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Abstract The perceived aroma of oolong tea is primarily

and directly affected by its infusion matrix, and the release

persistence of headspace volatiles can better illustrate the

persistent aroma. Headspace solid phase microextraction

coupled with gas chromatography–mass spectrometry was

performed to analyze the headspace constituents of oolong

tea. The presence of the infusion matrix seemed to prevent

the headspace release of certain odorants. The release of

indole, nerolidol, and a-farnesene was also remarkably

enhanced or depressed (2.70, 1.56, and 0.69-fold in tea

infusion versus in dry leaves). Moreover, the amount of

volatile species gradually decreased with increased water

ratio. Eight odorants were determined to be stable and

persistent during continuous infusion, whereas six were

determined to be less persistent (gradually decreased or

stopped releasing). The volatile dilution test further con-

firmed the persistent release of nerolidol.

Keywords Volatiles � Oolong tea � Infusion matrix �
Aroma persistence � Headspace solid phase microextraction

(HS-SPME)

Introduction

Oolong tea is a partially fermented tea, with an annual

world production of over 250,000 tons (Mei and Wang,

2017). The most important attributes of oolong tea are its

pleasant and persistent aroma, which can be fruity, floral,

roasted or honey-like. Consisting of hundreds of volatile

compounds (Ho et al., 2015), oolong tea aroma is mainly

formed during the manufacturing process (e.g., withering,

tossing, and baking). Endogenous enzymatic hydrolysis of

glycosidic precursors can release plenty of floral/fruity

odorants (such as linalool, geraniol, benzyl alcohol, and

methyl salicylate) (Ogawa et al., 1995), and the derived

volatiles from carotenoids photooxidation, lipids oxidation,

and Maillard reaction are also responsible for aroma for-

mation in oolong tea (Chen et al., 2013; Ho et al., 2015).

Various factors, including tea variety (Lin et al., 2013), raw

materials (Zeng et al., 2017b), manufacturing process

(Zeng et al., 2016), and storage conditions (Chen et al.,

2013), have been reported to influence the volatiles con-

tained in oolong tea. In addition, a number of odor-active

components have been determined in green tea (Katsuno

et al., 2014; Kumazawa and Masuda, 2002), black tea

(Schuh and Schieberle, 2006), and jasmine tea (Ito et al.,

2002), and are suspected to be key contributors to the

perceived aroma.
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Nevertheless, the sensory aroma of oolong tea is per-

ceived and evaluated during daily infusions. Accordingly,

the perceived aroma is primarily and directly affected by

the aroma sources (e.g., dry leaves, tea infusion, infused

leaves), water ratio, infusion frequency, and the infusion

matrix. Further hydrolysis of volatile precursors in tea

infusion has been reported, with geraniol significantly

increased in black tea infusion, compared to its concen-

tration in the leaves (Schuh and Schieberle, 2006). Aroma

release affected by the infusion matrix of Longjing tea has

also been presented (Cheng et al., 2008). The effect on

volatile solubility and headspace amount by the interac-

tions with nonvolatile components (e.g., catechins and

caffeine) in wine and other foods has been well docu-

mented in the literature (Dufour and Bayonove, 1999;

Robinson et al., 2009). Therefore, it is interesting to sys-

tematically study the headspace release of oolong tea

volatiles during the infusion process, particularly under the

different situations mentioned above.

For this aim, the volatile profiles of dry leaves and tea

infusions, and the impact of water ratio and infusion fre-

quency on headspace release were comparatively studied.

Headspace odorants most affected by the infusion matrix

were explored, since the influences from tea liquid are

crucial but are normally ignored when exploring the key

odorants contributing to perceived aroma. And a model tea

infusion matrix was prepared to investigate the effects of

the concentration of individual odorants within the infusion

on headspace release. The release persistence of headspace

volatiles after continuous infusion was also examined,

especially after the 3rd infusion, and this might tell us the

odorants contribute to the persistent aroma of oolong tea.

