled by a 
mass flow controller (FMA-2403, Omega, Stamford CT).  

• 35 mL/min for the flow towards the PTR-MS, which is determined by 
the resistance in a double capillary inlet system inside the PTR-MS 
and set manually with a needle valve. The flow is measured by a 
secondary mass flow meter (GFM, Aalborg, Denmark).  

• 288 mL/min for the circulating flow as determined by a valveless 
piston metering pump (QG400, Fluid Metering Inc., NY) operating at 
the maximum of its nominal value. 

The stripping flow is introduced to allow continuous sampling of the 
head space concentration. The stripping flow rate is kept low such that 
there is no fast depletion of the aroma in the sample and the head space. 
This makes the signal stronger, more stable, and increases the variation 
in release of different molecules. 

The split flow is introduced because operating the PTR-MS requires a 
larger inlet flow than the small stripping flow can supply. By mixing 
with an additional flow of air this requirement can be fulfilled without 
the necessity of a larger stripping air flow. 

The circulation flow serves two purposes. First, it increases the flow 
rate in the system, most importantly in the section between the 
rheometer and the PTR-MS. This provides a sharper signal with higher 
time resolution. The flow rate is low only in the small section of about 
1 cm that connects the circulation flow circuit with the split flow to-
wards the PTR-MS. Second, the circulating flow allows to change the gas 
flow conditions in the rheometer cell while keeping the same stripping 

Table 2 
Concentration of the aroma in the final sample mixture.  

Compound Molarity 
[μM] 

Concentration 
[mg/L] 

Ethyl acetate 7.35 0.648 
Ethyl propionate 6.70 0.684 
Ethyl butyrate 5.87 0.682 
Ethyl pentanoate 5.32 0.682 
Ethyl hexanoate 4.91 0.708  

atmospheric
pressure

air in

pump
288 ml/min

air in

3 bar

4.3 ml/min

35 ml/min

mass flow
meter

mass flow
controller

rheometer

to PTR-MSrelease

Fig. 1. Schematic overview of the flow system connecting a rheometer pressure cell to a PTR-MS. Aroma release occurs from an aromatized sample into the head 
space of the rheometer pressure cell. A system of tubes regulates a stripping flow, circulating flow and split flow. This combination of flows ensures that the stripping 
flow can be kept at a flow 4.3 mL/min while keeping a high 288 mL/min internal flow in the tubes and a large 35 mL/min flow towards the PTR-MS. 
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flow. 
All connections in the flow system were made with polytetra-

fluoroethylene (PTFE) tubes of 4 mm inner diameter and Swagelok 
stainless steel connectors. A heating system, set to 25 ◦C, was placed 
around the tubes of the flow system. The heating system consists of 
several independent control loops made with Pt-100 temperature sen-
sors and heating cable wrapped around the tubes. The total volume of 
the system, pressure cell plus tubes, is 100 mL. The pressure cell volume 
is 43 mL. 

3.3. Sample preparation 

An aromatized aqueous solution was used as a food model. This 
aromatized solution consisted of a mixture of five ethyl esters dissolved 
in demineralized water. The mixture was made pre-diluting the aroma 
mixture in DMSO and adding a fraction to the demineralized water. An 
equilibration period for more than an hour was used before applying 
samples of the solution in experiments. The concentrations of the 
aromas in the final mixture were kept below 1% of the maximum sol-
ubility and are shown in Table 3. 

3.4. Release experiment 

An experiment was performed by placing a 17 mL aliquot of the 
aromatized solution into the rheometer pressure cell and closing the cell. 
The pressure cell was kept at a temperature of 25 ◦C. The stirring and the 
flow system for the aroma concentration measurement were started 
immediately after loading the sample. From this point on the change of 
the concentration in the head space was measured by the PTR-MS. 

This release experiment measures in a single run the concentrations 
of the five aroma molecules in the headspace for a period of 80 min with 
a sample rate of once every four seconds. The runs where repeated 8 
times while varying the stirring rate for each repetition (5, 10, 15, 20, 
30, 40, 60, and 80 rotations per minute). 

The cell was closed manually. During closure of the cell, the gas flow 
inside the pressure cell is not stable and a short peak and dip are 
registered for the aroma concentration. A fast initial rise occurs after 
adding the aroma and before closing the cell. A subsequent decrease 
occurs after closing the cell. This individual manipulation is not exactly 
the same from experiment to experiment and it is also not our purpose to 
analyse these short variations. For the analysis and representation of the 
results we selected the concentration level after which the release curves 
in all the experiments are smooth and indicate a stable process. 

3.5. Calibration by static head space measurements 

In a first calibration we relate the PTR-MS signal to calculated aroma 
concentrations in an equilibrated head space of a sample placed inside a 
bottle. This calibration was performed each day to ensure that the 
response of the PTR-MS was stable and that the measurements were in 
the linear range. 

