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Abstract

Artefact-avoiding isolation of the volatiles from foods is a crucial step before analysis of odour-active compounds by gas
chromatography (GC). In the past 20 years, solvent extraction followed by solvent-assisted flavour evaporation (SAFE) has
become the standard approach, particularly prior to GC—olfactometry. The manual valve of the SAFE equipment, however,
leads to suboptimal yields and the risk of a contamination of the volatile isolate with non-volatiles. We thus developed an
automated SAFE (aSAFE) approach by replacing the manual valve with an electronically controlled pneumatic valve. The
aSAFE provides clearly higher yields than the manual SAFE (mSAFE), notably from extracts high in lipids and for odorants
with comparably high boiling points. Additionally, aSAFE substantially reduces the risk of non-volatiles being transferred
to the volatile isolate. Full automatisation is possible by combining the aSAFE approach with an automated liquid nitrogen

refill system as well as an endpoint recognition and shut-off system.

Keywords Automated solvent-assisted flavour evaporation - aSAFE - Volatile isolation - Yield - Gas chromatography—

olfactometry

Introduction

The isolation of the volatile fraction from foods and bever-
ages is a big challenge, in particular for flavour chemists
engaged in the analysis of odour-active compounds with
gas chromatographic methods such as gas chromatogra-
phy—olfactometry (GC-O) [1]. Steam distillation approaches
[2] widely used in the early days of GC lead to thermal com-
pound degradation and artefact formation associated with
the elevated temperatures [3—6]. Direct injection of solvent
extracts without further purification as well as solid phase
extraction approaches such as solid phase microextraction
(SPME) [7] and stir bar sorptive extraction (SBSE) [8]
requires hot injection techniques that also foster thermal
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degradation and artefact forming reactions (examples in [1,
6,9, 10]).

The first researchers who clearly addressed the problem
of artefact formation in odorant analysis were Weurman
et al. [11]. They suggested a new and mild approach for the
isolation of food volatiles for which they coined the name
“high vacuum transfer” (HVT). In an evacuated system,
two round-bottom flasks were connected with a glass tube.
Flask 1 contained the food sample and was kept at room
temperature, whereas flask 2 was initially empty. When flask
2 was cooled to —180 °C, the food volatiles evaporated in
flask 1 and recondensed in flask 2, driven by the different
vapour pressures associated with the temperature difference
between the flasks. In 1985, Schieberle and Grosch adopted
the HVT approach to separate the volatiles and the non-
volatiles of extracts obtained from foods with low-boiling
solvents such as diethyl ether, dichloromethane, or pentane
[12]. A round-bottom flask containing the extract was con-
nected with a glass tube to a series of gas washing bottles
serving as cold traps. First, the extract was cooled down
with liquid nitrogen. Then, the device was evacuated and
cooling was applied to the cold traps, while the cooling of
the extract was stopped. As a result, a temperature difference
between the frozen extract and the cold traps developed,
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causing the solvent and extracted volatiles to sublime and
recondense in the cold traps. Evaporative cooling kept the
temperature difference small, thus ensuring a smooth pro-
cess until the transfer of the solvent was completed, which
required ~ 1-2 h/100 mL. To reduce losses associated with
a recondensation of volatiles before entering the cold traps,
Sen et al. added a water-thermostated double-walled glass
tube to connect the round bottom flask and the cold traps and
applied temperatures of up to 50 °C [13]. Another HVT vari-
ant designed to increase volatile yields was introduced by
Guth and Grosch [14]. Instead of placing the entire solvent
extract in the round bottom flask before starting the transfer,
the extract was introduced in numerous small portions by
using a dropping funnel. Discontinuous extract delivery with
a high flow over a short period of time was found crucial
to properly transfer the extract from the funnel to the flask,
maintain the high vacuum, and avoid blockage of the drop-
ping funnel outlet by solidified fat from high-fat extracts. No
cooling was applied to the flask; thus, each portion instantly
vaporised in a spray-like manner. A major drawback of this
“dynamic HVT” approach was the high risk of a transfer
of non-volatiles in the form of small droplets. Therefore,
in 1992 Jung et al. suggested to insert a splash protection
adapter between the round bottom flask and the thermostated
glass tube [15]. The adapter forced the vapour stream into
hard direction changes; thus, droplets of non-volatiles were
deposited at the walls of the adapter and did not reach the
cold traps.

