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a b s t r a c t 

The change in consumer behaviour towards healthier lifestyles since the Covid-19 pandemic has seen a steep rise 

in popularity of low-calorie, low-sugar food and beverage alternatives, like flavoured hard seltzers. In this study, 

a fully automated, high-capacity sorptive extraction (HiSorb) technique, coupled with gas chromatography–mass 

spectrometry (GC–MS), was developed to investigate volatile and semi-volatile organic compounds (VOCs and 

SVOCs) used for flavouring of hard seltzers. As part of method optimisation we trialled various sample preparation 

protocols and compared extraction via direct immersion vs. extraction from the headspace. The best headspace 

and immersive techniques were then further analysed in a ‘stacked’ extraction, whereby extracts from both were 

collected onto a focusing trap and fired to the GC to produce a single chromatogram. HiSorb probes with 4 al- 

ternate phases were compared: Polydimethylsiloxane (PDMS), divinylbenzene/PDMS (DVB/PDMS), carbon wide 

range/ PDMS (CWR/PDMS) and a triple phase (DVB/CWR/PDMS), with the DVB/PDMS phase proving to extract 

the highest number of compounds. The DVB/PDMS probe was further applied to a study of four berry/cherry 

flavour hard seltzer drinks, produced by 4 different leading commercial brands, with 64 compounds extracted and 

identified. Chemometrics were able to distinguish each brand’s flavour profile by detection of unique compounds, 

these having potential for use as quality and authenticity markers. 
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. Introduction 

In recent years, low calorie, ready-to-drink (RTD) spirits have risen

xponentially in popularity, due primarily to a shift in consumer prefer-

nce towards products considered healthier than traditional alternatives

 1 , 2 ]. An example of such products, hard seltzers, made their debut in

016 and gained traction in 2019, with annual sales of the most popu-

ar brand reaching $627.2 million in the United States (US) alone [2] .

oncomitantly, beer sales fell by 1.6% in 2019, prompting many large

rewing companies to release hard seltzer ranges to keep up with this

merging trend [3] . Aided by social media advertising , hard seltzers

ave since expanded internationally, with particular success in Europe.

n 2020 global sales of hard seltzers totalled $5.6 billion with a predicted

nnual growth rate of 31.4% up to 2028 [4] . 

Over 800 different volatile organic compounds (VOCs) have been

dentified in the volatile fraction of RTD spirits, but only a small num-

er of these have organoleptic properties [5] . Some such compounds can

egatively influence the product’s aroma and flavour, reducing the per-

eived quality. In contrast, the effects of desirable flavour-active VOCs
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an be enhanced by the presence of other VOCs. For example, ethyl hex-

noate, in combination with ethyl butanoate and 2-methylbutanoate,

nhances the perceived sweetness of apple juice substantially [6] . Sim-

larly, vanilla flavouring such as vanillin has previously been used to

nduce subtle sweet tastes by enhancing olfactory interactions, as olfac-

ion plays a key role with taste perception [7] . A strong mechanistic fac-

or in compound aroma intensity is C 

–H bond number, with longer and

ess saturated molecules usually having more intense aromas [6] . Func-

ional groups also play a pivotal role in flavour and aroma perception.

or example, oxygenated groups are typically associated with pleasant

avour characteristics [6] . In beverages derived from fruit, the most

mportant flavour compounds generally originate from metabolic path-

ays active during the harvest, ripening, post-harvest and storage stages

6] . Such compounds include alcohols, esters, aldehydes, fatty acids,

onoterpenols, furanic compounds and volatile phenols. This complex-

ty makes analysis of flavour-active compounds challenging, but com-

rehensive profiling is nevertheless very important to the industry [8] .

ence, there is a need for sensitive and nonspecific VOC and SVOC ex-

raction from beverages. 
. Szafnauer) . 
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Abbreviations 

GC–MS Gas chromatography–mass spectrometry 

VOCs Volatile Organic Compounds 

SVOCs Semi-Volatile Organic Compounds 

PDMS Polydimethylsiloxane 

DVB/PDMS Divinylbenzene/PDMS 

CWR/PDMS Carbon Wide Range/ PDMS 

DVB/CWR/PDMS Triple phase 

RTD Ready-To-Drink 

US United States 

LLE Liquid-Liquid Extraction 

SPME Solid Phase Microextraction 

SBSE Stir-bar Sorptive Extraction 

PCA Principal Component Analysis 

HPLC High Performance Liquid Chromatography 

AGREEprep Analytical GREEnness Metric Approach 

log K (o/w) Octanol-water partition coefficient 

ANOVA Analysis of variance 

IPCC Intergovernmental Panel on Climate Change 

Traditional extraction techniques for flavour profiling of food and

everages include liquid-liquid extraction (LLE), solid phase microex-

raction (SPME) and stir-bar sorptive extraction (SBSE), typically with

eparation and detection by gas chromatography – mass spectrometry

GC —MS) [9] . LLE is a manual technique typically used for liquid sam-

les, but can be modified for solids too. It involves exposing the matrix

o an immiscible solvent with which the analytes of interest have a high

ffinity such that they partition from the matrix to the solvent, with

ubsequent clean-up steps [10] . The liquid phase extract is then typi-

ally injected directly to the GC column. LLE is notably time-consuming

nd generates large volumes of solvent waste, making it impractical,

xpensive and unsustainable to scale-up. SPME is the most commonly

sed extraction technique for the analysis of flavour compounds [11] .

t uses a small volume of solid sorptive phase to extract analytes from

he headspace of a sample, with heating and agitation of the sample

oth before and during extraction to increase the rate of analyte uptake

11] . Subsequent thermal desorption (TD) then transfers analytes to the

C. A significant advantage of SPME over LLE is its potential to be fully

utomated, although workflows are often interrupted by the breakage

f delicate fibers, and the small volume of sorptive phase used limits

xtraction efficiency [12] . In some protocols, SPME fibers are immersed

irectly into liquid samples to extract analytes that do not readily parti-

ion to the headspace, however this limits fibre lifespan and often leads

o carryover due to injector soiling and inadequate removal of matrix

rom the fibre between runs [12] . SBSE is conceptually similar to SPME

n that it involves extraction of analytes onto a solid sorptive phase,

hough it uses a substantially larger phase volume to increase extrac-

ion efficiency [13] . In this case, the phase coats a magnetic stir-bar that

rovides agitation to the sample matrix during extraction. While SBSE

vercomes SPME’s main disadvantages, its scalability is limited by the

act that it cannot be automated, with stir-bars needing to be retrieved,

ashed, dried and inserted into TD tubes manually prior to desorption.

eadspace sampling with SBSE, which may be desirable to detect VOCs

ontributing to the aroma of a product, requires extensive adaptation.

urthermore, phase options are limited to polydimethylsiloxane (PDMS)

nd PDMS/ethylene glycol, with no commercially available option for

he common flavour profiling sorbents carbon wide range (CWR) and

ivinylbenzene (DVB) [14,15] . 