The head space measurements were adapted from a method by 
Avison, Gruijthuijsen, Pascu, Parker, and Bodnár (2015). We used 
200 mL aqueous solutions of the targeted aroma molecules placed in 1 L 
glass bottles, closed with fluoroplastic caps (out of TpCh260, Duran®), 
with a small opening for measurements, and equilibrated for over one 

hour. During the equilibration the opening was closed with aluminium 
lined tape. The resulting head space concentration was calculated using 
the Henry coefficients Hbond (see Table 2). Dilutions were made to obtain 
a range of head space concentrations of ~10 ppbv to ~10 ppmv (parts 
per billion/million by volume). A measurement of the head space was 
performed by placing the inlet of the PTR-MS through the small opening 
in the cap of the bottle. In these cases, the gas flow towards the PTR-MS 
was entering directly the PTR-MS with a flow rate of 35 mL/min. The gas 
flow system as described in Section 3.2.3 was not used in this calibration 
setup. 

3.6. Calibration by full evaporation technique 

A second calibration was performed based on full depletion of the 
aroma in a sample, which was done by fully stripping a sample over a 
long period (six hours). This is slower because of the time required to 
evaporate and measure the entire sample. The advantage is that the 
signal can be directly related to the amount of added aroma rather than 
to a calculation based on Henry’s coefficients from literature correlation 
functions, or experiments, which do not always have high accuracy. This 
second calibration is performed with the same inlet system (the flow 
system, including the split flow setup) as with the experiment, such that 
there are no influences of changes in the sensitivity of the PTR-MS due to 
adaptations in the inlet line or changes in humidity. 

The total evaporation calibration was performed by running the 
previously described release experiment overnight, during which nearly 
all the aroma in the sample evaporated. This signal was then integrated 
over time and this value was equated to the total quantity of aroma 
available in the liquid sample that was used for the experiment. The 
integration of the signal was performed from zero to infinity by applying 
the integration to a curve that is fitted to the signal. 
∫ ∞

t=0
signal(t)dt∝

∫ ∞

t=0

cg(t)
cl(0)

dt =
Vl

Φ
(4) 

For the analysis of the data this second calibration was used. The 
variation of the second calibration relative to the first calibration was 
− 25%, − 13%, − 5%, +16% and + 50% for ethyl acetate, ethyl propio-
nate, ethyl butyrate, ethyl pentanoate and ethyl hexanoate respectively. 
The discrepancy may be due to the different inlet in the first measure-
ment, that is the inlet being directly placed in a bottle rather than 
connected to the rheometer cell. 

4. Analysis 

4.1. Mathematical description 

A homogeneous concentration of aroma is assumed in the liquid and 
gas phases separately, in which case a compartmental model can be used 
to describe the kinetics of the system. The underlying equations of the 
compartmental model are ordinary differential equations, and their 
solution is a sum of exponents with an exponential term for each 
compartment (Godfrey, 1983). 

For two compartments, liquid phase, and gas phase, we write the two 
mass balances, that relate the change of material in the compartments to 
a term for transport across the interface and a term for transport due to 
stripping: 

Vl
dcl

dt
= − k0A

(
cl − Hl/gcg

)
(5a) 

Vg
dcg

dt⏟̅̅ ⏞⏞̅̅ ⏟
material change

= k0A
(
cl − Hl/gcg

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
interfacial transport

− Φcg
⏟⏞⏞⏟

stripping transport

(5b)  

with cg and cl the aroma concentration and three type of parameters that 
describe the physical system: (1) geometrical factors Vg, Vl and A for the 
gas (head space) volume, liquid (sample) volume and the area at the 

Table 3 
Concentration of the aroma in the final sample mixture.  

Compound Molarity [μM] Concentration [mg/L] 

ethyl acetate 7.35 0.648 
ethyl propionate 6.70 0.684 
ethyl butyrate 5.87 0.682 
ethyl pentanoate 5.32 0.682 
ethyl hexanoate 4.91 0.708  
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interface, (2) dynamic factors Φ and kO for the air flow rate and the 
overall mass transfer coefficient, and (3) an equilibrium factor H for the 
liquid/gas partition coefficient. 