In 1999, Engel et al. [16] combined the major parts of
the dynamic HVT equipment into a single glass device. For
its application, they coined the name “solvent-assisted fla-
vour evaporation” and the acronym SAFE. The equipment
is illustrated in Fig. 1. The SAFE device included a drop-
ping funnel with a manual needle valve stopcock used to
introduce portions of the solvent extract into the evaporation
flask, a double-walled water-thermostated middle part inter-
connecting the evaporation flask held at 30—40 °C with the
recondensation flask held at—196 °C, and a safety cold trap
protecting the vacuum pump in case of an operating error.
The thermostatisation of the complete middle part signifi-
cantly increased yields, particularly of volatiles with a high
boiling point (b.p.), even though only moderate temperatures
of 3040 °C were applied to avoid the formation of thermal
artefacts. Moreover, the tubing between the stopcock of the
dropping funnel and the evaporation flask was included into
the thermostated part, which prevented its blockage by the
solidification of fats when extracts rich in lipids were applied
to SAFE. Propeller-shaped glass barriers in the middle part
effectively captured droplets of non-volatile material. Fur-
thermore, the SAFE equipment required less bench space
and was easier and faster to set up than the HVT equipment,
allowing more samples to be processed per working day.
Given all these advantages, it was not surprising that SAFE
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Fig. 1 Equipment for performing SAFE according to Engel et al. [16]
(LN, =liquid nitrogen)

quickly became the standard approach for the artefact-avoid-
ing isolation of volatiles in academic as well as in industrial
food research. It has gained particular importance in the field
of food odorants, where it is used to obtain representative
volatile isolates suitable for GC-O screening. Between 1999
and 2022, the paper of Engel et al. received more than 600
citations [17].

Nevertheless, while successfully using SAFE for more
than two decades in our laboratory, we yet identified some
potential for improvement. One drawback of the SAFE
approach is the high demand for manpower. During SAFE,
the operator needs to be permanently present to open and
close the manual valve of the dropping funnel. In addition,
the liquid nitrogen level in the cold traps has to be monitored
and the traps have to be refilled from time to time. A second
drawback refers to yields. Engel et al. showed that SAFE
yields of 100% can be achieved for volatiles with low boiling
points, but yields decrease for compounds with higher boil-
ing points and when lipids are present in the extract [16]. In
addition, we suspected that yields may also differ between
different operators and even between two experiments per-
formed by the same operator. This might, for example, lead
to problems when two SAFE volatile isolates are subjected
to a parallel GC-O screening such as in a comparative aroma
extract dilution analysis [1]. We assumed that the SAFE
yields depend on the size of the individual extract portions
introduced into the apparatus through the dropping funnel as
well as on the time span between two portions. A reduction
of the individual portion size in combination with an expan-
sion of the time span between two portions was expected
to lead to higher yields but would also increase the time
required for completing the SAFE process. The third draw-
back is associated with the fact that large portion sizes might
not only decrease the yield but beyond a certain limit they
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lead to a significant transfer of non-volatiles to the volatile
isolate, particularly when the extracts are rich in fat. In a
brief moment of inattentiveness, even an experienced opera-
tor may once in a while fail to close the manual valve in
appropriate time. Such an operating error eventually means
that the volatile isolate is spoiled resulting in a waste of time,
material, and manpower.

The drawbacks mentioned above are predominantly
associated with the manual operation of the needle valve
stopcock at the dropping funnel. The primary aim of the pre-
sent study was therefore to replace the manual valve at the
dropping funnel by an automated valve. The newly designed
system was evaluated in terms of yields and finally further
developed towards a fully automated SAFE system.

Materials and methods
Chemicals

Odorants 1-3, 5-18, and heptadecane were purchased
from Merck (Darmstadt, Germany). Odorant 4 was from
Thermo Fisher (Waltham, MA, USA). (*Hs)-13 and (*Hy)-
16 were obtained from CDN Isotopes (Quebec, Canada).
(2H2)-9 was synthesised as described in the literature [18].
Dichloromethane (DCM) was purchased from CLN (Frei-
sing, Germany) and freshly distilled through a column
(120 cm x 5 cm) packed with Raschig rings before use.

Food samples

A Bavarian style Pilsner beer, a dark chocolate (70% cocoa),
and low odour sunflower oil, brand Thomy (Nestlé, Neuss,
Germany) were purchased from a local supermarket.