The headspace solid phase microextraction and gas chro-

matography (HS-SPME–GC–MS) technique was per-

formed in the present study to analyze headspace

constituents, due to its advantages of convenient and sol-

vent-free (Caprioli et al., 2012; Romeo et al., 2007). The

headspace analytes were trapped on the fiber, in which case

interference from the infusion matrix can be drastically

reduced (Elmore et al., 1997; Jelen et al., 1998; Riu-Au-

matell et al., 2004).

Materials and methods

Materials and chemicals

Oolong tea samples (Tieguanyin, produced in autumn)

were collected from local producers of Anxi County of

China in late November. Benzyl alcohol (purity C 99.5%),

2-phenylethanol (purity C 99.5%), indole (pu-

rity C 99.5%), nerolidol (purity of 97%), and glucose

(purity C 99.5%) were purchased from Shanghai Aladdin

Reagent Company (Shanghai, China). Tea polyphenols

([ 98% HPLC grade) were obtained from Shaanxi Sciphar

Natural Products Co., Ltd, (Xian, China). Caffeine (pu-

rity C 98.5%) was purchased from Sigma-Aldrich China,

Inc. (Shanghai, China).

Oolong tea brewing

Ten gram of tea sample was infused with 100 mL boiling

tap water, and the tea liquid was poured out after 6 min of

brewing. The freshly prepared tea infusion and 10 g of dry

tea sample were used for subsequent brewing to compare

their headspace volatiles. Three oolong tea samples were

used for comparison.

For tea infusions brewed by tea/water ratios of 1:3, 1:10,

1:20, and 1:50 (w/v), a 10-g tea sample infused by 30 mL

boiling water, a 10-g tea sample infused by 100 mL boiling

water, a 5-g tea sample infused by 100 mL boiling water,

and a 2-g tea sample infused by 100 mL boiling water were

prepared separately. The tea liquid was poured out after

6 min of brewing and used for volatile analysis.

For each infusion frequency test, a 10-g tea sample was

infused with 100 mL boiling water, and the tea liquid was

poured out after 2 min of brewing. Then, a volume of

boiling water equivalent to that of the poured tea liquid was

added to continue the next infusion. Fifty milliliters of tea

liquid from the 1st, 2nd, 3rd, 5th, and 7th infusion was used

for volatile analysis.

Model infusion and volatile dilution test

A simple model infusion of oolong tea consisting of 1.5 g/

L tea polyphenols, 1.5 g/L glucose, and 2.0 g/L caffeine

was prepared with boiling tap water. Separately, 5 lL

benzyl alcohol (or its diluted solution), 5 lL 2-pheny-

lethanol (or its diluted solution), 1 lL nerolidol (or its

diluted solution), and 0.01 g indole (or its diluted solution)

diluted in 100 mL freshly prepared model infusion were

prepared as the solutions for analysis. The volatile solution

was maintained for 5 min in a 50 �C water bath to facilitate

volatilization. Three milliliters of headspace was directly

injected into the injector set of GC/MS for analysis.

HS-SPME/GC–MS procedure

For analysis of the volatiles during the infusion process, the

analyzed sample was transferred to a 100 mL glass septum

flask. For analysis of the volatiles during the infusion

process, the analyzed sample was transferred to a 100 mL

glass septum flask. SPME device (Supelco, Bellefonte, PA,

USA) was rapidly inserted into the headspace for volatile

extraction. The SPME fibre was coated with 65 lm poly-

dimethylsiloxane/divinylbenzene (PDMS/DVB). Before
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each extraction, the SPME fibre was preconditioned for

5 min in the injection port of the GC at 220 �C. The

headspace extraction was kept in a water bath at 50 �C, and

lasted for 40 min. Agilent 6890 gas chromatograph cou-

pled to an Agilent 5973N mass spectrometer (Agilent

Technologies, Palo Alto, CA, USA) was used to perform

volatile detection and identification. The GC oven was

equipped with an HP-INNOWax capillary column

(30 m 9 0.25 mm 9 0.25 lm; Agilent Technologies).