In this study, we have investigated high capacity sorptive extraction

ith HiSorb probes for flavour analysis of hard seltzer beverages [16] .

hese probes carry sorptive phase (65 μL) mounted on inert stainless

teel rods and are compatible with headspace and immersive extraction.
2 
he high volume of sorptive phase vs. SPME allows for greater extrac-

ion efficiency [17] , while the availability of multiple sorbent combina-

ions, including those with CWR and DVB, enhance the range of ana-

ytes detected compared with SBSE [17,18] . Furthermore, we leveraged

he Centri extraction and enrichment platform to achieve full automa-

ion with sample preparation and extraction, probe washing and drying

nd probe desorption all taking place without manual automation. Upon

esorption, analytes were transferred in a flow of carrier gas to a focus-

ng trap containing multiple sorbent beds of differing sorptive strengths

uitable for the full analyte range. The trap was then purged with carrier

as in the sampling direction to remove interferences such as residual

ater, solvents and air, before the gas flow was reversed and the trap

apidly heated to desorb analytes to the GC. The reversed gas flow is a

rucial aspect of this method, as it ensures that low volatility compounds

etained on weak sorbents do not come into contact with stronger sor-

ents to which they might undergo irreversible chemisorption. 

To ensure profiling is comprehensive, the sorptive phase must be op-

imised to maximise the range of analytes extracted. PDMS is a relatively

ydrophobic phase well-suited to the extraction of less polar analytes,

ith octanol/water coefficient (logK o/w 

) values > 2.6 [18–20] . As such,

t is ideal for retaining large VOCs and SVOCs with long alkyl chains,

hich often have important flavour characteristics [6] . It is an absorp-

ive phase, with analytes penetrating the polymer such that it is phase

olume that determines extraction capacity [21] In contrast, adsorptive

hases retain analytes on the sorbent surface only such that surface area

s the critical variable [22] . Adsorptive phases, such as DVB and CWR,

re beneficial for more volatile or polar compounds that can be missed

ith PDMS alone, hence these sorbents are often combined with PDMS

n multi-phase SPME fibers, or indeed HiSorb probes [23,24] . 

Here, HiSorb probes were evaluated for the analysis of hard seltzers.

ethod optimisation is discussed, and multiple phase combinations

PDMS, DVB/PDMS, CWR/PDMS and DVB/CWR/PDMS) are compared

o determine which is most suitable for this matrix. The DVB/PDMS

robe produced the most comprehensive analyte profiles in this initial

tep of the investigation and was selected for flavour profiling of four

ard seltzers, each from a different commercial brand. Data mining and

hemometrics software allowed us to clearly differentiate between each

roduct by principal component analysis (PCA), with tight clustering of

eplicates confirming the discriminatory power of the method. 

. Materials and methods 

.1. Samples 

Four hard seltzer products described as having “cherry/berry ”

avour, each manufactured by separate commercial brands, were

ought from a local supermarket and anonymised as brands A, B, C and

. 

.2. Chemicals and reagents 

HPLC grade water (Thermo Fisher Scientific, Waltham, MA,USA)

as used to dilute the samples prior to placing on the autosampler. An-

ydrous sodium chloride, ≥ 99% (Thermo Fisher Scientific, Waltham,

A, USA) was used to increase headspace sample concentration when

nvestigating headspace HiSorb sampling mode by alteration of the ionic

trength. 

.3. Automated immersive high-capacity sorptive extraction and desorption 

HiSorb) 

HiSorb probes (Markes International Ltd., Bridgend, UK) comprised

f 75 mm inert-coated stainless steel rods with 65 μL sorptive phase ap-

lied. All aspects of the following workflow (summarised in Fig. 1 ) were
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Fig. 1. A diagram of the fully automated 

sample extraction workflow using HiSorb 

probes via thermal desorption onto a focus- 

ing trap before further desorption for detec- 

tion. Font: Calibri(Body). 

Table 1 

Six alternate extraction techniques, unmodified,1:4 dilution with water,1:4 dilution with water and salt addition, salt addition no 

dilution, 1:4 dilution with water and 1:4 dilution with water and salt addition with corresponding volumes of deionised water, hard 

seltzer and NaCl for each technique with the sampling type. 

Technique Number Sample Preparation HiSorb sampling mode Hard Seltzer (mL) Water (mL) NaCl(g) 

1 Unmodified Headspace 1 – –

2 1:4 Dilution with water Headspace 1 4 –

3 1:4 Dilution with water and salt addition Headspace 1 4 1 

4 Salt Addition no dilution Headspace 1 – 1 

5 1:4 dilution with water Immersive 4 16 –

6 1:4 dilution with water and salt addition Immersive 3 12 3 
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utomated on a Centri extraction and enrichment platform (Markes In-

ernational Ltd., Bridgend, UK). The sample vial was first pre-incubated

t 40 °C with agitation at 300 rpm for 10 min to allow equilibration

o extraction temperature. The HiSorb probe was subsequently inserted

nto the vial such that the sorptive phase was either immersed directly

nto the sample matrix (immersive sampling) or suspended above it

headspace sampling), and incubation continued for a further 10 min

uring which analyte extraction occurred. Following extraction, HiSorb

robes were washed for 10 s in deionised water to remove residual sam-

le matrix and then dried in a stream of air. Thermal desorption of the

robes was then carried out at 260 °C for 15 min, with 50% of the ef-

erent gas flow sent to vent and the remainder sent to a Peltier cooled

25 °C) focusing trap designed to retain analytes with boiling points

etween n-C 4 to n-C 32 (‘Material emissions’ multi-bed trap, Markes In-

ernational Ltd., Bridgend, UK). Following probe desorption, the trap

as purged with dry nitrogen in the sampling direction for 1 min to

emove residual interferences such as water and ethanol, and the trap

as then desorbed via rapid heating to 280 °C, maintained for 3 min

 Fig. 1 ). During trap desorption, the trap was flushed with helium at

0 mL/min in the reverse direction, with 10 parts of the sample gas

ent to vent for every 1 part injected to the GC. Splitting of the sample

as stream both during probe desorption and trap desorption was nec-

ssary to prevent system carryover and overloading of the MS detector

ith high-concentration analytes. 

.4. Sampling preparation optimisation 

Samples were prepared in industry standard 20 mL headspace vials.

e used brand A to assess the effect of manipulating the ionic strength

f the sample through addition of sodium chloride and dilution with

ater for both headspace and immersive sampling ( Table 1 ). 
3 
We further used brand A to assess the performance of four phase

ombinations in triplicate – PDMS, DVB/PDMS, CWR/PDMS and

VB/CWR/PDMS – using technique 5 above. 