SAFE equipment

All special glassware was custom-made by Glasblaserei
Bahr (Manching, Germany). The pneumatic valve, type
PT, the electronic valve control unit, type PAV 90, and the
associated tubing were purchased from HWS Labortechnik
(Mainz, Germany). The electronic valve control unit was
supplied with compressed air at 300 kPa. The plunger of
the pneumatic valve was exchanged for a custom-made pol-
ytetrafluoroethylene (PTFE) plunger by Glasbléserei Bahr.
A PT 50 High Vacuum Pump System (Leybold, Cologne,
Germany) ensured a vacuum of <0.01 Pa in the SAFE glass-
ware. Major parts of the automated nitrogen refill system
were purchased from KGW Isotherm (Karlsruhe, Germany).
This included the siphon with the solenoid valve, the transfer
hose, the nozzle with the phase separator, the Pt100 lig-
uid nitrogen level sensors, the liquid nitrogen level control
unit as well as the Dewar vessel for the recondensation flask

and the safety cold trap. The latter was a 33 CAL shortened
Dewar vessel with a diameter of 30 cm and a custom-made
polyethylene top ring (Supplementary file 1, Fig. S1) with
tension lock and holes for the sensors, the liquid nitrogen
nozzle, a 500-mL recondensation flask (hole diameter
106 mm), and the safety cold trap (hole diameter 52 mm).
The storage tank for the cryogenic liquefied nitrogen, type
Apollo, volume 100 L, was purchased from Cryotherm
(Kirchen/Sieg, Germany) and used pressurised at 70 kPa.
The sensor used in the endpoint recognition and shut-off
system was a type CFAM 12P1600 and purchased from
Baumer (Frauenfeld, Switzerland). The sensor was secured
by a 3D-printed polylactic acid (PLA) cap with hooks (Sup-
plementary file 1, Table S1) attached to hooks on the glass-
ware with a pair of elastomeric rings. The sensor was con-
nected to an electronic endpoint control unit purchased from
a local electrical engineer. The wiring diagram is available
in the Supplementary file 1, Fig. S2.

Determination of SAFE yields with model mixtures

Individual stock solutions (10 mg/mL) were prepared from
odorants 1-18 in DCM and checked for purity by GC—flame
ionisation detector (FID) analysis of 1:100 dilutions. From
the individual stock solutions and DCM, a working solution
containing each odorant at a concentration of ~ 100 pug/mL
was prepared and divided into 100 mL portions. Portions
without further addition served as non-fat model mixture.
Low-fat model mixtures and high-fat model mixtures were
obtained by adding 1 g and 10 g of sunflower oil, respec-
tively, to 100 mL portions of the working solution.

The model mixtures were subjected to different SAFE
approaches. Individual model mixture/SAFE approach com-
binations were applied in triplicates. To each SAFE vola-
tile isolate as well as to reference portions of the non-fat
model mixture without SAFE treatment, 10 mL of a hep-
tadecane solution (10 mg/mL) in DCM was added and the
mixtures were analysed by GC-FID. Blank runs between
sample injections were employed to demonstrate the absence
of carry-over effects. For each GC run, peak areas corre-
sponding to odorants 1-18 were divided by the peak area
corresponding to the internal standard heptadecane to
obtain the normalised peak areas. Normalised peak areas
of three injections were averaged. Yields of the individual
SAFE experiments were calculated by dividing the aver-
age of the normalised peak areas obtained after SAFE by
the corresponding average of the normalised peak areas
obtained without SAFE. Finally, the means and standard
deviations were calculated from the yields obtained from the
three experiments performed for each model mixture/SAFE
approach combination as detailed in the Supplementary file
1, Tables S2-S12.
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Determination of SAFE yields with beer
and chocolate extracts

The beer was degassed by filtration through a folded filter.
A portion of the filtrate (200 mL) was shaken with DCM
(2% 300 mL). Phase separation was achieved by centrifu-
gation with a Heraeus Multifuge X3 FR (Thermo Fisher)
at 10 °C and 4600 rpm for 20 min. The combined organic
phases were washed with brine (2 x 100 mL) and dried over
anhydrous sodium sulphate. The supernatant beer extract
was used for the yield experiments.

The chocolate was cooled with liquid nitrogen, then
coarsely crushed with a laboratory mill Grindomix GM
200 (Retsch, Haan, Germany), and finally ground into a
fine powder with a 6875 Freezer Mill (SPEX SamplePrep,
Stanmore, UK). The powder (250 g) was stirred with DCM
(1000 mL) for 60 min. The mixture was dried over anhy-
drous sodium sulphate and centrifuged. The supernatant
chocolate extract was used for the yield experiments.

Both, the beer and the chocolate extract were divided
into ten aliquots, respectively, nine of which were used for
further analysis. Three aliquots were used to determine the
concentrations of odorants 9, 13, and 16 before SAFE. For
this purpose, defined amounts of the stable isotopically sub-
stituted odorants (ZHZ)-9, (2H5)-13, and (2H5)-16 in DCM
solution were added as internal standards and the mixtures
were subjected to SAFE. Aliquots 4-6 and 7-9 were used to
determine the concentrations of odorants 9, 13, and 16 after
application of different SAFE approaches. For this purpose,
the stable isotopically substituted odorants were added to the
volatile isolates after SAFE. The individual amounts added
to the beer extract aliquots were 0.487 pg (°H,)-9, 152 ug
(2H5)-13, and 5.19 pg (2H5)-16. The individual amounts
added to the chocolate extract aliquots were 4.60 ug (2H2)—
9,27.1 ug (*Hs)-13, and 51.9 ug (*Hs)-16.

