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ABSTRACT: Seven grades of black tea [high-quality black tea (grades 1−3) and low-quality black tea (grades 4−7)], processed
by ÇAYKUR Tea Processing Plant (Rize, Turkey), were compared for their differences in descriptive sensory analysis (DSA),
aroma-active compounds (volatile compounds), and taste-active compounds (sugar, organic acid, and free amino acid
compositions). Ten flavor attributes such as 'after taste', 'astringency', 'bitter', 'caramel-like', 'floral/sweet', 'green/grassy', 'hay-like',
'malty', 'roasty', and 'seaweed' were identified. Intensities for a number of flavor attributes ('after taste', 'caramel-like', 'malty', and
'seaweed') were not significantly different (p > 0.05) among seven grades of black tea. A total of 57 compounds in seven grades of
black tea (14 aldehydes, eight alcohols, eight ketones, two esters, four aromatic hydrocarbons, five aliphatic hydrocarbons, nine
terpenes, two pyrazines, one furan, two acids, and two miscellaneous compounds) were tentatively identified. Of these, aldeyhdes
comprised more than 50% to the total volatile compounds identified. In general, high-grade quality tea had more volatiles than
low-grade quality tea. With respect to taste-active compounds, five sugars, six organic acids, and 18 free amino acids were
positively identified in seven grades of black tea, of which fructose, tannic acid, and theanine predominated, respectively. Some
variations (p < 0.05), albeit to different extents, were observed among volatile compounds, sugars, organic acids, and free amino
acids in seven grades of black tea. The present study suggests that a certain flavor attributes correlate well with taste- and aroma-
active compounds. High- and low-quality black teas should not be distinguished solely on the basis of their DSA and taste- and
aroma-active compounds. The combination of taste-active compounds together with aroma-active compounds renders
combination effects that provide the characteristic flavor of each grade of black tea.
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■ INTRODUCTION
Tea is one of the most popular beverages in the world and is
ranked at a level of being the second nonalcoholic drink after
that of water. The world's tea production in 2009 was around
3,883,842 MT. China is the world's largest producer of tea,
contributing 35.4% to the total global production, followed by
India (20.6%), Kenya (8.1%), Sri Lanka (7.5%), Turkey (5.1%),
Vietnam (4.8%), and Indonesia (4.1%). Other countries con-
tribute 14.4% to the total global production. Turkey is the fifth
largest producer of tea, with the production of 198,601 MT.1

The original purpose of tea fermentation was to enhance the
flavor of tea. Therefore, flavor is the most important element
for tea evaluation.2 Flavor comprises principally taste- and aroma-
active compounds. Nonvolatile compounds (e.g., organic acids,
sugars, and free amino acids, among others) are generally
responsible for the taste, while volatile compounds (e.g., aldehydes,
alcohols, ketones, furans, and aromatic compounds, among others)
provide the aroma. Despite the fact that volatile compounds are
present in minute amounts, these have a high impact on the flavor
of the products due to their low threshold values and resulting in
high odor units.3

Compounds responsible for taste in black tea are mainly
polyphenols, free amino acids, caffeine, catechin, theaflavins,
and thearubigins.4,5 To date, around 600 volatile compounds
have been reported in tea leaves or the beverages.3,6−15 The
oxidation of flavanols, leading to the formation of theaflavins
and thearubigins responsible for the formation of the characteristic

color and flavor of fermented tea, is catalyzed by catechol
oxidase.16 Therefore, control of the fermentation process has
important effects on the flavor and color of tea, which depends
on the degree of oxidation of tea phenolics. On the one hand,
theaflavins are yellow-orange or yellowish-brown in color and
contribute to the astringency as well as another flavor char-
acteristic of black tea known as “briskness”.5,17 On the other
hand, thearubigins are black-brown or reddish-brown in color
and contribute to the color, acidity, body, ashy, and slight
astringency of tea.5,18 Both taste- and aroma-active compounds
give the characteristic flavor and color of black tea.
The common process of black tea production consists of four

stages, namely, withering, rolling, fermentation, and firing.
Besides being differentiated by their origin, three main types
of tea are generally produced: green (unfermented), oolong
(semifermented), and black (fermented).13 Black tea is
processed in either of two ways: Orthodox or CTC (Crush,
Tear, and Curl).19,20 It is usually graded on one of four scales of
quality (such as whole leaf, broken leaf, fannings, and dust). In
Turkey, more than 50% of black tea is processed by ÇAYKUR
Tea Processing Plant, which processes black tea according to its
own seven different grades [high-quality tea (grades 1−3) and