.5. Sample stacking 

In sample stacking, two samples are analysed consecutively as per

echniques 2 and 5 ( Table 1 ), except that the trap is not desorbed fol-

owing the first extraction. Instead, analytes from this (immersive) ex-

raction are retained on the trap while the probe used for the second

headspace) extraction is desorbed, so that ultimately analytes from both

xtractions are “stacked ” on the trap together. The trap is then desorbed

nd the combined analytes are sent to the GC for analysis. Thus, if the

ange of analytes captured by headspace and immersive sampling differ,

oth ranges should be captured in one analysis via sample stacking. 

We performed sample stacking for Brand A in triplicate, comparing

he results with techniques 2 and 5 alone. Compounds identified with a

IST match factor > 800 were tabulated and peak areas compared (table

1) [25] . 

.6. Gas chromatography-mass spectrometry detection (GC–MS) 

GC–MS analysis was carried out on a Trace 1310 gas chromatograph

tted with an ISQ LT single quadrupole mass spectrometer (Thermo

isher Scientific, Waltham, MA, USA). A DB-WAX Ultra Inert 60 m

ength column with internal diameter 0.25 mm and phase thickness of

.25 μm (Agilent Technologies, California, USA) was used with an oven

rogram of 35 °C (initial temperature) held for 5 min, then a ramp rate

f 10 °C/min to 240 °C and a final hold of 10 min. The overall GC run

ime was 35.5 min. Helium was used as carrier gas at a flow rate of

 mL/min. The MS transfer line temperature was set at 250 °C, the ion

ource held at 200 °C, and the scan range was 35–350 Da. 



L. Hearn, R. Cole, N.D. Spadafora et al. Advances in Sample Preparation 3 (2022) 100032 

Fig. 2. A bar chart indicating the number of non-flavour 

compounds (block colour) and flavour compounds (striped) 

for each sample technique. The techniques include 1: un- 

modified,2: 1:4 dilution with water, 3: 1:4 dilution with wa- 

ter and salt addition, 4: salt addition no dilution, 5: 1:4 di- 

lution with water and 6: 1:4 dilution with water and salt 

addition (more details in Table 1 ). Mean results over three 

replicates per technique are shown. 
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Fig. 3. Venn diagram indicating extracted compounds via three different ex- 

traction types. 
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.7. Data processing and elaboration 

We generated a dataset comprising five replicates per hard seltzer

rand (1 outlier excluded from brand A). ChromCompare + ® chemo-

etric software (SepSolve analytical, Peterborough, UK) was used for

ata mining, generation of a principal component analysis (PCA) plot

nd identification of key discriminatory features between brands. 

For comparisons of sample preparation, extraction mode and phase

ombination we carried out visual inspections of chromatograms in

hromSpace (SepSolve Analytical, Peterborough, UK). Peaks were sub-

equently integrated via ChromSpace’s proprietary deconvolution al-

orithm, wherein co-eluting peaks can be resolved on the basis of

ass spectra. Integrated peaks were identified via comparison with the

IST20 library with a threshold match factor of 800, and the average

eak area over three replicates was determined for each identified com-

ound [25] 

. Results and discussion 

.1. Sampling method evaluation 

Six sample preparation and extraction regimens ( Table 1 ) were as-

essed to determine which provided the most comprehensive sample

rofile when applied to brand A. PDMS-only probes were used in each

ase as PDMS was present in all the other phase combinations and hence

hese probes were likely to be broadly representative. As measured by

umber of compounds detected, the best technique was technique 5, a

:4 hard seltzer: water dilution (no salt addition) with immersive extrac-

ion ( Fig. 2 ). However, techniques 2 and 3, which both use headspace

xtraction, detected almost as many compounds (25 vs. 26 for technique

). Indeed, while immersive extraction without salt addition gave the

est results, immersive extraction with salt addition performed worst

18 compounds). Headspace extraction relies on the formation of an

quilibrium first between the sample matrix and the headspace, then

he headspace and the sorptive phase, and is expected to be more ef-

cient for more volatile compounds. In contrast, immersive extraction

equires the formation of an equilibrium directly between the matrix

nd the phase and is expected to better extract less volatile compounds

hat do not readily reach the headspace [26] . Therefore, that the two

ethods extracted such similar numbers of compounds was unexpected,

nd we sought to determine whether the ranges of compounds detected

ere qualitatively different. 

We further analysed Brand A via techniques 2 and 5, determining

he mean peak area ( n = 3) for each compound in each case ( Table 2 ).

s expected, the range of compounds detected by each technique only

artially overlapped, with 16 compounds unique to the immersive tech-

ique and 15 unique to the headspace technique. Important flavour com-

ounds featured prominently amongst these unique compounds, with
4 
thyl hexanoate, an ester with strawberry, pineapple and fruity notes,

eing extracted only immersively, while headspace extraction was re-

uired to detect benzaldehyde diethylacetal, providing almond aro-

as, and 4-ethylbenzaldehyde, contributing cherry scents. While these

eadspace-extracted compounds are generally considered aroma com-

ounds, rather than taste compounds per se , aroma strongly influences

uman perception of flavour [27] and is an important factor in overall

onsumer experience. 

Ideally, volatile headspace-extracted compounds and less volatile

mmersive-extracted compounds would be analysed simultaneously to

enerate a single, comprehensive aroma/flavour profile. Hence, we tri-

lled sample “stacking ”, in which analytes from both an immersive

nd a headspace extraction are desorbed from the focusing trap to the

C column simultaneously, providing an augmented extraction. We ap-

lied this technique to brand A and compared the results with discrete

eadspace and immersive extractions. We identified a total of 62 com-

ounds across all techniques (table S1), with the range of compounds ex-

racted qualitatively differing ( Fig. 3 ). Stacked sampling extracted sub-

tantially more compounds than either headspace or immersive sam-

ling, at 49 vs. 29 and 28 respectively. Eighteen of the compounds ex-

racted by stacked sampling were unique, and of these, 6 were flavour

ctive. Even amongst compounds that were not unique to stacked sam-

ling, many showed a higher response with this technique than with

eadspace or immersive sampling alone, such as the “creamy ” flavour-

ctive compound 4-methoxybenzaldehyde. 
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Table 2 

A compound list of extracted compounds screened with a match factor of > 800 variable to either headspace or immersive extraction. The average peak area of 3 

replicates was recorded [28] . 