A bi-exponential model describes the solution to Eq. (5) and can be 
used to express the aroma concentration in the gas phase as a time series 

cg(t)
cl(0)

= a1e− b1 t + a2e− b2 t = a1
(
e− b1 t + e− b2 t) (6)  

where cg(t)
cl(0) is the gas phase aroma concentration made dimensionless by 

scaling with the liquid aroma concentration at the start, and a1, a2, b1 
and b2 are coefficients. The second equality on the right side of Eq. (6) 
stems from the application of the boundary condition cg(0) = 0, from 
which it follows that the coefficients a1 and a2 are antisymmetric: a1 = −

a2. 
The coefficients a1, a2, b1 and b2 are related to the parameters that 

describe the physical system through Eq. (5) (Harrison & Hills, 1997; 
Weterings et al., 2020): 

a1 = − a2 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
H′2 − 4ξβ

√ − 1
(7a) 

b1 =
(

H′

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
H ′2 − 4ξβ

√ ) − k0A
2Vg

(7b) 

b2 =
(

H′

+
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
H ′2 − 4ξβ

√ ) − k0A
2Vg

(7c)  

with dimensionless parameters 

H ′

= H + β+ ξ (8a) 

β =
Vg

Vl
(8b) 

ξ =
Φ

k0A
(8c)  

4.1.1. Alternative parametrization 
The model coefficients a1, a2 (related to the height), b1 (related to the 

rate of decline) and b 2 (related to the rate of initial release) are useful for 
the elegant expression of the Eq. (6) and in a regression analysis. Yet 
they are just one of many parametrisations and in practice researchers 
and scientist may use more intuitive coefficients as descriptors of the 
aroma concentration as function of time. Examples are initial release 
rate, peak time, peak height, area under the curve, maximum intensity, 
retention/release after a specific time or ratio of aroma concentration at 
two time points (Weterings et al., 2020). 

In our analysis we will make use of the peak time and peak height as 
more intuitive coefficients related to the release curves. The peak time 
and peak height relate to the bi-exponential model coefficients as 
following: 

peak time = tpeak =

ln
(

a2b2
a1b1

)

b2 − b1
(9a)  

peak height = cpeak = a1e− b1 tpeak + a2e− b2 tpeak (9b)  

4.2. Exponential model fitting procedure 

The bi-exponential model is fitted to experimental data by applying a 
non-linear least squares approximation (Bates & Watts, 1988), using the 
‘stats’ package in R with the default Gauss-Newton algorithm. The initial 
approximation for the algorithm is made with the algebraic integrative 
method by Tittelbach-Helmrich (1993). An optimization is made using 
the mean displacement ratio smoothing method described by Dyson and 
Isenberg (1971) with QF = 0.8 as smoothing parameter. 

Before the experimental measurements start the head space already 
fills up with aroma when placing the sample into the pressure cell, and 
the measurement of the aroma release curve does not start at a zero head 

space aroma concentration: cg(0) ∕= 0. The analysis and comparison of 
results is easier after a shift of the timescales of the release curves such 
that the condition cg(0) = 0 applies. Therefore, the fitting of data to Eq. 
(6) is first performed without using the boundary condition ‘cg(0) = 0’ 
and the time at which the concentration is zero is calculated according to 

cg(t0) = 0 if t0 =
ln( − a2/a1)

(b2 − b1)
(10) 

After a time-translation based on the calculated t0 we obtain 
cg(0) = 0 and new coefficients a1 and a2 that satisfy a1 = a2. 

4.3. Inverse problem: estimating the mass transfer coefficient kO and 
partition coefficient H 

We can use the concentration measurements to estimate unknown or 
uncertain physical parameters by using them as fit parameters in the 
model. This is an inverse problem that uses the relations in Eq. (6) and 
(7) as shown in the diagram below: 
[

cg(t)
cl(0)

]

⏟̅̅̅̅ ⏞⏞̅̅̅̅ ⏟
measurements

⇔
eq.(6)

[a1, a2, b1, b2]
⏟̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅⏟
model coefficients

⇔
eq.(7) [

Vg,Vl,A,Φ, k0,H
]

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
physical parameters 

In this report we consider two fit-parameters: kO and H. For the other 
parameters Vg, Vl, A and Φ we use their physical values. For the partition 
coefficient H values could be fixed a priori by using secondary experi-
ments or literature values. However, these values are not precise and 
small variations between assumed values and real values of H may have 
a relatively large influence on estimates of kO due to strong non-linear 
behaviour near the asymptotes of Eq. (7). 

The fitting of the parameters kO and H is performed via two path-
ways. A lightweight initial estimate (Section 4.3.1) for kO and H is made 
via an indirect two stage regression model. This initial estimate is useful 
for illustrative purposes and it also acts as a starting condition for a final 
more complex regression model (Section 4.3.2) that estimates the kO and 
H more directly. 

4.3.1. Initial fitting of kO and H to model coefficients 
The initial estimation of kO and H is done in two regression steps. 

First the bi-exponential model in Eq. (6) is fitted to each individual 
concentration-time curve to obtain raw coefficients (a1, a2, b1, and b2). 
Second the model in Eq. (7) is fitted to these coefficients to obtain the 
parameters kO and H. 