The SPME fiber was desorbed at 220 �C in the GC injec-

tion port in splitless mode for 3.5 min. Helium (purity of

99.999%) was used as the carrier gas at a constant flow rate

of 1 mL/min. The temperature program was set as fol-

lowing: 50 �C for 5 min, 3 �C/min to 220 �C, and held for

5 min, and finally 10 �C/min to 240 �C and held for 5 min.

The ion source temperature was set at 200 �C, and MS was

scanned at 70 eV between 35 and 600 amu. Peak area was

calculated by ChemStation software (Agilent Technolo-

gies). Peak identification was made by searching the MS

data library (NIST98) and further comparing the retention

index (RI) with published data. Kovats’ retention indices

for each peak were calculated by using an n-alkane mixture

(C8–C20; Sigma-Aldrich, St Louis, MO, USA) under the

same GC conditions. Volatile detection was carried out in

triplicate for each sample.

Statistical and multivariate analysis

The relative percentages (relative content) of the aligned

peaks were obtained by peak-area normalization and

imported to form a data set for multivariate analysis.

Principal component analysis (PCA) and loading S-plot

were performed by SIMCA-P? (version 11.0, Umetrics,

Umeå, Sweden). S-plot was declared with weight (w) and

correlation (pcorr) based on orthogonal partial least squares

discriminant analysis (OPLS-DA) in order to screen the

compounds most responsible for group differences. This

visualization tool is used for the identification of possible

interesting compounds for orthogonal variation (Wiklund

et al., 2008). The raw data set was mean-centered and

Pareto-scaled before performing S-plot.

Results and discussion

Headspace volatiles influenced by the infusion

matrix

The differences in headspace volatiles between dry leaves

and tea infusion (with leaves) might tell us the influence of

the infusion matrix, particularly for the volatiles that are

most affected. Forty-eight common volatiles were clearly

detected in the dry leaves of three oolong tea samples,

whereas only 36 common volatiles were detected in sam-

ples of tea infusion (Table S1 in the Supplementary

Materials). At least 12 volatiles could not be detected in the

headspace of the tea liquid. Consistent with the previous

study of Christian and Schieberle (Schuh and Schieberle,

2006), it was also discovered that more volatiles were

identified in the dry leaves of Darjeeling black tea com-

pared to the hot water infusion.

To have a better visualization of the headspace volatiles

most affected by tea matrix, PCA using volatiles data was

performed between the two groups. Bi-plot containing

object scores and variable loadings were drawn, as showed

in Fig. 1A. A clear separation of dry leaves (red balls) and

tea infusion (blue balls) could be observed, indicating that

the volatile profiles were quite different between the two

groups. Linalool seemed to be the most stable volatile

either between the two groups or among different analyses.

An S-plot was further generated for the sake of the most

differential volatiles between the two groups (Fig. 1B).

The X-axis represents the weights of the correlation

between X-matrix and group scores, while the Y-axis rep-

resents the correlation coefficient (Wiklund et al., 2008).

The upper right region of the S-plot reveals that a-farne-

sene and 2-phenylethyl alcohol are the two most differen-

tial volatiles in the dry leaves (18.24 and 2.93% in dry

leaves versus 9.62% and undetectable in tea infusion). In

contrast, the lower left region reveals that nerolidol and

indole are the two most differential volatiles in tea infusion

(13.86 and 13.81% in tea infusion versus 8.86 and 5.11% in

dry leaves).