Average Peak area ( n = 3) 

Compound Retention Time (mins) Log(Kow) Headspace Immersive 

Acetone 4.7914 − 0.1 8.60E + 08 5.24E + 08 

(2-Aziridinylethyl)amine 5.1627 − 0.9 5.03E + 06 

Ethyl Acetate 6.1703 0.7 8.78E + 08 

1,1-diethoxyethane 6.3063 0.8 2.23E + 08 

2,3-Butanedione 8.175 − 1.3 8.18E + 07 

Acetonitrile 8.6824 0 6.91E + 07 

Hexanal 10.452 1.8 4.09E + 09 4.93E + 08 

Undecane 10.723 5.6 1.77E + 07 

ethyl pentanoate 11.5395 1.9 1.13E + 08 

p-Xylene 11.6149 3.2 3.20E + 07 

2-methyl, 2-Pentenal 11.9952 1.4 1.98E + 10 1.93E + 09 

2-Hexenal 13.0771 1.5 2.85E + 08 

1,1-diethoxyhexane 13.2851 3.2 3.73E + 08 

ethyl hexanoate 13.3084 2.4 8.55E + 08 

Tetrahydro-2,2-dimethyl-5-(1-methyl-1-propenylfuran 13.4992 2.7 8.75E + 08 

2-propenyl hexanoate 15.4496 2.7 7.06E + 09 7.06E + 08 

3-Hexen-1-ol, (E)- 15.6452 1.3 8.76E + 09 7.10E + 08 

Nonanal 15.8247 3.3 3.03E + 09 2.04E + 08 

Acetic acid 16.5289 − 0.2 3.27E + 09 1.40E + 09 

Furfural 16.7842 0.4 1.62E + 09 4.52E + 09 

Decanal 17.2865 3.8 1.52E + 09 

Benzaldehyde 17.7022 1.5 2.25E + 11 7.03E + 10 

5-methyl,2-Furancarboxaldehyde 18.2765 0.7 3.87E + 08 

Propylene Glycol 18.3891 − 0.9 5.21E + 08 3.66E + 09 

Hexadecane 18.4461 8.3 4.78E + 08 

Benzaldehyde diethylacetal 18.6548 2.3 6.71E + 08 

Ethyl benzoate 19.4721 2.6 6.93E + 08 

𝛼-Terpineol 19.7819 1.8 1.41E + 08 

Dodecanal 19.8863 4.9 3.16E + 08 

4-ethylbenzaldehyde 20.0253 2.4 2.01E + 08 

, 1-(2,6,6-trimethyl-1,3-cyclohexadien-1-yl)- 2-Buten-1-one, (E)- 21.2923 3.2 1.38E + 09 

2-methyl-, 3 ‑hydroxy-2,2,4-trimethylpentyl propanoate 21.6629 3.1 8.54E + 09 

2,5-Furandicarboxaldehyde 22.8674 0.6 4.47E + 08 

3-methyl, 2-phenylethyl butanoate 23.044 3.6 5.36E + 09 2.13E + 09 

Furyl hydroxymethyl ketone 23.3041 − 0.1 8.31E + 08 

4-methoxybenzaldehyde 23.4858 1.8 7.59E + 09 8.13E + 09 

3-phenyl, methyl 2-propanoate 23.9648 2.6 1.29E + 08 

5-hexyldihydro-2(3H)-Furanone 24.6598 2.7 4.19E + 09 

2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one 25.7596 − 0.4 2.12E + 09 

4-(4-methoxyphenyl) 2-Butanone 25.9829 2.1 3.09E + 09 9.73E + 09 

1-Hexadecanol 26.5711 7.3 2.62E + 10 

Triethyl citrate 27.5835 0.1 1.66E + 10 

5-Hydroxymethylfurfural 28.0278 − 0.6 2.69E + 10 

Tetradecanoic acid 30.6682 5.3 6.07E + 08 
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Fig. 4. A TIC chromatogram demonstrating improved extraction of Ethyl hex- 

anoate and (E) 3-hexen-1-ol, using a stacked (red) extraction technique com- 

pared with immersive (black) and headspace (blue) extractions. 
Intriguingly though, 13 compounds that were present in headspace

r immersive extractions were absent from the stacked extraction, in-

luding flavour active compounds such as 4-(4-methoxyphenyl)- 2-

utanone (berry, fruity and raspberry notes) and (E) − 3-Hexen-1-ol

juicy, fruity notes) ( Fig. 4 ). This suggests a possible loss of volatile ana-

ytes from the focusing trap while the second extraction is being loaded

nto the trap. 

.2. Phase comparison and selection 

Brand A was further used for a comparison of phase combinations

DVB/PDMS, CWR/PDMS, DVB/CWR/PDMS and PDMS) in triplicate

 Table 3 ). Initial evaluation of the data indicated that the multi-phase

iSorb probes generally extracted more compounds with high polarities,

uch as piperonal and 2-methylbenzaldehyde, compared with single-

hase PDMS. Further analysis into peak responses of identified analytes

ndicated that DVB/PDMS was the most suitable sorptive phase combi-

ation, retaining analytes with a wider polarity range and generating

arger peaks than other phase combinations. 

A range of compound classes with important flavour characteristics

ncluding acids, alcohols, aldehydes, furanic compounds, and lactones

ere extracted ( Fig. 5 ), with DVB/PDMS again providing the most com-
5 
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Table 3 

A custom library of 34 compounds extracted across four phase combinations, with corresponding flavour profiles sourced from an aroma and flavour compound 

database [28,29] . 

Average Peak Area (x10 8 ) ( n = 3) 

Compounds RT (min) Log(k o/w ) PDMS DVB/PDMS CWR/PDMS DVB/CWR/PDMS Flavour Profile ∗ 

Acids 

Acetic acid 17.32 − 0.2 37.9 37.9 pungent, sour, overripe fruit 

Oxalic acid 18.16 − 0.3 13.6 

3-methyl butanoic acid 22.57 1.2 19.5 16.9 sweet, waxy, berry 

Decanoic acid 25.60 4.1 3.45 soapy, waxy fruity 

Benzoic acid 27.51 1.9 19.6 8.07 Faint, balsam, urine 

Dodecanoic acid 27.75 4.1 4.94 creamy, coconut, fruity 

Octadecanoic acid 29.76 7.4 19.8 4.79 Food Additive 

Tetradecanoic acid 30.66 5.3 20.1 26.8 11.6 waxy, fatty, creamy 

Alcohols 

3-hexen-1-ol 15.88 1.9 6.91 15.2 8.63 30.1 citrus, anise, floral 

2-methyl 1-hexanol 16.31 2.3 1.42 Citrus, sweet, fruity 

1-hexadecanol 26.62 7.3 2.42 10.4 4.59 6.07 Waxy, clean, laundered 

1-octadecanol 29.50 8.4 8.63 11.0 11.0 

Aldehydes 

3-methyl Butanal 6.87 1 0.55 0.96 Fruity, green, nutty. 

hexenal 10.48 1.5 6.38 6.97 8.49 

2-methyl2-pentanal 11.96 1.4 8.27 7.91 6.76 5.32 jammy, fruity, sweet 

Decanal 16.38 3.8 2.49 16.6 Citrus, green, melon 

Undecanal 17.27 4.3 0.44 citrus, waxy, aldehydic 

Benzaldehyde 17.45 1.5 1010 1150 1230 1010 Almond, cherry, nutty 

2-methylbenzaldehyde 18.26 2.1 0.37 Berry, cherry, fruity 

4-ethylbenzaldehyde 19.70 2.4 2.77 Cherry, almond, berry 

4-methoxybenzaldehyde 23.50 1.8 106 195 134 129 creamy, vanilla, marshmallow 

Piperonal 25.50 1.1 1.47 1.53 cherry, vanilla, maraschino cherry 

2-hexenal 12.99 1.5 0.47 0.59 0.38 0.55 green, fruity, fresh 

2-hydroxybenzaldehyde 19.60 1.8 0.58 spicy, cinnamon, cooling 

Esters 

Ethyl Acetate 6.24 0.7 1.68 1.07 fruity, sweet, with a grape and cherry nuance 

Allyl Hexanoate 14.71 2.7 0.511 0.359 sweet, fresh, fruity. 