The procedure is also performed visually by comparing the experi-
mental and calculated values of the pairs of the peak time and peak 
height (tpeak, cpeak) by using Eq. (9). This comparison is done visually 
with a scatter plot (see Fig. 3 later in this report) of the experimentally 
determined pairs with isolines describing theoretical values based on kO 
and H. The pairs associated to a single molecule and food composition 
are expected to be positioned on a single iso-H-curve and a combination 
of kO-values for increasing agitation/stirring rates. 

This use of a combination of coefficients, both tpeak and cpeak, is more 
robust than correlating kO to only a single coefficient: for instance, using 
only a peak value or only an initial release rate in order to estimate kO. 
Correlating kO with only a single coefficient is compromised if small 
experimental variations in the estimation of coefficients (tpeak, cpeak) 
correspond to relatively large errors in estimates of kO. This occurs 
especially around asymptotes which are present in all of Eqs. (7a), (7b) 
and (7c). 

4.3.2. Final direct fitting of ko and H 
The final estimation of ko and H is done in a single regression step. 

The fitting is made by inserting Eq. (7) into (6) and applying a non-linear 
least squares algorithm directly to the parameters ko and H. We use this 
direct fitting procedure to obtain the final estimated values for ko and H. 
The initial estimated values of ko and H serve as a starting condition that 
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improves the convergence in this final regression. 

4.4. Determination of kg and kl 

After obtaining values of the overall mass transport coefficient ko as 
function of both the aroma type and the stirring rate, an estimate can be 
made of the gas and liquid film mass transport coefficients, kg and kl in 
the right side of Eq. (1). The Eq. (1) is closed by using the Eq. (2) for the 
kg and kl terms and solving for the scaling factor and the power law 
exponent related to the Reynolds number. In terms of non-dimensional 
parameters, the used power-law relationships read 

Shl = AlRenl
l Sc1/3

l (11)  

Shg = AgReng
g Sc1/3

g = BgSc1/3
g (12)  

in which the parameters to be estimated are Al, Bg, which are scale 
factors, and nl is the power law exponent. We absorb AgReg

ng into a single 
constant parameter Bg, because the effect of agitation in the liquid phase 
on the flow in the gas phase may be neglected. 

The Sherwood number, impeller Reynolds number, Schmidt number 
in the liquid and gas are 

Shl =
kl

Dl/Ll
(13a) 

Shg =
kg

Dg
/

Lg
(13b) 

Rel =
d2ω
νl

(13c) 

Reg =
d2ω
νg

(13d) 

Scl =
νl

Dl
(13e) 

Scg =
νg

Dg
(13f)  

in which the subscripts l and g refer to the liquid phase and the gas phase, 
D is the diffusion coefficient, L is the height of the phase, d is the 
diameter of the rheometer pressure cell, and ν is the kinematic viscosity. 
The impeller Reynolds number is varied by changing the stirring rate 
while the diameter d and the kinematic viscosity ν remain unchanged for 
each aroma. For the computation of the Schmidt numbers we use text-
book values of the kinematic viscosities, νg = 1.57*10− 5 [m2/s] for the 
gas (air) phase and νl = 1.00*10− 6 [m2/s] for the liquid (water) phase. 
This results in Scg values between 1.5 and 3 and Scl values between 1000 
and 1500. 

We do not make an estimate of the exponent related to the Schmidt 

numbers and fix it to the value 1/3, which is a typical value among 
correlation functions in the literature (see Table 1). The range of vari-
ability in Schmidt numbers in this experiment is very small and the 
regression line that estimates the power law exponent would be very 
short such that experimental variations in the error terms would have a 
relatively large effect on the estimate of the power-law exponent. 

It would be more straightforward to insert Eqs. (11) and (12), via 
Eqs. (2) and (13), into (6) and (7) and directly compute the full model, 
without first calculating kO in an intermediate step. However, it is not 
trivial to achieve convergence with this large model. To reliably express 
the error for the estimated parameters we evaluated confidence intervals 
by bootstrapping with thousand-fold re-sampling of the residuals, which 
does yield correct estimates of the confidence intervals. 

5. Results and discussion 

5.1. Release curves 

The aroma concentrations in the head space of a pressure cell were 
measured during the release of a mixture of five esters. The experiments 
were repeated with varying stirring speeds from 5 to 80 [rpm]. For each 
different aroma molecule and different stirrer speed a different time 
series, curve, is shown. The results are represented in Fig. 2 with the 
aroma concentration in the head space as a function of time, aroma type 
and stirring speed. Qualitative observations are:  

• Time: The general picture of a release curve is an increase of the head 
space aroma concentration during roughly the first half hour. As time 
progresses the rate of increase decreases and in the second half of the 
experiment the head space aroma concentration remains equal or 
even decreases.  