The concentrations of odorants 9, 13, and 16 in the
beer and chocolate extracts before and after SAFE were
finally determined by heart-cut GC—GC-mass spectrom-
etry (GC-GC-MS) analysis of 1:5 dilutions of the volatile
isolates (13 in the beer extracts) or heart-cut GC—-GC-MS
analysis of concentrates (1 mL) obtained from the vola-
tile isolates by using a Vigreux column (50X 1 cm) and a
Bemelmans microdistillation device [19] (9 and 16 in the
beer extract; 9, 13, and 16 in the chocolate extract). Odorant
concentrations in the extract aliquots were calculated from
the peak area counts of the analyte peak and the internal
standard peak in the extracted ion chromatograms of charac-
teristic quantifier ions, the aliquot volumes, and the amount
of standard added, by applying a calibration line equation.
The calibration line equation was obtained by linear regres-
sion after the analysis of analyte/standard mixtures in differ-
ent concentration ratios. The analyte/standard ratios covered
arange of ~5:1 to~1:5.
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The quantifier ions and the calibration line equations are
summarised in the Supplementary file 1, Table S13. Concen-
tration data is available in the Supplementary file 1, Tables
S14-S19. Yields of the individual SAFE experiments were
calculated by dividing the concentrations after SAFE by the
concentrations before SAFE. Finally, the means and standard
deviations were calculated from the yields obtained from the
three experiments performed for each food extract/SAFE
approach combination as detailed in the Supplementary file
1, Tables S20-S23.

GC-FID

A Trace 1310 Series gas chromatograph (Thermo Fisher)
was equipped with a TriPlus RSH autosampler, a cold on-
column injector, an FID, and a DB-FFAP column, 30 m
length X 0.32 mm inner diameter (i.d.), 0.25 pm film thick-
ness (Agilent, Waldbronn, Germany). The carrier gas was
helium at 1.9 mL/min constant flow. The injection volume
was 2 uL. The oven temperature was 40 °C for 2 min and
then increased by 6 °C/min to 230 °C, which was held
for 5 min. Data were acquired and evaluated by using the
Chromeleon software, version 7.2.8 (Thermo Fisher).

Heart-cut GC-GC-MS

A Trace GC Ultra gas chromatograph (Thermo Fisher) was
equipped with a Combi PAL autosampler (CTC Analytics,
Zwingen, Switzerland), a cold on-column injector (Thermo
Fisher), and a DB-FFAP column, 30 m lengthx0.32 mm
i.d., 0.25 pm film thickness (Agilent). The carrier gas was
helium at a constant pressure of 100 kPa. The injection vol-
ume was 2 pL. The oven temperature was 40 °C for 2 min
and then increased by 6 °C/min to 230 °C, which was held
for 5 min. The end of the column was connected to a moving
column stream switching (MCSS) system (Thermo Fisher)
supplied with helium as make-up gas at 50 kPa. The MCSS
system transferred the column effluent via deactivated fused
silica capillaries (0.32 mm i.d.) time-programmed either
simultaneously to an FID and a custom-made sniffing port
[20] (230 °C base temperature) or via a heated (250 °C) hose
to a liquid nitrogen-cooled trap inside the oven of a second
gas chromatograph, which was a CP 3800 (Varian, Darm-
stadt, Germany) equipped with a DB-1701 column, 30 m
length X 0.25 mm i.d., 0.25 pm film thickness (Agilent). The
oven temperature was 40 °C for 2 min and then increased
by 6 °C/min to 230 °C, which was held for 5 min. The end
of the second column was connected to a Saturn 2200 ion
trap mass spectrometer (Varian) operated in the chemical
ionisation mode with methanol as the reagent gas and a scan
range of m/z 60-250. Data were acquired and evaluated by
using the MS Workstation software, version 6.42 (Varian).
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Results and discussion

Design and application of the SAFE device
with an automated valve

The device was largely based on the original SAFE device
introduced by Engel et al. [16] (cf. Figure 1). The middle
part including the connections to the thermostated evapo-
ration flask and to the liquid nitrogen-cooled reconden-
sation flask as well as the safety cold trap including the
connection to the vacuum remained unchanged. The major
modification was the exchange of the manual valve for a
pneumatic valve. Minor modifications were required to the
plunger casing and the dropping funnel. The new device is
depicted in Fig. 2. Details on the modified parts are avail-
able in the Supplementary file 1, Fig. S3.