Received: April 11, 2012
Revised: May 28, 2012
Accepted: May 29, 2012
Published: May 29, 2012

Article

pubs.acs.org/JAFC

© 2012 American Chemical Society 6323 dx.doi.org/10.1021/jf301498p | J. Agric. Food Chem. 2012, 60, 6323−6332



low-quality tea (grades 4−7)] (Table 1). The low-quality
groups of teas are marketed after being blended with high-
quality group categories according to the demands.

With respect to the flavor and sensory characteristics, there
are no data available in the literature to distinguish the seven
grades of black tea produces in Turkey. Thus, it is important to
define both the taste- and the aroma-active compounds in
different grades of Turkish-grown tea as such data may lead to
the improvement of the quality of products in the market and
could also increase consumption. The objective of this study
was to compare taste- and aroma-active compounds as well as
flavor attributes of seven grades of black tea produced in Turkey.

■ MATERIALS AND METHODS
Samples. Seven grades of black tea according to their processing

were procured from the ÇAYKUR Tea Processing Plant in Rize at the
beginning of the first harvest season of June 2011. Graded teas (10 kg
from each grade) were obtained from the same processing line to make
a true comparison. They were kept in their pack in a temperature-
controlled cabinet (at ∼5 °C with relative humidity of 65−70%) at the
Food Institute (TÜBIṪAK Marmara Research Center, Gebze, Turkey)
until they were analyzed. All samples were analyzed within 3 months of
arrival.
Reagents and Standards. All chemicals used were obtained from

Sigma-Aldrich-Fluka Company Ltd. (Prolab, Istanbul, Turkey), unless
otherwise stated. All standards and reference materials used for training of
panelists were food grade. High-purity (>98%) free amino acid standards
were purchased from Merck Corporate (Darmstadt, Germany).

Descriptive Sensory Analysis (DSA). Seven grades of black tea
were assessed using flavor profile method of ISO 6564.21 Prior to DSA,
panelists discussed the flavor properties of Turkish black tea samples
during the three preliminary orientation sessions, each lasting 90 min,
until they had agreed on their use as flavor attributes. During these
orientation sessions, panelists evaluated six different brands of black
tea (Altınbas,̧ Çay Çicȩg ̆i, Filiz, Kamelya, Rize Turist, and Tiryaki)
produced by ÇAYKUR Tea Processing Plant (Rize, Turkey). Fifteen
flavor attributes by observing odor, taste, and mouthfeel were tested,
10 of which were selected by panelists with a consensus agreement
that most describes the black tea. The flavor attributes together with
their definitions, standards, and reference materials used are given in
Table 2. Standards and reference materials used were carried out
according to Schuh and Schieberle.13

A 2.85 g of black tea was infused with 140 mL of freshly boiled
water for 6 min in a special tea pot according to ISO 3103.63 DSA was
employed for evaluation of the black tea samples, using a 10 cm long
line anchors of 0 = none and 10 = very, by 10 well-trained panelists
(four males and six females, aged 24−44 years). The evaluation was
carried out using the computerized testing booths, where EyeQuestion
software (version 2.4, Elst, The Netherlands) was used. Each grade of
black tea was randomly evaluated twice on different days. Data are
expressed as means ± standard deviations (SDs) (n = 10 well-trained
panelists).