• Aroma: A higher aroma head space concentration is observed for 
aroma molecules with a smaller liquid/gas partition coefficient. The 
ranking is ethyl hexanoate > ethyl pentanoate > ethyl butyrate >
ethyl propionate > ethyl acetate. The observation of this effect is 
made more salient in Fig. 2 by placing the plots next to each other in 
order of both increasing relative head space concentration and 
increasing partition coefficient.  

• Stirrer speed: An increase of aroma release is observed for higher 
stirrer rates. This is observed as both a higher level of the peak or 
plateau and a shorter time scale at which this level is reached.  

• Aroma × stirrer speed: A variation is observed in the change in the 
peak levels as a function of stirring speed. For the molecules with 
high liquid/gas partition coefficient the relative change in the levels 
is much narrower as a function of stirring speed. In the case of ethyl 
acetate, the distinction between curves of different stirring rates is 
small. 

Fig. 2. Release curves, headspace concentration versus time, for five different esters and eight different stirring speeds (from dark to light 5, 10, 15, 20, 30, 40, 60 
and 80 [rpm]). The dashed lines are fitted curves based on the multi-exponential model in Eq. (6). To show more clearly the relationship between the partition 
coefficient and the change in the height of the aroma release curves, the plots for different esters are placed next to each other, ordered by liquid/gas partition 
coefficient, with the same time and concentration scales. 
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5.2. Intuitive interpretation of results 

A simple interpretation of the results can be made by contrasting 
them with the simpler situation of a closed system with a static head 
space. At this point it is important to note the similarity in the expres-
sions H + β + ξ and H + β that relate to the heights of the head space 
aroma concentration in the dynamic case and static case respectively: 

open system − peak level⇒
cg
(
tpeak

)

cl(0)
∼ (H + β + ξ)− 1 (14)  

closed system − static steady state⇒lim
t→∞

cg(t)
cl(0)

= (H + β)− 1 (15) 

The expression H + β is a fundamental relation in static head space 
analysis (Kolb & Ettre, 1997) and expresses the effect of the phase ratio 
on the final head space concentration. The expression H + β + ξ is a 
similar type of summation and includes an extra term ξ that relates to the 
balance between stripping (gas flow) and replenishment (mass transport 
from the liquid sample) of the aroma in the head space. The curves in 
Fig. 2 show that the static expression (15) is not appropriate; the release 
curves seem to approach a plateau level, but this level is not an equi-
librium that depends only on aroma type and phase ratio, and the stir-
ring rate has an important role as well. 

5.2.1. Plateau level and decline 
The head space aroma concentration does not reach a steady state 

equilibrium value as in a closed system. In the first part the head space 
aroma concentration increases towards a peak or plateau level. How-
ever, after a peak with no change in the aroma concentration the aroma 
concentration starts to decline. In most cases this decline is slow, and 
therefore seemingly resembles a plateau. 

The decline can be attributed to the stripping of the head space, 

which slowly depletes the system and reduces the aroma levels. The rate 
of this depletion relates to the flux of the stripping flow. Because the flux 
is kept low the decline is small, but variations are still observable. The 
relative depletion rate is more noticeable for higher stirring rates and 
smaller liquid/gas partition coefficients. In these cases, the relative 
amount of aroma in the head space is larger, and this gives the stripping 
of the head space a larger effect as a relatively larger fraction of the 
aroma in the system is stripped. 

5.2.2. Stirring rate effect 
The peak level is dependent on the stirring rate, and not just on the 

aroma type as in the Eq. (15) for the static equilibrium value. Also, in all 
cases the height of the peak or plateau level is below this static equi-
librium value. 

This difference with the static equilibrium value, which is dependent 
on the stirring rate, can be explained by the open system not reaching a 
steady state in the same way as a closed system does. In a closed system a 
static equilibrium or static steady state is reached when the mass 
transfer across the interface drops to zero (which happens at equilib-
rium). On the other hand, in an open system a peak is reached when the 
mass transfer across the interface balances the mass transfer from the 
stripping flow. This occurs when the head space aroma concentration is 
still different from the static equilibrium value in Eq. (15). With higher 
stirring rates the rate of mass transfer is higher and the mass flux across 
the interface will be higher for smaller driving forces. With higher stir-
ring rates the head space aroma concentration at the peak level will be 
closer to the static equilibrium value. 