When exploring the key odorants contributing to per-

ceived aroma, the influences from tea liquid are crucial but

are normally ignored. The headspace release of nerolidol

and indole were significantly enhanced with the existence

of the infusion matrix. Nerolidol appeared to have rose-like

and apple-like odors (Zeng et al., 2017a), and indole

appeared to have animal-like (Kumazawa and Masuda,

2002) and floral (Katsuno et al., 2014) odors; both were

characterized as the key odorants of tea (Kumazawa and

Masuda, 2002; Ma et al., 2014). However, benzyl alcohol,

2-phenylethanol, and linalool oxides, documented as potent

key odorants of tea (Ito et al., 2002; Yang et al., 2013),

could barely volatilize into the headspace; therefore, they

unlikely contributed to the perceived aroma of oolong tea

directly.

Alteration of headspace volatiles with the increase

of water ratio

Since particular differences in tea volatiles could occur

while brewing in hot water, it was also interesting to study

the influences of water ratio on volatile release. Tea liquids

(without leaves) brewed by tea/water ratios of 1:3, 1:10,
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1:20, and 1:50 (w/v) were prepared and analyzed. It is

worth noting that the tea/water ratio of approximately 1:50

(w/v) is most frequently used for daily consumption and

sensory evaluation of tea. As shown in Table 1, the amount

of volatile species in the headspace of tea liquids gradually

decreased with the increase of water ratio. In total, 30

volatiles were clearly detected while brewing with a tea/

water ratio of 1:3, whereas only 20 volatiles were detected

at the ratio of 1:50. Moreover, much fewer volatiles could

be detected in tea liquid without leaves compared to dry

leaves (48 volatiles) or tea infusion with leaves (36

volatiles).

Fig. 1 Multivariate analysis of

headspace volatiles for dry

leaves and tea infusions.

(A) PC1 versus PC2 bi-plot,

combined with observation

scores and variable loadings.

‘Red circle’: dry leaves; ‘blue

circle’: tea infusion; ‘filled

triangle’: volatiles. (B) S-plot

with interesting volatiles most

responsible for orthogonal

variation highlighted by the red

squares. ‘filled triangle’:

volatiles. (Color figure online)
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It seemed that the high ratio of hot water might prevent

headspace release of some volatiles. It is presumed that

these ‘suppressed’ volatiles might be barely soluble in hot

water (such as the hydrocarbons) or, on the contrary, easily

dissolved in tea infusion (such as benzyl alcohol and

2-phenethyl alcohol), thus prevented in their release into

the headspace. The high water ratio would also influence

matrix-volatile interaction, which might change headspace

Table 1 Relative contents of headspace volatiles at different tea/water ratios

Compounds RI Relative content (%) (mean ± SD)b

1:3 1:10 1:20 1:50

Dodecane 1200 0.24 ± 0.07 ND ND ND

(E)-b-Ocimene 1257 4.24 ± 0.76 3.11 ± 0.37 1.81 ± 0.35 0.98 ± 0.14

Tridecane 1300 0.70 ± 0.04 ND ND ND

2-Ethenyl-1,1-dimethyl-3-methylidene-cyclohexane 1316 5.31 ± 0.89 3.42 ± 0.20 1.44 ± 0.30 ND