A pneumatic valve and the corresponding electronic
control unit were purchased from a laboratory instruments
supplier. To combine the pneumatic valve with the SAFE
glassware, adjustments were necessary on both sides. The
plunger supplied with the pneumatic valve was unsuit-
able to obtain sufficient tightness when the glassware was
evacuated. It was therefore replaced by a custom-made
PTFE plunger with a tapered tip. Tightness was achieved

Fig.2 Equipment for perform-
ing an automated SAFE includ-
ing the pneumatic valve and its
electronic control unit

by an elastomeric O-ring. The O-ring was buried under
the outer PTFE layer of the plunger to make sure that
it was not a source of contamination. On the glassware
side, a circumferential groove next to the orifice of the
plunger casing accommodated a polymeric split washer
as abutment for the union nut of the valve. If necessary,
the position of the plunger was corrected with the adjust-
ment screw of the pneumatic valve and the position of the
adjustment screw was fixed with the set screw. The inner
diameter of the glass tube connecting the body of the drop-
ping funnel to the valve was reduced from~7 to 1 mm.
This modification was essential to achieve reasonably
small extract portion sizes. With glass tube dimensions
of 1 mm i.d. and 4 cm length, the flow through the open
valve was ~ 3 mL/s when the glassware was under vacuum.
The reduction in the size of this tube in combination with
the weight of the pneumatic valve made it necessary to
stabilise the glassware with an additional glass rod con-
necting the body of the dropping funnel and the plunger
casing. The electronic valve control unit was supplied with
compressed air. Depending on the switching state, PTFE
tubes delivered the compressed air from the control unit
to the pneumatic valve.

To perform a SAFE with the new device, it was mounted
to a lattice lab system on the bench. The evaporation flask

'D— To vacuum pump

Extract

Pneumatic valve

Water bath (40 °C)

Non-volatiles

Valve control unit

LN,

Safety cold trap

Volatiles

LN,
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and the recondensation flask were added and fixed with plas-
tic joint clips. The middle part of the device was connected
to the circulation thermostat and the water bath was applied
to the evaporation flask. In both cases, the temperature was
40 °C. This value was found to be low enough to avoid ther-
mal artefact formation and high enough to keep the lipid
fraction of most food extracts in the liquid state.

The mode switch at the electronic valve control unit (Sup-
plementary file 1, Fig. S4) was turned to manual and then
the power supply was turned on at the main switch. With the
open and close buttons, the correct operation of the valve
was checked. With the valve in the closed position, the
device was finally connected to the vacuum. After vacuum
was established, the recondensation flask was cooled with
liquid nitrogen. Then, the settings for the valve open time
and the valve closed time were adjusted at the electronic
control unit. Valve open times were set to 0.1-0.3 s equiv-
alent to extract volumes of 0.3-0.9 mL. The valve closed
times were set to 5-60 s. The selected valve closed time
should at least be sufficient to allow for the complete evapo-
ration of the solvent from the previous extract portion. Thus,
the minimum setting depended on the valve open time as
well as on the lipid content in the extract. High lipid contents
clearly delayed the evaporation of the solvent.

As the next step, the extract was filled into the dropping
funnel and the automated SAFE process was started by
turning the mode switch to auto. Subsequently, the valve
automatically switched between open and closed according
to the settings. From time to time, liquid nitrogen needed
to be added to the cold traps. When the extract level in the
dropping funnel eventually reached the capillary at the bot-
tom, the mode switch at the electronic valve control unit was
turned to manual. This stopped the automated SAFE pro-
cess. The cooling of the recondensation flask was removed,
the device was ventilated, and the recondensation flask with
the isolated volatiles was detached from the device.

The entire process of an automated SAFE is addition-
ally described in a video provided on the internet [21]. To
distinguish our new SAFE approach from the older SAFE
approach with the manual valve, we suggest referring to the
new approach as “automated SAFE” or “autoSAFE” and in
writing use the abbreviation aSAFE. Whenever the origi-
nal SAFE is addressed, we will from now on refer to it as
manual SAFE or mSAFE.

Evaluation of the aSAFE approach

To determine the compound yields of the aSAFE approach
in comparison to mSAFE, three different model mixtures,
namely a non-fat model mixture, a low-fat model mixture,
and a high-fat model mixture were prepared to simulate
solvent extracts obtained from foods of different lipid con-
tent. The mixtures included 18 odorants in concentrations
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suitable for direct analysis by GC—FID. In their non-volatile
lipid contents, the non-fat model mixture represented sol-
vent extracts obtained from foods such as bread, fruit juice,
or vegetables, the low-fat model mixture simulated solvent
extracts from foods such as biscuits, milk, or meat products,
and the high-fat model mixture resembled typical solvent
extracts from foods such as chocolate, hard cheese, or nuts.