5.3. Peak time and peak height 

For each release curve the pairs of peak time and peak height, (tpeak, 
cpeak), are plotted in Fig. 3. The values of the pairs were obtained by the 

Fig. 3. Scatterplot of pairs (tpeak, cpeak) for varying stirring speeds (from dark to light 5, 10, 15, 20, 30, 40, 60 and 80 [rpm]) and aroma types (ethyl acetate ∎, ethyl 
propionate ▴, ethyl butyrate ◆, ethyl pentanoate ●, and ethyl hexanoate ▾). 
Iso-H-lines and isoko-lines are drawn to show the dependence of the pairs (tpeak; cpeak) on H and ko, if other variables are kept constant. As expected, the pairs 
associated to a single molecule are positioned near a single iso-H-curve and on increasing iso- ko-curves for increasing stirring rates. 
The region in the top-right corner is a limit for possible peak height and time. Also, with decreasing partition coefficient H → 0 a boundary is reached, and the 
properties of peak height and time do not change much further. 
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multi-exponential fitting procedure described in the Methods Section 
4.2. The pairs relate to the curves in Fig. 2 and provide a more condensed 
representation of these multiple curves. 

The measured (tpeak, cpeak)-pairs that belong to a single aroma are 
positioned in Fig. 3 on a single iso-H-curve. This provides confirmation 
that the compartment model is able to approximate the system and that 
the setting the Henry coefficient as a free parameter is not over-fitting 
the experimental results. The values of the plotted iso-H-curves are 
chosen based on the values of H that were returned by the direct fitting 
of parameters ko and H. In this study we find liquid/gas partition co-
efficients that are relatively low compared with literature values 
(described in the Table 2): 24, 30, 49, 70 and 106 for ethyl hexanoate, 
ethyl pentanoate, ethyl butyrate, ethyl propionate and ethyl acetate 
respectively. While in the literature (Aprea et al., 2007; Fenclová, Bla-
hut, Vrbka, Dohnal, & B̈ohme, A., 2014; US EPA, 2012) one finds values 
up to 50% higher. 

Based on the isoko-lines we see that the values for the overall mass 
transfer coefficient are between ~2 ⋅ 10− 6 and ~ 9 ⋅ 10− 6 [m/s]. These 
are lower values than found by Déléris et al. (2016) and Normand et al. 
(2004). They studied both aroma release from samples placed in the 
mouth, in which case it may be that the resistance in the air layer is 
lower due to stronger convection. The variation of the mass transfer 
coefficients, as function of stirring rate, is larger for aroma molecules 
with decreasing liquid/gas partition coefficient (ethyl acetate < ethyl 
propionate < ethyl butyrate < ethyl pentanoate ~ ethyl hexanoate), due 
to the larger dominance of the liquid mass transfer coefficient, and ef-
fects of stirring rate, for the molecules with smaller liquid/gas partition 
coefficient as in Eq. (1). 

From Fig. 3 we can also assess how estimates of the mass transfer 
coefficient may result in relatively large errors if they are based on single 
fitting parameters and/or external input of the partition coefficient H. 
For instance, the different (tpeak, cpeak) values for ethyl acetate have little 

variance in the peak height whereas the variance in peak times is larger. 
This means that changes in the mass transfer coefficient relate to rela-
tively small changes of the peak heights. In the inverse case: if there are 
small changes in the peak heights, due to measurement errors, or if there 
are wrong estimates of the partition coefficient H, then there will be a 
large uncertainty in the estimate of the mass transfer coefficient. 

5.4. The overall mass transfer coefficient ko 

The overall mass transfer coefficient, ko, is determined by direct 
fitting of Eqs. (7) substituted into (6). A plot of the values as function of 
the stirring rate is shown in Fig. 4. In this plot we also show fitted curves 
that are based on the two-film model in Eq. (1). These curves relate to 
the mass transfer coefficients kl and kg in the liquid and gas layers which 
we will discuss in more detail later. 

Before we describe the results quantitatively we note that three 
features in Fig. 4 can already be well described qualitatively: an overall 
mass transport coefficient that (1) increases with increasing stirring rate 
(2) to an asymptote and (3) where this asymptote is at a higher overall 
mass Eq. (11) transport rate for aroma molecules with a smaller liquid/ 
gas partition coefficient.  

• Correlation ko and ω: The increasing curves in the Fig. 4 show that 
the mass transfer coefficient ko correlates positively with stirring 
rate. This is as expected as stirring generally increases the mass 
transfer by inducing convection in the liquid and maximizes the 
replenishment of aroma from the bulk to the interface.  