Lactones 

Anisylactone 26.03 2.1 165 137 98.9 88.1 raspberry, fruity, berry 

𝛾-decalactone 24.62 3.8 6.53 53.9 27.8 11.8 fruity creamy peach 

Extra Compounds 

Benzene 7.32 2.1 2.66 0.54 2.42 2.66 

1-Ethenyl 3-ethyl benzene 15.75 3.5 4.00 

4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl- 25.81 0.8 15.1 33.0 

5-hydroxymethylfufural 28.11 − 0.6 207 4.44 142 Sweet, caramellic, brown 

Furfural 16.48 0.4 8.26 47.5 19.2 32.0 waxy, aldehydic, with a citrus note 

Phenol 23.12 1.5 2.53 

Fig. 5. A bar chart indicating the number of alternate func- 

tional groups extracted by each phase type. These include 

acids (orange), alcohols (red), aldehydes (blue), esters (yel- 

low), lactones (purple) and extra compounds (green). 

6 
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Fig. 6. Total ion chromatograms (TICs) of all phase extractions from the hard seltzer sample: PDMS (red), PDMS/CWR (blue), DVB/CWR/PDMS (green) and 

PDMS/DVB (black) with corresponding labelled compounds. 

Peak Number Compound Peak Number Compound 

1 Ethyl Acetate 33 Propylene Glycol 

2 ethenyl acetate 34 2-Furanmethanol 

3 Isobutyl acetate 35 Acetophenone 

4 Ethyl Butanoate 36 𝛼-Terpineol 

5 2-methylethyl Butanoate 37 4-ethyl-Benzaldehyde 

6 3-methylethyl Butanoate 38 , phenylmethyl acetate 

7 Hexanal 39 Hexanoic acid 

8 Undecane 40 𝛼-Ionone 

9 Isoamyl acetate 41 trans- 𝛽-Ionone 

10 o-Xylene 42 4-(2,6,6-trimethyl-1-cyclohexen-1-yl)-3-Buten-2-one 

11 3-Carene 43 2,2 ′ -oxybis ethanol 

12 2-methyl,2-Pentenal 44 Maltol 

13 Eucalyptol 45 2,5-Furandicarboxaldehyde 

14 2-Hexenal, (E)- 46 3-methyl2-phenylethyl butanoate 

15 Ethyl hexanoate 47 Methyl 2-furoate 

16 3-methylbutyl Butanoate 48 Furyl hydroxymethyl ketone 

17 hexyl acetate 49 4-methoxybenzaldehyde 

18 Octanal 50 Octanoic acid 

19 Methyl acetate 51 3-phenyl-, ethyl 2-Propenoate 

20 1-hydroxy-2-Propanone 52 Nonanoic acid 

21 3-Hexen-1-ol, acetate, (Z)- 53 Eugenol 

22 1-Hexanol 54 Piperonal 

23 2-hydroxyethyl propanoate 55 n-Decanoic acid 

24 2-propenyl hexanoate 56 5-heptyldihydro-2(3H)-Furanone 

25 3-Hexen-1-ol, (E)- 57 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-Pyran-4-one 

26 3-Hexen-1-ol, (Z)- 58 4-methoxybenzenemethanol 

27 Acetic acid 59 4-(4-methoxyphenyl)-2-Butanone 

28 ethyl 2,4-Hexadienoate (2E,4E)- 60 Triethyl citrate 

29 Oxalic acid 61 5-Hydroxymethylfurfural 

30 Benzaldehyde 62 Vanillin 

31 Linalool 63 Tetradecanoic acid 

32 Menthyl acetate 64 n-Hexadecanoic acid 

7 
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Table 4 

Means of percentage relative abundance with standard error and significant differences ( P ≤ 0.001) of top 14 volatile compounds detected in the 

headspace of hard seltzer brands. Values are expressed as percentage of the total volatiles detected per sample. Superscript letters in the same row 

indicate differing levels of significance for each respective brand (ANOVA Tukey’s HSD test; P ≤ 0.05). All flavour components were sourced from 

good scents database [29] . 

Brand A Brand B Brand C Brand D Flavour 

Notes ∗ 
VOC Average SE Average SE Average SE Average SE 

3-Hexen-1-ol, acetate, (Z)- 0.012 a 0.003 0.011 a 0.003 0.202 b 0.001 0.015 a 0.002 Green, fruity, tropical 

2 ‑hydroxy-, ethyl propanoate 0.017 a 0.005 0.278 b 0.005 0.009 a 0.003 0.020 a 0.003 Sweet, fruity pineapple 

4-(4-methoxyphenyl) − 2-Butanone 0.336 a 0.006 0.018 b 0.005 0.011 b 0.003 0.024 b 0.004 Floral, fruity, berry 

ethyl hexanoate 0.004 a 0.001 0.004 a 0.001 0.320 b 0.003 0.092 c 0.012 Sweet, pineapple, banana 

Triethyl citrate 0.453 a 0.010 0.024 b 0.006 0.014 b 0.004 0.032 b 0.005 

4 ‑methoxy-benzaldehyde 0.376 a 0.008 0.241 b 0.005 0.008 c 0.002 0.018 d 0.003 Creamy, vanilla, marshmallow 

2-methyl-, ethyl butanoate 0.004 a 0.001 0.080 b 0.003 0.514 c 0.008 0.077 b 0.010 Fruity, berry, cherry 

2-propenyl hexanoate 0.104 a 0.003 0.005 b 0.001 0.003 b 0.001 0.007 b 0.001 Sweet, fresh, pineapple 

Maltol 0.025 a 0.007 0.451 b 0.015 0.014 a 0.004 0.031 a 0.005 Jammy, fruity, berry notes 

3-methyl-, butyl butanoate 0.015 a 0.004 0.014 a 0.004 0.257 b 0.005 0.019 a 0.003 Apple, fruity, berry 

3-methyl-, 2-phenylethyl butanoate 0.158 a 0.005 0.008 b 0.002 0.005 b 0.001 0.011 b 0.002 Berry, peachy notes, sweet 