(E)-b-Farnesene 1673 2.08 ± 0.36 2.48 ± 0.54 3.46 ± 0.53 3.48 ± 0.02

b-Bisabolene 1724 0.47 ± 0.16 0.53 ± 0.09 ND ND

a-Bergamotene 1729 0.94 ± 0.12 0.86 ± 0.10 0.93 ± 0.10 0.84 ± 0.02

Naphthalene 1735 1.73 ± 0.61 2.52 ± 0.50 2.69 ± 0.50 4.13 ± 0.62

a-Farnesene 1754 10.16 ± 0.58 7.87 ± 0.25 3.97 ± 0.68 1.70 ± 0.06

1-Methylnaphthalene 1776 0.14 ± 0.01 0.14 ± 0.03 0.20 ± 0.00 ND

Hydrocarbon 26.01 ± 1.56 20.93 ± 0.53 14.49 ± 1.89 11.14 ± 0.68

Linalool 1562 1.59 ± 0.10 1.76 ± 0.31 1.50 ± 0.07 1.62 ± 0.02

Benzyl alcohol 1837 0.39 ± 0.00 0.26 ± 0.00 ND ND

2-Phenylethyl alcohol 1897 6.52 ± 1.23 3.20 ± 0.66 1.89 ± 0.17 ND

Nerolidol 12.66 ± 0.54 19.81 ± 1.91 23.59 ± 1.13 23.59 ± 5.74

Alcohols 21.16 ± 1.33 25.03 ± 2.53 26.98 ± 0.75 25.21 ± 2.88

Isopentyl hexanoate 1471 0.78 ± 0.05 0.69 ± 0.12 ND ND

(Z)-3-Hexenyl butanoate 1475 0.55 ± 0.05 0.75 ± 0.06 ND ND

(Z)-3-Hexenyl hexanoate 1664 1.76 ± 0.07 2.27 ± 0.07 1.50 ± 0.09 1.14 ± 0.26

Methyl salicylate 1769 0.49 ± 0.08 0.65 ± 0.18 0.68 ± 0.04 0.54 ± 0.14

Phenethyl isobutyrate 1843 0.92 ± 0.11 1.02 ± 0.14 1.05 ± 0.12 1.11 ± 0.30

2-Phenylethyl butanoic acid, 2-methyl-, 2-phenylethyl ester 1968 2.41 ± 0.13 3.44 ± 0.51 3.58 ± 0.33 5.01 ± 1.33

Esters 6.91 ± 0.09 8.82 ± 0.51 6.80 ± 0.40 7.79 ± 1.02

Nonanal 1406 0.84 ± 0.20 ND ND ND

Benzaldehyde 1531 1.58 ± 0.10 1.49 ± 0.37 2.40 ± 0.28 3.87 ± 0.77

Benzeneacetaldehyde 1648 3.34 ± 0.33 3.59 ± 0.45 4.32 ± 0.42 4.93 ± 0.58

Aldehydes 5.75 ± 0.62 5.08 ± 0.73 6.72 ± 0.22 8.80 ± 0.20

6-Methyl-5-hepten-2-one 1348 1.55 ± 0.33 1.51 ± 0.13 1.69 ± 0.24 2.21 ± 0.36

b-Ionone 1905 ND 0.25 ± 0.03 0.15 ± 0.04 0.18 ± 0.00

(Z)-Jasmone 1912 0.49 ± 0.09 0.57 ± 0.05 0.43 ± 0.04 0.28 ± 0.04

Ketones 2.04 ± 0.29 2.33 ± 0.18 2.27 ± 0.13 2.67 ± 0.18

Benzyl nitrile 1916 5.81 ± 0.35 4.77 ± 0.21 4.56 ± 0.26 3.87 ± 0.18

Unknown-1a 1955 0.65 ± 0.04 0.91 ± 0.17 1.01 ± 0.05 1.12 ± 0.22

Unknown-2a 2.48 ± 0.14 2.66 ± 0.21 2.17 ± 0.15 2.20 ± 0.18

Indole 17.80 ± 1.54 18.19 ± 0.93 20.24 ± 1.95 17.63 ± 1.38

Total 88.60 ± 1.09 88.73 ± 1.96 85.24 ± 2.97 80.44 ± 3.73

(Number of volatiles) (29) (27) (23) (20)

RI retention indices
aMass spectral ions (relative abundance in %): unknown-1: m/z = 104 (100), 207 (50); unknown-2: m/z = 104 (100), 105 (38), 77 (25), 103 (20).