• Non-linear behaviour: In Fig. 4 we see that the rate of increase in ko 
as a function of stirring rate is smaller at higher stirring rates. This 
corresponds to a two-layer model in which one part varies with the 
stirring rate and one other part remains constant or varies much less. 
In the theory described by Eq. (1) the overall resistance to mass 

Fig. 4. The overall mass transfer coefficient for various aroma molecules (ethyl acetate ■, ethyl propionate , ethyl butyrate , ethyl pentanoate , and ethyl 
hexanoate ▽) as a function of stirring speed n varied from 5 to 80 rpm. 
The dashed lines are fits according to the models in Eqs. (1), (11) and (12) and relate to an impeller Reynolds number dependency of the liquid mass transfer 
coefficient kl ∝ Rel

nl with nl~1. At high stirring velocities, the increase in the overall mass transfer reaches a plateau which is due to the influence of the gas phase mass 
transfer rate. The degree in which the gas phase mass transfer coefficient has influence is related to the partition coefficient (in the term H/kg) and increases from 
ethyl hexanoate to ethyl acetate. 
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transfer 
(

1
k0

)

is the sum of a resistance in the liquid side interfacial 

layer and a resistance in the gas side interfacial layer. At high stirring 
rates the resistance to mass transfer in the liquid layer decreases 
while the resistance to mass transfer in the gas layer remains (or 
decreases much less) and becomes the dominant factor.  

• Cross-effect with aroma type: The bend in the curves in Fig. 4 occurs 
at higher stirring rates, and at higher levels of ko, for aroma mole-
cules with a lower liquid/gas partition coefficient. This is related to 
the aroma molecules with a higher liquid/gas partition coefficient 
being more influenced by the resistance in the gas phase. 

This effect may be seen as counter intuitive from the perspective that 
different aroma molecules have similar diffusion coefficients (for Fick’s 
law). However, it is not the difference in diffusion coefficients, or liquid 
and gas mass transfer coefficients, that cause the variation in the overall 
mass transfer coefficient. The reason for more influence of the resistance 
in the gas layer and a smaller overall mass transfer coefficient is in the 
driving force. This is because molecules with a high liquid/gas partition 
coefficient have a large concentration step at the interface resulting in a 
smaller aroma concentration gradient in the gas phase for the same 
aroma concentration in the liquid phase. In the limit of a very high mass 
transport in the liquid phase, the concentration in the gas just near the 
interface will approach an asymptote equal to the equilibrium value cl/ 
H. The smaller concentration gradient in the gas phase, due to a smaller 
concentration just near the interface (the limit cl/H), can be related to a 
smaller rate of mass transport for higher H. 

The three qualitative observations support a two-film model as 
described by Eq. (1), and show that three factors, kl, kg and H each play a 
role of importance. With the data from this study a more thorough 
analysis can be made by quantifying kl and kg and determining the 
dependence of kl on the stirring rate. 

5.5. The separate mass transfer coefficients kg and kl 

The experimentally derived values of ko were fitted with the two-film 
model in Eq. (1) and experimental correlations for kl and kg in Eqs. (11) 
and (12). Curves of the fits are added to the experimental data points in 
Fig. 4. The fitting parameters nl, Al and Bg are shown in Table 4. Table 5 

provides an overview, as an easy reference, of the values for mass 
transfer coefficients and Sherwood numbers at the slowest and fastest 
stirring rate. 

The fitted curves match with the data points in Fig. 4. The error in the 
estimates of the fit-parameters, due to variability of the error terms, is 
evaluated by bootstrapping with thousand-fold re-sampling of the re-
siduals. If the re-sampling results in similar results (that is, within small 
variation) then the fit is well conditioned with respect to the error in the 
data points. This is the case for the parameter nl which is estimated with 
a 95%-confidence interval of about ±0.1 as shown in Table 4. 

The coefficients Al has a large variation with a 95%-confidence levels 
of about a factor 2 difference of the estimated value. Part of the large 
variation in the coefficient is because it behaves opposite to the variation 
in the power law term Ren which has a large influence for small varia-
tions in n (for example 9000.9 versus 9001.1 is almost a factor 4 
difference). 

5.6. Implications of kg and kl and variations by stirring rate 

The differences between aroma types are small in terms of the liquid 
and gas Sherwood numbers and mass transfer coefficients (presented in 
Table 5). This is as expected since the aroma types do not differ much in 
liquid and gas diffusion coefficients. The largest difference in the esti-
mated liquid mass transfer coefficients is a factor 1.3 difference between 
ethyl acetate and ethyl hexanoate. At high stirring rates, the differences 
in the estimated overall mass transfer coefficients are larger, factor 3 
difference between ethyl acetate and ethyl hexanoate, and mainly 
determined by the differences in partition coefficient, which is a factor 
4.5 between ethyl acatete and ethyl hexanoate. The partition coefficient 
occurs in the H

kg
term in the Eq. (1) for the two-film model. 

The differences between stirring rates are large in the liquid gas 
phase mass transfer coefficient kl. The coefficient increases by more than 
a factor of ten when changing the stirring rate 5 to 80 [rpm], and the 
value of the power law coefficient nl was determined at 0.99, which 
indicates a strong influence of the stirring on the mass transfer rate. The 
cases for turbulent flow in pipes and over flat plates in Table 1 have 
nl = 0.8 which is lower. This strong influence of stirring may be due to 
the high curvature of the flow in the geometry which induces in-
stabilities and strong radial outflow that very effectively replenish the 
surface layer and increase the impeller flow number (the effectiveness at 
which the vane pumps liquid around per rotation). In future work the 
mass transfer might be studied further by incorporating an agitation of 
the gas phase separately from the agitation in the liquid phase. 