4 ‑methoxy-benzenemethanol 0.009 a 0.002 0.157 b 0.006 0.005 a 0.001 0.011 a 0.002 Cherry, vanilla, creamy 

Eucalyptol 0.003 a 0.001 0.003 a 0.001 0.056 b 0.001 0.004 a 0.001 Minty, eucalyptus, cooling 

𝛼-Terpineol 0.031 a 0.009 0.129 b 0.001 0.102 c 0.002 0.064 d 0.007 Citrus, lemon and lime, woody 
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Fig. 7. A Principal component analysis (PCA) plot of 4 alternate hard seltzer 

brands with tight clustering of 5 replicates for each brand (1 replicate excluded 

from brand A). Brand A (red), brand B (blue), brand C (green) and brand D 

(pink). 
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lete profile. The main benefit of adding DVB to PDMS appeared to

e a substantial improvement in the extraction of acids. Addition of

WR to PDMS did not appear to be beneficial overall in the case of

ard seltzers, as while extraction of acids was improved, extraction of

sters was ablated. Many acids have log K (o/w) below what would be

eadily extracted by PDMS only (log K (o/w) > 2.6), hence it is unsur-

rising that the addition of other phases enhanced their extraction. An

xample of these highly polar, low log K (o/w) acids is acetic acid, which

s a known by-product of fermentation [8] and confers sour, pungent

nd overripe tastes. In this case it may be an undesirable malodour

ompound. 

.3. Brand comparison 

We assessed four hard seltzer brands immersively using sample

reparation technique 5 ( Table 1 ). Across all brands, a total of 11 alde-

ydes and 19 ketones were found to be present, providing fruity and

resh notes to the samples. Chromatograms for each of the brands are

hown in Fig. 6 with corresponding compounds below. Upon visual in-

pection, the brands appeared to produce similar numbers of peaks,

hough the identity of these peaks differed significantly. Benzaldehyde,

ypically known for cherry, almond notes (compound 30) is shown to

e in high abundance in brands A, B and D but lower in brand C. Brand

 however did have high abundance in ethyl 3-phenylprop-2-enoate, an

ster with fruity, berry, sweet notes (compound 51) that is only present

n low concentrations in brand A and not present in B and D, indicating

 more ‘berry’ taste for brand C. 

We further analysed five replicates per hard seltzer brand. One repli-

ate of brand A was found to be an outlier and was discarded, but

he remaining 19 chromatograms were provided to ChromCompare +
nd PCA was performed, allowing us to identify compounds with

he power to discriminate between brands. The dataset was then fil-

ered to include only the top 14 most discriminatory compounds,

nd PCA was performed again. Principal components (PCs) 1, 2 and

 were found to explain most of the variance in the sample (to-

al of 99.79%), and upon plotting these, we found that the repli-

ates formed tight, non-overlapping clusters ( Fig. 7 ). This indicates

hat brands can be readily distinguished on the basis of VOC / SVOC

rofile. 

We performed ANOVA and Tukey’s test on the 14 most discrimina-

ory VOCs. In each case, ANOVA was highly significant ( P ≤ 0.001).

ore prominent flavour compounds were noted in brands A-C com-

ared with brand D. Based on ANOVA and Tukey’s test a total of 7 dis-

inct discriminatory VOCs are significantly different in brand A and in
8 
rand C, followed by brand B that differs significantly for 5 VOCs while

rand D differs significantly from 2 in an overall comparison ( Table 4 ).

mongst these discriminatory compounds, the most abundant were ethyl

sters, such as ethyl hexanoate and 2-methylethyl hexanoate, which are

dded to beverages to enhance flavour [5] . However, each individual

rand had distinguishable VOC compounds that highlighted different

ey flavour notes. 

Brand A is one of the most popular hard seltzers currently on the

arket, indicating that its flavour profile may be the most palatable to

onsumers. 4-(4-methoxyphenyl) − 2-butanone, an ester also known as

aspberry ketone methyl ether, provides raspberry, berry, fruity notes to

he flavour profile and is in high abundance in brand A compared with

he other brands ( Fig. 8 A). Brand B, a recent addition to the hard seltzer

arket, had a high abundance of compounds providing sweet, floral and

ruity notes to the overall flavour such as 2-hydroxypropanoate ( Fig. 8 B)

nd maltol. In contrast, Brand C had more tropical, fruity flavour notes

ith hints of pineapple, sweet and peach provided by 3-methylbutyl

utanoate ( Fig. 8 C). Brand D contained a range of flavour-active com-

ounds, but none that were unique in comparison with the other

rands. 
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Fig. 8. Box plots determining key characteristic VOCs measuring abundances in each brand. A: 4-(4-methoxyphenyl) − 2-butanone B: ethyl, 2-hydroxypropanoate 

and C: 3-methylbutyl butanoate. 

9 
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Fig. 9. The results of AGREEprep assessment of procedures 

for the current method of flavour profiling of hard seltzers 

using HiSorb (a) compared with a Stirrer bar Sorptive extrac- 

tion (SBSE) method for profiling for Graciano Vitis vinifera 

wine variety (b). [31,32] . 
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.4. Green metrics 

An April 2022 statement from the United Nations scientific body

ntergovernmental Panel on Climate Change (IPCC) insisted that the

lobal temperature increase target of 1.5 °C set by the Paris climate

greement in 2015 would not be met with current energy policies [30] .

iven the urgent nature of improving sustainability in all sectors, the

hemical industry must adapt by reducing energy consumption. Fur-

her, there is a need to reduce hazardous waste disposal and solvent use

n order to prevent pollution. 

Therefore, we assessed the greenness of the current method via

he AGREEprep,(Analytical GREEnness Metric Approach) metric [31] .

nder this approach, the impact of a sample preparation method is

cored from 0 (not green) to 1 (ideal) based on the scores of each of

0 sub-sections. These sub-sections cover a range of variables such as

olvent volume and use, waste generation, materials and reagents, en-

rgy consumption, sample volume, automation and throughput [25] .

he AGREEprep score for HiSorb was 0.58 ( Fig. 9 A). The strongest de-

ractor of this value was energy consumption (section 8), however this

s expected for a fully automated system. Full automation and ‘prep-

head’ functionality for HiSorb meant that multiple samples could be

repared ahead of time and loaded onto the sample tray for unattended

nalysis, scoring highly for sample throughput (section 7). The amount

f chemical waste produced ( Section 4 ) was also high at up to 20 mL per

ample, however this consisted primarily of water with a small compo-

ent of ethanol and other hard seltzer ingredients, so was not deemed

azardous. Due to the simplicity of sample preparation and sustainabil-

ty of the components used, a high volume of samples could be prepared

ith an estimated 50 samples prepared in one hour, therefore scoring

ighly in Sections 3 and 6. Comparison with a previously published SBSE

ethod for wine analysis [32] indicated that HiSorb with Centri is the

greener’ method according to this metric ( Fig. 9 ), primarily due to full

utomation with HiSorb. 