The 18 odorants used in the models were selected based
on their occurrence and odour activity in food, their com-
pound class, their boiling point, their log P value, their
stability, and their GC retention behaviour (Table 1). In
detail, all 18 compounds had been identified as important
odour-active compounds in food [22]. For example, 1, ethyl
butanoate is a major odorant in different kinds of fruit such
as strawberry, orange, guava, and kiwifruit [23-26] and 2,
3-methylbutan-1-ol is a characteristic odorous fermentation
by-product in bread [27, 28] as well as in alcoholic bever-
ages such as beer, whisky, and wine [29-31]. The 18 com-
pounds included hydrocarbons (3, 6, 8), alcohols (2, 4, 9,
13), esters (1, 7, 11, 12, 15, 17), carboxylic acids (5, 10, 16)
as well as a ketone (18) and a phenol (14). Reactive com-
pounds such as aldehydes and thiols were excluded to avoid
interferences by degradation reactions. The 18 compounds
covered a boiling point range of 120 to 271 °C, a log P value
range of 1.10 to 4.82, and a retention index (RI) range of
1009 to 2555 on the FFAP column used for quantitation
by GC-FID. Most importantly, all 18 compounds showed
baseline separation during GC analysis.

The three model mixtures were subjected to mSAFE and
aSAFE. To perform mSAFE, the operators were instructed
to open the manual valve as short as possible to keep the
portion sizes small. Before the next addition, complete
evaporation and recondensation of the preceding portion was
ensured visually. This was achieved by observing the evapo-
ration flask and the liquid nitrogen surrounding the recon-
densation flask. During a recondensation phase, the liquid
nitrogen showed vigorous boiling due to compensation of
the heat of condensation, whereas complete recondensation
was indicated by smoothening of the liquid nitrogen sur-
face. For aSAFE, the valve open time was set to 0.2 s for all
experiments. The valve closed time was varied and set to
5, 20, or 60 s. Of the resulting 12 different model mixture/
SAFE approach combinations, however, the combination of
the high-fat mixture and the aSAFE with 5 s valve closed
time was not applicable, because 5 s was not sufficient to
evaporate the solvent completely from the individual high-
fat mixture portions.

As expected, the non-fat model mixture resulted in the
highest yields (Fig. 3a). Compounds 1-13 with boiling
points ranging from 120 to 220 °C showed yields of ~ 100%
for both, the mSAFE (Fig. 3a, yellow bars) and the aSAFE
(Fig. 3a, blue bars), and the reproducibility of the yields
indicated by the error bars was good. Compounds 14-18
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Table 1 Food odorants in the No.® Odorant Odour b.p.b (°C) Log P RI¢ FFAP

model mixtures used for yield

determinations 1 Ethyl butanoate Fruity 120 2.85 1027
2 3-Methylbutan-1-ol Malty 130 1.35 1206
3 a-Pinene Resinous 156 4.44 1009
4 Hexan-1-ol Grassy 157 2.03 1350
5 Butanoic acid Cheesy, sweaty 162 1.10 1620
6 Myrcene Geranium leaf 167 4.82 1156
7 Ethyl hexanoate Fruity, pineapple 168 2.83 1226
8 Limonene Citrusy, lime 177 4.38 1189
9 Linalool Citrusy, bergamot 199 2.84 1539
10 Hexanoic acid Cheesy, sweaty 203 1.75 1836
11 Ethyl octanoate Fruity 207 4.47 1441
12 Ethyl benzoate Fruity, star fruit 212 2.59 1658
13 2-Phenylethanol Floral, honey 220 1.30 1905
14 Eugenol Clove 254 1.83 2164
15 Methyl cinnamate Sweet, cinnamon 261 2.62 2056
16 Phenylacetic acid Beeswax 265 1.40 2555
17 Ethyl cinnamate Sweet, fruity 271 2.90 2116
18 p-Ionone Floral, violet 271 4.00 1933

“Numbering in the order of increasing boiling points

®Boiling point

“Common logarithm of the n-octanol-water partition coefficient

dRetention index

with boiling points of 254 °C and beyond, however, showed
clear differences between the mSAFE and the aSAFE.
mSAFE yields were consistently lower than aSAFE yields.
We ascribed this effect primarily to the reduction of the
individual extract portion volumes achieved by the aSAFE
approach. Compounds 14, eugenol and 15, methyl cinna-
mate still showed aSAFE yields of ~ 100%, whereas mSAFE
yields were ~80%. Compounds 17, ethyl cinnamate and
18, p-ionone showed aSAFE yields of > 90%, but mSAFE
yields of only ~60%. Interestingly, the lowest yields were not
determined for 18, f-ionone, the compound with the highest
boiling point, but for compound 16, phenylacetic acid, thus
suggesting that SAFE yields were not only influenced by the
type of SAFE and the boiling points of the compounds, but
also by the compound class.