The Sherwood numbers for the mass transport in the gas phase are 
around 3.5 and much smaller than the Sherwood numbers for the mass 
transport in the liquid phase, which are between 90 and 1800 depending 
on the stirring rate. The small(er) Sherwood numbers for the transport in 
the gas phase are as expected and may relate to the smaller Schmidt 
number which is three orders of magnitude smaller for the gas phase in 
comparison to the liquid phase. If the low Sherwood numbers in the gas 
phase are a general phenomenon, or at least more common, then this 
means that for many systems the mass transport coefficients for the gas 
phase can be easily and quickly estimated by using an approximation 

Table 4 
Estimates of coefficients for Eqs. (11) and (12). The values between brackets are 
95% confidence intervals based on a bootstrapping method with thousand-fold 
re-sampling of the residuals.  

Liquid phase: Gas phase: 

Eq. (11) Shl = AlRel
nlScl

1/3 Eq. (12) Shg = BgScg
1/3 

Coefficient and 
value 

95%-confidence 
interval 

Coefficient and 
value 

95%-confidence 
interval 

nl = 0.99 [0.91, 1.10]   
Al = 0.15 [0.09, 0.22] Bg = 2.52 [2.33, 2.69]  

Table 5 
Selected values obtained from fits of Eqs. (11) and (12): ko, kl, kg, Shl and Shg at stirring rates 5 and 80 [rpm].  

Compound Stirring rate 5 [rpm], Re = 56 Stirring rate 80 [rpm], Re = 901 

ko [m/s] kl [m/s] kg [m/s] Shl [− ] Shg [− ] ko [m/s] kl [m/s] kg [m/s] Shl [− ] Shg [− ] 

ethyl acetate 1.45⋅10− 6 2.43⋅10− 6 3.83⋅10− 4 116 4.2 3.30⋅10− 6 3.80⋅10− 5 3.83⋅10− 4 1815 4.2 
ethyl propionate 1.57⋅10− 6 2.26⋅10− 6 3.59⋅10− 4 108 4.0 4.46⋅10− 6 3.53⋅10− 5 3.59⋅10− 4 1687 4.0 
ethyl butyrate 1.63⋅10− 6 2.13⋅10− 6 3.39⋅10− 4 101 3.7 5.73⋅10− 6 3.32⋅10− 5 3.39⋅10− 4 1587 3.7 
ethyl pentanoate 1.70⋅10− 6 2.01⋅10− 6 3.23⋅10− 4 97 3.6 8.08⋅10− 6 3.15⋅10− 5 3.23⋅10− 4 1504 3.6 
ethyl hexanoate 1.68⋅10− 6 1.93⋅10− 6 3.09⋅10− 4 92 3.4 9.09⋅10− 6 3.00⋅10− 5 3.09⋅10− 4 1436 3.4  
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with the ratio Dg/Lg for pure diffusive transport, and ignoring possible 
variations in agitation. 

6. Conclusions 

We observed that agitation has a strong and non-linear influence on 
aroma release. Parameters kl, kg and H determine together a change in 
release behaviour of the different molecules. At low stirring rates the 
release is dominated by transport in the liquid phase and by the stripping 
factor and at high stirring rates the release is dominated by transport in 
the gas phase and by the partitioning coefficient. The changeover point 
is strongly influenced by the partitioning coefficient. 

The variations in separate mass transfer coefficients in the gas and 
liquid kg and kl were not strongly dependent on the aroma type. The 
overall mass transfer coefficient ko varied based on variations between 
aroma types in the partition coefficient H. 

The results from this report have several consequences for future 
aroma release studies and models, that can be summarized as follows:  

• There is a large influence of agitation on the outcome of the release 
experiment. This effect needs to be taken into account in the com-
parison of different studies.  

• The agitation has an influence that varies depending on the type of 
aroma molecules. This underlines the bi-modal classification system 
developed in Weterings et al. (2020). In our results we see the switch 
between different classes. With an increase of the stirring rate a 
change is seen from liquid layer dominating to gas layer dominating 
and from static equilibrium dominating to stripping factor 
dominating.  

• The fitting of dynamic release curves to a multi-exponential model 
provides a strong and robust method for creating estimates of pa-
rameters that describe the physical system. 

Future work may address different processing conditions, different 
processing types, different food compositions, and different food types. 
The outcome can subsequently be used to evaluate and refine theories or 
be used in predictive food modelling. The predictive power can then be 
evaluated more precisely and at a wider scale. 
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