. Conclusion 

We developed a straightforward, extensively automated method for

he flavour profiling of hard seltzers using HiSorb probes, exploring

xtraction from the headspace, extraction via direct immersion of the

robe, and sample “stacking ”, wherein extracts from both sampling

echniques were combined in a single analysis. We subsequently ap-

lied the optimised immersive method to four hard seltzer brands, gen-

rating useful insights into their unique flavour compositions. Principal

omponent analysis was performed in ChromCompare + , demonstrating

ight clustering of replicates with clear separation of brands on the basis

f chemical components and identifying which components were most

esponsible for this separation. These discriminatory compounds could

otentially be used as markers of product quality and brand authentic-

ty, and allow correlation to consumer preference to ensure longevity

n the market. Using the AGREEprep metric, the ‘greenness’ of sample
10 
reparation was measured, comparing favourably with a more popular

BSE technique with aroma profiling. 

eclaration of Competing Interest 

The authors RS,LH, and RC are employees of Markes International,

n instrument manufacturer specialising in thermal desorption instru-

ents such as Centri that was used in this study. 

cknowledgment 

This research did not receive any specific grant from funding agen-

ies in the public, commercial, or not-for-profit sectors. 

RediT authorship contribution statement 

Rachael Szafnauer: Conceptualization; Data curation; Investiga-

ion; Methodology; Project administration; Resources; Supervision;

oles/Writing —original draft. Lucy Hearn: Data curation; Inves-

igation; Methodology; Roles/Writing —original draft; Rebecca

ole: Data curation; Investigation; Methodology; Visualization;

oles/Writing —original draft. Natasha Spadafora Conceptualization;

ethodology; Project administration; Resources; Software; Supervision;

riting —review & editing. 521 

eferences 

[1] F. Hesham, H. Riadh, N.K. Sihem, What Have We Learned about the Effects of

the COVID-19 Pandemic on Consumer Behavior? Sustainability 13 (2021) 4304,

doi: 10.3390/su13084304 . 

[2] Bloomberg, Hard seltzer Craze Makes White Claw Maker a Multibillionare,

https://www.bloomberg.com/news/articles/2019-11-08/hard-seltzer-craze-makes- 

white-claw-creator-a-multibillionaire?sref = BWbpWjRm 2019, (accessed 28 March

2022). 

[3] Forbes, The Hard Seltzer Market is Getting more crowded, The Hard Seltzer Market

Is Getting More Crowded (forbes.com) 2021, (accessed 29 March 2022). 

[4] The drinks Business, Hard seltzers and RTDs may not be destined to share the same

fate, https://www.thedrinksbusiness.com/2022/01/hard-seltzers-and-rtds-may-not-

be-destined-to-share-the-same-fate/2022 , (accessed 29 March 2022). 

[5] F. Rodrigues, M. Caldeira, J.S. Camara, Development of a dynamic headspace

solid-phase microextraction procedure coupled to GC–qMSD for evaluation the

chemical profile in alcoholic beverages, Anal. Chim. Act. 609 (2008) 82–104,

doi: 10.1016/j.aca.2007.12.041 . 

[6] C. Barba, N. Beno, E. Guichard, T. Thomas-Danguin, Selecting odorant com-

pounds to enhance sweet flavor perception by gas chromatography/olfactometry-

associated taste (GC/O-AT), Food. Chem. 257 (2018) 172–181,

doi: 10.1016/j.foodchem.2018.02.152 . 

[7] D. Labbe, L. Damevin, C. Vaccher, C. Morgenegg, N Martin, Modulation of Perceived

taste by olfaction in familiar and unfamiliar beverages, Food. Qual. Pref. 17 (2006)

582–589, doi: 10.1016/j.foodqual.2006.04.006 . 

[8] K.N. Kilcawley, What Is the Relationship between the Presence of Volatile Organic

Compounds in Food and Drink Products and Multisensory Flavour Perception? Foods

10 (7) (2021) 1570, doi: 10.3390/foods10071570 . 

[9] K Ridgeway, S.P.D. Lalljie, R.M. Smith, Analysis of food taints and off-flavours: a re-

view, Food. Addit. Contam. 27 (2010) 146–168, doi: 10.1080/19440040903296840 .

10] K. Ridgeway, The Challenges of Flavour Analysis Comparison and

Choices of Extraction Techniques https://www.rssl.com/ ∼/media/rssl/en/

files/documents/white-paper/challenges-of-flavour-analysis.pdf , 2014, (accessed

30 March 2022). 

https://doi.org/10.3390/su13084304
https://www.bloomberg.com/news/articles/2019-11-08/hard-seltzer-craze-makes-white-claw-creator-a-multibillionaire?sref=BWbpWjRm
https://www.thedrinksbusiness.com/2022/01/hard-seltzers-and-rtds-may-not-be-destined-to-share-the-same-fate/2022
https://doi.org/10.1016/j.aca.2007.12.041
https://doi.org/10.1016/j.foodchem.2018.02.152
https://doi.org/10.1016/j.foodqual.2006.04.006
https://doi.org/10.3390/foods10071570
https://doi.org/10.1080/19440040903296840
https://www.rssl.com/~/media/rssl/en/files/documents/white-paper/challenges-of-flavour-analysis.pdf


L. Hearn, R. Cole, N.D. Spadafora et al. Advances in Sample Preparation 3 (2022) 100032 

[  

 

[  

[  

 

[  

 

 

[  

[  

[  

 

 

[  

 

 

[  

 

[  

 

[  

[  

 

[  

[  

[  

 

[  

 

 

[  

[  

 

[  

 

[  

 

[  

 

[  

 

 

 

11] A.C.S.I. Martinez-Castro Jesus Sanz, Analysis of volatile composition of honey by

solid phase microextraction and gas chromatography mass spectrometry, J. Sep. Sci.

26, (2003), 793–801. https://doi.org/10.1002/jssc.200301368 . 

12] J.R. Dean, in: Solid Phase Microextraction Overview, in:, I.D. Wilson, Encyclopaedia

of Separation Science, Academic Press, New York, 2000, pp. 4190–4199 . 

13] M. He, Y. Wang, Q. Zhang, L. Zang, B. Chen, B. Hu, Stir Bar Sorp-

tive Extraction and its application, J. Chrom. A 1637 (2021) 461810,

doi: 10.1016/j.chroma.2020.461810 . 

14] C. Blasco, M. Fernandez, Comparison of solid-phase microextraction and stir bar

sorptive extraction for determining six organophosphorus insecticides in honey

by liquid chromatography–mass spectrometry, J. Chrom. A 1030 (2004) 77–85,

doi: 10.1016/j.chroma.2003.11.037 . 

15] T. Hyotylainen, Critical evaluation of sample pretreament techniques, Anal. Bioanal.