retention time: unknown-1: 38.92 min; unknown-2: 43.75 min
bRelative content, percent normalized peak areas (n = 3)
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partition coefficients of the volatiles. Dodecane, tridecane,

and especially nonanal were not detected at the tea/water

ratio of 1:10, while headspace release of b-bisabolene,

benzyl alcohol, isoamyl hexanoate, and (Z)-3-hexenyl

butyrate seemed to be completely suppressed at the tea/

water ratio of 1:20. No volatilizations of 1-methylnaph-

thalene and 2-phenethyl alcohol could be detected at the

tea/water ratio of 1:50. In addition, relative contents of (E)-

b-ocimene, a-farnesene, and benzyl cyanide also signifi-

cantly decreased with the increase of water ratio. Inter-

estingly, the relative contents of (E)-b-farnesene,

naphthalene, nerolidol, benzaldehyde, phenylacetaldehyde,

2-phenylethyl 2-methylbutyrate, and 6-methyl-5-heptene-

2-one in the headspace increased with the water ratio.

Nerolidol, indole, phenylacetaldehyde, and benzyl

nitrile were the four principal headspace volatiles deter-

mined for oolong tea liquid (without leaves), jointly rep-

resented approximately half of the headspace extracts

(Table 1). Nerolidol, indole, and phenylacetaldehyde were

determined to have rose/apple (Zeng et al., 2017a), animal-

like/floral (Katsuno et al., 2014; Qin et al., 2013), and

honey-like (Kumazawa and Masuda, 2002) odors, respec-

tively. Considering their high amount and FD factors

(Kumazawa and Masuda, 2002; Ma et al., 2014), these

three compounds were possible likely the key odorants of

oolong tea infusion. Benzyl nitrile has also been reported to

be highly relevant to the roasted aroma of tea (Togari et al.,

1995).

Release persistence of volatiles during continuous infusing

In general, oolong tea can be infused multiple times (nor-

mally 3–7 times for daily consumption), while the persis-

tence and richness of the perceived aroma also varies.

Therefore, it appeared interesting to examine the volatility

persistence of individual odorants after continuous infu-

sion. For this purpose, tea liquids from the 1st, 2nd, 3rd,

5th, and 7th infusion of oolong tea were analyzed, and the

headspace intensities (peak areas and relative contents) of

the volatiles were compared (Table S2 in the Supplemen-

tary Materials). The impact of infusion frequency on

headspace release was quite evident, and different dynamic

changes could be observed, represented by individual

odorants of nerolidol, a-farnesene, linalool, and indole

(Fig. 2).

Nerolidol is a persistent and rich odorant, and its peak

area increased from 98.75 9 104 (the 1st infusion) to

394.75 9 104 (the 5th infusion) and remained at

379.89 9 104 at the 7th infusion (Fig. 2A). In addition, the

relative content of nerolidol continued to rise from the 1st

infusion (9.13%) to the 7th infusion (44.70%), indicating

its possible dominant contribution to the persistent aroma

of oolong tea. Alpha-farnesene was another persistent

odorant, since its headspace intensity was still increasing

after infusing five times, as presented in Fig. 2B. During

continuous infusion, the dynamic release of linalool

showed an upward parabolic curve (Fig. 2C). Moreover,

persistent release could also be observed for linalool since

the headspace concentration remained at 56.7 (peak area)

and 80.1% (relative content) at the 7th infusion compared

to the 3rd infusion. Relatively, indole seemed to release

much faster but less persistent. A significant decrease in

headspace release could be observed after the initial stage

of continuous infusion, and the peak area and relative

contents remained at only 26.2 and 36.5%, respectively, at

the 7th infusion compared to the 2nd infusion (Fig. 2D).

Volatile persistence of dilution test in model infusion

The influence of the tea matrix on headspace release was

investigated in a model infusion of oolong tea, with indi-

vidual odorants diluted in that system. The model infusion

was prepared in the presence of tea polyphenols, caffeine,

and soluble sugar, which have been reported as the major

nonvolatile components in oolong tea infusions (Kausar

et al., 2013; Wang et al., 2010). Nerolidol (a dominant and

persistent odorant), indole (a dominant but less persistent

odorant), benzyl alcohol (not abundant in dry leaves and is

not released into the headspace of infusions), and 2-phe-

nylethanol (abundant in dry leaves but not released into the

headspace of infusions) were selected for the dilution test.