The low-fat model mixture (Fig. 3b) in many cases
showed lower yields than the non-fat model mixture
(Fig. 3a). mSAFE yields of ~100% were obtained until
compound 8, limonene (b.p. 177 °C), with the exception of
compound 5, butanoic acid, for which the yield was ~90%.
Beyond compound 8, limonene, mSAFE yields decreased
from ~80% (9, linalool) to ~6% (18, B-ionone). The decrease
was not continuous. Instead, two compounds, namely 10,
hexanoic acid and 16, phenylacetic acid, showed clearly
lower yields. In summary, the yields of all three carbox-
ylic acids (9, 10, 16) were lower than expected from their
boiling points. This effect was also observed in all further

experiments with mSAFE as well as with aSAFE. The
aSAFE yields obtained from the low-fat model mixture were
again consistently higher than the corresponding mSAFE
yields. Moreover, aSAFE yields were higher when the valve
closed times were longer. However, these differences were
smaller than the differences between mSAFE and aSAFE.
Thus, the reduction of the individual extract portion size
obviously had a greater effect on the compound yields than
the increase of the time span between two portions. For
example, for compound 13, 2-phenylethanol, the aSAFE
approaches with 5, 20, and 60 s valve closed time showed
yields of 92, 97, and 99%, but the yield of mSAFE was only
58%. The compound with the lowest yields was again com-
pound 16, phenylacetic acid. This compound showed aSAFE
yields of 18, 22, and 44%, and an mSAFE yield of only 1%.

The high-fat model mixture (Fig. 3c) showed virtually the
same mSAFE yields as the low-fat model mixture (Fig. 3b),
but aSAFE yields were somewhat lower for compounds with
high boiling points. Nevertheless, all aSAFE yields were still
clearly higher than the corresponding mSAFE yields. Using
again compounds 13, 2-phenylethanol and 16, phenylacetic
acid as examples, the aSAFE approaches resulted in yields
of 81-85% (13) and 6-10% (16), whereas mSAFE yields
were only 58% (13) and 1% (16).

Different from the yields, no clear difference between
mSAFE and aSAFE was found in the reproducibility. Error
bars were generally small when yields were close to 100%
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Fig.3 Odorant yields of the aSAFE approach using valve open/
closed time combinations of 0.2 s/5 s, 0.2 s/20 s, and 0.2 s/60 s in
comparison to odorant yields of the mSAFE approach applied to

and tended to increase in size when yields dropped, for both,
mSAFE and aSAFE.

To evaluate the aSAFE approach further, we determined
odorant yields from real food extracts. Beer and chocolate
were chosen as a non-fat and a high-fat material, respec-
tively. Odorants 9, linalool; 13, 2-phenylethanol; and 16,
phenylacetic acid were selected for quantitation, because
they are present in both, beer [29] and chocolate [32].

@ Springer

three model mixtures of different fat content: a, non-fat; b, low-fat
(100 mL non-fat mixture+ 1 g oil); ¢, high-fat (100 mL non-fat mix-
ture 4+ 10 g oil). Odorant numbers refer to Table 1

The mSAFE approach was compared to aSAFE with a
valve open/closed time combination of 0.2 s/60 s. Results
are depicted in Figs. 4 and 5 in comparison to the yields
obtained with the corresponding model mixtures.

The non-fat model mixture (Fig. 4a) and the beer
extract (Fig. 4b) showed comparable yields. In both cases,
yields of compounds 9, linalool and 13, 2-phenylethanol
were close to 100%. The clearly higher absolute amount
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Fig.4 Yields of compounds 9, 13, and 16 after application of the
aSAFE approach with a valve open/closed time combination of
0.2 s/60 s, applied to the non-fat model mixture (a) and to the beer
extract (b), in comparison to the yields of the mSAFE approach