Chem. 394 (2009) 743–758, doi: 10.1007/s00216-009-2772-2 . 

16] B. Tienpont, F. David, C. Bicchi, P. Sandra, High capacity headspace sorptive extrac-

tion, J. Microcol. Sep. 12 (2001) 577–584, doi: 10.1007/s00216-009-2772-2 . 

17] R.W. Brown, J.P. Mayser, C. Widdowson, D.R. Chadwick, D.L. Jones, De-

pendence of thermal desorption method for profiling volatile organic com-

pound (VOC) emissions from soil, Soil, Biol. Biochem. 160 (2021) 108313,

doi: 10.1016/j.soilbio.2021.108313 . 

18] M. Garcia-Esteban, D. Ansorena, I. Astiasaran, Study of the effect of different

fiber coatings and extraction conditions on dry cured ham volatile compounds

extracted by solid-phase microextraction (SPME), Talanta 64 (2004) 458–466,

doi: 10.1016/j.talanta.2004.03.007 . 

19] J.D. Wang, N.J. Douville, S. Takayama, M. ElSayed, Quantitative analysis of Molec-

ular Absorption into PDMS Microfluidic channels, Annals. Biomed. Eng 40 (2012)

1862–1873, doi: 10.1007/s10439-012-0562-z . 

20] K Eckert, Sampling Dynamics for Volatile Organic Compounds Using Headspace

Solid-Phase Microextraction Arrow for Microbiological Samples, Separat 5 (2018)

45, doi: 10.3390/separations5030045 . 

21] S. Moldoveanu, V. David, Modern Sample Preparation For Chromatography, Else-

vier, Oxford, 2021 second ed. . 

22] Z. Cheng, D.T. Mannion, M.G. O’Sullivan, S. Miao, J.P. Kerry, K.N Kilcawley, Com-

parison of Automated Extraction Techniques for Volatile Analysis of Whole Milk

Powder, Foods 10 (2021) 2061, doi: 10.3390/foods10092061 . 
11 
23] Adsorption in: Y. Artoli, S.E. Jørgensen, B.D. Fath, in: Earth Systems and Environ-

mental Sciences, Academic Press, Netherlands, 2008, pp. 60–65 . 

24] H. Lord, J. Pawliszyn, Evolution of solid-phase microextraction technology, J.

Chrom. A 885 (2000) 153–193, doi: 10.1016/S0021-9673(00)00535-5 . 

25] National Institute of Standards and Technology (2020). NIST20: Updates to the

NIST Tandem and Electron Ionization Spectral Libraries. https://www.nist.gov/

programs-projects/nist20-updates-nist-tandem-and-electron-ionization-spectral- 

libraries . 

26] E. Gionfriddo, E.A. Souza-Silva, J. Pawliszyn, Headspace versus Direct Immer-

sion Solid Phase Microextraction in Complex Matrixes: investigation of Analyte

Behavior in Multicomponent Mixtures, Anal. Chem. 87 (16) (2016) 8448–8456,

doi: 10.1021/acs.analchem.5b01850 . 

27] C Spence, Just how much of what we taste derives from the sense of smell? Flav 30

(2015), doi: 10.1186/s13411-015-0040-2 . 

28] S. Kim, J. Chen, T. Cheng, et al., PubChem in 2021: new data content and im-

proved web interfaces, Nuc. Acid. Res. 49 (2021) 1388–1395 https://pubchem.

ncbi.nlm.nih.gov/ . 

29] Good Scents company, The Good Scents Company Information System.

https://www.thegoodscentscompany.com/search3.php.1988 [accessed 3rd May

2022]. 

30] United Nations, UN climate report: it’s ‘now or never’ to limit global warming to

1.5 degrees, https://news.un.org/en/story/2022/04/1115452.2022 , [accessed June

2022]. 

31] W. Wojnowski, M. Tobiszewski, F. Pena-Pereira, E. Psillakis AGREEprep – Analytical

greenness metric for sample preparation, Tren. Anal. Chem. 149 (2022) 116553,

doi: 10.1016/j.trac.2022.116553 . 

32] M. Arbulu, M.C. Sampedro, A. Sanchez-Ortega, A. Gómez-Caballero, N. Unceta,

M.A. Goicolea, R.J. Barrio, Characterisation of the flavour profile from Graciano

Vitis vinifera wine variety by a novel dual stir bar sorptive extraction methodology

coupled to thermal desorption and gas chromatography–mass spectrometry, Anal.

Chim. Acta. 777 (2013) 41–48, doi: 10.1016/j.aca.2013.03.024 . 

https://doi.org/10.1002/jssc.200301368
http://refhub.elsevier.com/S2772-5820(22)00029-8/sbref0011
https://doi.org/10.1016/j.chroma.2020.461810
https://doi.org/10.1016/j.chroma.2003.11.037
https://doi.org/10.1007/s00216-009-2772-2
https://doi.org/10.1007/s00216-009-2772-2
https://doi.org/10.1016/j.soilbio.2021.108313
https://doi.org/10.1016/j.talanta.2004.03.007
https://doi.org/10.1007/s10439-012-0562-z
https://doi.org/10.3390/separations5030045
http://refhub.elsevier.com/S2772-5820(22)00029-8/sbref0020
https://doi.org/10.3390/foods10092061
http://refhub.elsevier.com/S2772-5820(22)00029-8/sbref0021
http://refhub.elsevier.com/S2772-5820(22)00029-8/sbref0021
https://doi.org/10.1016/S0021-9673(00)00535-5
https://www.nist.gov/programs-projects/nist20-updates-nist-tandem-and-electron-ionization-spectral-libraries
https://doi.org/10.1021/acs.analchem.5b01850
https://doi.org/10.1186/s13411-015-0040-2
https://pubchem.ncbi.nlm.nih.gov/
https://www.thegoodscentscompany.com/search3.php.1988
https://news.un.org/en/story/2022/04/1115452.2022
https://doi.org/10.1016/j.trac.2022.116553
https://doi.org/10.1016/j.aca.2013.03.024

	Volatile and semi-volatile compounds in flavoured hard seltzer beverages: Comparison of high-capacity sorptive extraction (HiSorb) methods
	1 Introduction
	2 Materials and methods
	2.1 Samples
	2.2 Chemicals and reagents
	2.3 Automated immersive high-capacity sorptive extraction and desorption (HiSorb)
	2.4 Sampling preparation optimisation
	2.5 Sample stacking
	2.6 Gas chromatography-mass spectrometry detection (GC-MS)
	2.7 Data processing and elaboration

	3 Results and discussion
	3.1 Sampling method evaluation
	3.2 Phase comparison and selection
	3.3 Brand comparison
	3.4 Green metrics

	4 Conclusion
	Declaration of Competing Interest
	Acknowledgment
	CRediT authorship contribution statement
	References