The headspace amounts (peak area) of all four odorants

decreased when diluted in the model infusion, as shown in

Fig. 3. Benzyl alcohol (initial concentration of 50 ppm,

v/v) showed no release at the dilution ratio of 1:10. The

headspace amount of 2-phenylethanol (initial concentration

of 50 ppm, v/v) remained at only 6.7% at the same dilution

ratio, and there was no release at the dilution ratio of 1:100.

A dramatic decrease in headspace release could also be

observed for indole (initial concentration of 0.1 g/L),

which disappeared at the dilution ratio of 1:100. However,

the peak area for indole remained at 33.3% through 10

dilutions, indicating a more persistent release in the head-

space of the model infusion compared to benzyl alcohol

and 2-phenylethanol. Interestingly, the headspace amount

of nerolidol (initial concentration of 10 ppm, v/v) was

shown to decrease exponentially (y = 31966e-0.542x,

R2 = 0.9696) with dilution ratio. In addition, 11.3%

amount still remained even after being diluted 10,000

times, indicating extremely persistent volatilization of this

dominant volatile. Together with the data obtained in the

tea/water ratio test, the infusion matrix was likely to have a

particularly enhanced effect on the headspace release of

nerolidol.

Essential oils only account for approximately 0.01% of

the dry matter of tea (Cheng et al., 2008; Fanaro et al.,
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2012; Shimoda et al., 1995). Accordingly, benzyl alcohol

and 2-phenylethanol content would be far less than the

5 ppm (v/v) contained in oolong tea infusion (tea/water

ratio of 1:20). Combined with the data on water solubility

(4.105 9 104 mg/L and 2.199 9 104 mg/L, respectively,

in water at 25 �C; the ChemSpider database, http://www.

chemspider.com), benzyl alcohol and 2-phenylethanol

levels are probably not sufficient to be released into the

headspace of oolong tea. As presented in our previous work

(Lin et al., 2013), indole accounted for 4.49–12.03%

Fig. 2 Dynamic changes of the headspace release of individual odorants with respect to infusion frequency. ‘Filled circle’: peak area; ‘open

circle’: relative content

Fig. 3 Dynamic changes of the

headspace amount of individual

odorants with respect to dilution

ratio
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(relative content) of the total volatiles in oolong tea (dry

leaves), much more than in the other teas (Baldermann

et al., 2014). The high amount of indole might ensure its

headspace release, though high solubility in tea infusion

was probable (1.529 9 103 mg/L in water at 25 �C; the

ChemSpider database, http://www.chemspider.com). Fur-

ther studies on the specific solubilities of tea odorants in the

infusion matrix would help us to better understand their

performance in the headspace.

Interesting volatiles during oolong tea infusion

It is proposed in our work that the headspace performance

of individual odorants should primarily determine their

availability and contribution to the sensory system. Nine-

teen odorants divided into three groups according to the

release performance we had investigated are summarized

in Table 2. The five volatiles (i.e., benzyl alcohol, 2-phe-

nylethanol, nonanal, isoamyl hexanoate, and b-bisabolene)

that were not released into the infusion headspace were

grouped as ‘no contribution to perceived aroma’. They

might have a considerable amount in the tea leaves but

could hardly volatilize into the headspace of the tea infu-

sion, presumably due to their high solubility and/or

interaction with the infusion matrix. Eight volatiles,

including nerolidol, a-farnesene, (E)-b-farnesene, (Z)-jas-

mone, methyl salicylate, naphthalene, (E)-b-ocimene, and

linalool, exhibited a ‘stable and persistent’ headspace

release with variations in aroma source, water ratio, and

infusion frequency. Combined with data concerning odor

type and sensory threshold, these eight volatiles possibly

are likely the key odorants of oolong tea, especially after

the 3rd infusion. Similarly, six volatiles (i.e., indole, phe-

nethyl isobutyrate, benzyl nitrile, 6-methyl-5-hepten-2-one,

benzaldehyde, and benzeneacetaldehyde) were determined

as ‘less persistent’ odorants that might contribute to the

initial aroma perceived during tea brewing, however their

roles as odorants were dramatically weakened along with

continuous infusing.