of 13, 2-phenylethanol in the beer extract, which was
8000 pg/L (Supplementary file 1, Table S14) compared
to~ 100 pg/L in the model mixture, obviously did not
substantially influence the yield. The yields of 16, phe-
nylacetic acid were even higher from the beer extract than
from the model mixture, however, again the aSAFE yield
(96%) was clearly higher than the mSAFE yield (63%).
Likewise, the high-fat model mixture (Fig. 5a) and the
chocolate extract (Fig. 5b) showed comparable yields. Again,
the different absolute amounts of ~70 pg/L, ~400 pg/L,
and ~ 1300 pg/L for compounds 9, linalool; 13, 2-phenyle-
thanol; and 16, phenylacetic acid in the chocolate extract
(Supplementary file 1, Table S17) compared to~ 100 pg/L
for all three compounds in the model mixture, seemed to
have only little influence on the yields. Particularly, the
aSAFE yields were virtually the same. mSAFE yields were
somewhat lower from the chocolate extract than from the
model mixture for compounds 9, linalool and 13, 2-pheny-
lethanol, but higher for compound 16, phenylacetic acid. For
all three compounds, yields from the chocolate extract were
clearly higher when aSAFE was used instead of mSAFE.

Fig.5 Yields of compounds 9, 13, and 16 after application of the
aSAFE approach with a valve open/closed time combination of
0.2 s/60 s, applied to the high-fat model mixture (a) and to the choco-
late extract (b), in comparison to the yields of the mSAFE approach

Further automatisation of the aSAFE approach

With the aSAFE equipment depicted in Fig. 2, two of the
major drawbacks of the mSAFE approach detailed in the
introduction section were overcome: yields were clearly
increased and “accidents” associated with too large extract
portion sizes leading to a transfer of non-volatiles could be
safely excluded. The manpower requirements, however, were
only partly reduced. Although the operator does not need to
manually open and close the valve of the dropping funnel
anymore, there is still the need to refill the cold traps from
time to time. Moreover, the operator is still required to be
present towards the end of the aSAFE to stop the process
at the electronic valve control unit as soon as there is only
a minute amount of the extract left in the dropping funnel.
Otherwise, uncontrolled ventilation of the apparatus could
lead to damages to the vacuum system. Towards a fully
automated SAFE, we therefore added an automated liquid
nitrogen refill system as well as an endpoint recognition and
shut-off system. The equipment is depicted in Fig. 6.

To supply both, the recondensation flask as well as the
safety cold trap with the same automated liquid nitrogen
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Fig.6 Equipment for performing a fully automated SAFE including the pneumatic valve, the automated liquid nitrogen refill system as well as

the endpoint recognition and shut-off system

refill system, the safety cold trap was separated from the
SAFE glassware. The recondensation flask and the safety
cold trap were placed in a Dewar vessel filled with liquid
nitrogen. The automated nitrogen refill system consisted of
a pressurised storage tank for cryogenic liquefied nitrogen
with siphon, a solenoid valve, a transfer hose, a nozzle with
phase separator, two liquid nitrogen level sensors, and an
electronic liquid nitrogen level control unit operating the
solenoid valve. The endpoint recognition and shut-off system
consisted of a capacitive sensor and an electronic control
unit. Adjustments were necessary in the glassware at the
tube connecting the body of the dropping funnel with the
valve. An additional glass cylinder served as casing for the
Sensor.

To perform a fully automated SAFE, the system is pre-
pared and started as detailed for the aSAFE. Immediately
thereafter, the liquid nitrogen level control unit is switched
on. Whenever the liquid nitrogen level in the Dewar ves-
sel drops below the level of the lower liquid nitrogen sen-
sor, the liquid nitrogen level control unit opens the solenoid
valve until the upper liquid nitrogen sensor is covered, thus
ensuring sufficient cooling of the recondensation flask and
the safety cold trap at all times. When finally the solvent
extract level reaches the capacitive sensor at the outlet of the

@ Springer

dropping funnel, the electronic endpoint control unit discon-
nects the electronic valve control unit operating the pneu-
matic valve from the power supply and thus stops the aSAFE
process. The pneumatic valve remains closed, whereas the
liquid nitrogen cooling is continued until the operator man-
ually stops it before ventilating the system and collecting
the isolated volatiles. A demonstration of a fully automated
SAFE is available in a video provided on the internet [33].

Conclusion

The new aSAFE approach provides substantial advantages
over mSAFE in terms of the yields of the volatiles and the
risk of a transfer of non-volatiles. In our labs, aSAFE has
meanwhile completely replaced the previous version. The
fully automated SAFE equipment provides further advan-
tages in the handling. However, the quality of the volatile
isolate is not further improved when moving from the nor-
mal aSAFE to the fully automated equipment. Whether
the improved handling of the fully automated equipment
is worth the additional costs and workspace requirements
is thus not a scientific but an economic question that may
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be answered differently in an academic and an industrial
environment, respectively.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00217-022-04072-1.
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