In summary, the influences of infusion matrix on

headspace release of volatiles could be clearly observed

during oolong tea brewing. The presence of infusion matrix

might prevent the headspace release of certain odorants

(especially benzyl alcohol, 2-phenylethyl alcohol, linalool

oxide, and nonanal). During continuous infusion, eight

odorants were determined to be stable and persistent,

whereas six were determined to be less persistent. Volatile

dilution test in a model tea infusion further confirmed the

Table 2 Descriptions of some interesting volatiles contained in oolong tea infusion

Compounds RI Relative contenta,b (%) Aroma performance Odor description

Nonanal ND No contribution Orange-like (Kumazawa and Masuda, 2002)

Isopentyl hexanoate ND No contribution Fruity (Rodrı́guez et al., 2015)

b-Bisabolene ND No contribution Orange (Macleod and Pieris, 1984)

Benzyl alcohol ND No contribution Fruity (Ito et al., 2002)

2-Phenylethyl alcohol ND No contribution Rose (Qin et al., 2013)

(E)-b-Ocimene 1257 0.98 ± 0.14 Stable and persistent Herbal (Zeng et al., 2017a)

Linalool 1562 1.62 ± 0.02 Stable and persistent Floral (Katsuno et al., 2014; Qin et al., 2013)

(E)-b-Farnesene 1673 3.48 ± 0.02 Stable and persistent Citric, sweet, wood (Rodrı́guez et al., 2015)

Naphthalene 1735 4.13 ± 0.62 Stable and persistent Naphthalene (Yang et al., 2008)

a-Farnesene 1754 1.70 ± 0.06 Stable and persistent Fruity, herbal (Zeng et al., 2017a)

Methyl salicylate 1769 0.54 ± 0.14 Stable and persistent Sweet (Qin et al., 2013)

(Z)-Jasmone 1912 0.28 ± 0.04 Stable and persistent Floral, green (Katsuno et al., 2014; Qin et al., 2013)

Nerolidol 23.59 ± 5.74 Stable and persistent Floral, fruity (Qin et al., 2013)

6-Methyl-5-hepten-2-one 1348 2.21 ± 0.36 Less persistent Sweet, fruity (Qin et al., 2013)

Benzaldehyde 1531 3.87 ± 0.77 Less persistent Fragrant, sweet (Qin et al., 2013)

Benzeneacetaldehyde 1648 4.93 ± 0.58 Less persistent Sweet, almond (Qin et al., 2013; Zhu et al., 2017)

Benzyl nitrile 1916 3.87 ± 0.18 Less persistent Stale, hay (Macleod and Panchasara, 1983)

Phenethyl isobutyrate 1.11 ± 0.30 Less persistent Fruity, Rose (Rodrı́guez et al., 2015)

Indole 17.63 ± 1.38 Less persistent Floral, amimalic (Katsuno et al., 2014; Qin et al., 2013)

RI retention indices
aData of tea liquid (without leaves) analyzed at the tea/water ratio of 1:50 (g/mL)
bND: not detected in the infusion headspace
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persistent release of nerolidol, while depressed release or

no release was observed for indole, benzyl alcohol, and

2-phenylethanol. The headspace performance of the vola-

tiles during brewing would primarily and directly affect the

perceived aroma and could better identify the key odorants

responsible for daily tea aroma.
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