Preparation of Internal Standard (IS) and Deodorized Water
for Volatile Compounds. The IS (5-methyl-2-hepten-4-one) was
dissolved in high-performance liquid chromatography (HPLC) grade
methanol at a concentration of 1000 ppm. The final concentration of
25 ppm was prepared by dilution in deodorized water to fully hydrate
the tea sample for proper flavor release. HPLC-grade water and filtered
water gave many artifacts on the chromatograph. Instead, deodorized
water prepared daily was used. For this, HPLC-grade water was boiled
in an open flask until its volume was decreased by one-thirds of the
original. The flask was covered with aluminum foil after boiling and
during cooling.

Headspace/Gas Chromatography/Mass Spectrometry (HS/
GC/MS). Volatile compounds in tea were analyzed by HS/GC/MS.
Total ion chromatograms of volatiles were obtained using a Perkin-
Elmer HS 40 and Clarus 600 C GC/MS (PerkinElmer Inc., Oak
Brook, IL). They were measured according to the procedure described
by Alasalvar et al.,22−24 with a slight modification.

A 1 g tea sample was transferred into a 22 mL headspace vial
(PerkinElmer Inc., Oak Brook, IL), and a 100 μL aliquot of the 25 ppm
aqueous IS solution (5-methyl-2-hepten-4-one) was added. The

Table 1. Seven Grades of Black Tea According to ÇAYKUR
Processings

quality grade acronmy description

high-quality black tea grade 1 OF Orange Fannings
grade 2 BOP-1 Broken Orange Pekoe-1
grade 3 OP Orange Pekoe

low-quality black tea grade 4 F Fannings
grade 5 BOP-2 Broken Orange Pekoe-2
grade 6 BP Broken Pekoe
grade 7 FD Fine Dust

Table 2. Flavor Attributes with Definitions, Standards, and Reference Materials Used for DSAa

attribute sensory attribute definitions standards and reference materials

astringency feeling of dryness in mouth grape juice or four black tea bags in 1000 mL of boiled water
infused for 5 min

bitter taste bitter taste felt in back side of the tongue 1 g/L caffeine solvent
caramel-like/cotton candy
flavor

caramel flavor associated with burned sugar (usually found in some
black and oolong teas)

10−3 g/L 4-hydroxy-2,5 dimethyl-3(2H) furanone

cucumber flavor odor associated with fresh cut cucumber 10−3 g/L (E,Z)-2,6-nonadienal
fishy/seaweed flavor desired seaweed flavor occurred during green tea processing 1.75 g of green tea powder solved in 450 mL of boiled water
floral/citrus flavor floral odors composed in tea leaves naturally or during processing 5 × 10−4 g/L (R)-linalool
fried flavor sunflower flavor used in fried potato 10−3 g/L (E,E)-2,4-nonadienal
grassy odor odor of fresh cut grass/plants 10−3 g/L hexanal
green odor odor of green plants 10−3 g/L phenylacetaldehyde
honey-like/sweet taste pleasant flavor of honey or sugar left in front of the tongue 10−3 g/L(E)-β-damascenone
malty flavor flavor associated with germinated malt 10−3 g/L 3-methylbutanal
oily sunflower oil flavor 10−3 g/L (E,E)-2,4-decadienal
rose odor and taste rose-like 5 × 10−4 g/L geraniol
sour taste puckering up of mouth 1.5 g/L citric acid
umami taste flavor associated with umami 0.6 g/L umami
aFlavor attributes were selected by observing odor, taste, and mouthfeel of seven different coded black teas. Only astringency, bitter, sour, and
umami flavor attributes were tasted.
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headspace vial was immediately sealed (with cramp top aluminum
caps) and mixed for ∼10 s using a Vortex prior to analysis. The sample
was then heated at 80 °C for 60 min. The vial and column pres-
sures were set at 10 and 25 psi, respectively. The needle and transfer
line temperatures were 90 and 100 °C, respectively. The trap hold time
was 6 min, and the outlet split was on. Desorbed compounds were
automatically injected into a GC column (DB Wax, 60 m × 0.25 mm
i.d. × 0.25 μm film thickness; Agilent Technologies Inc., Santa Clara,
CA). The flow rate of the helium carrier gas was 1 mL/min. Each
sample was injected in the splitless mode (200 °C injection port
temperature). The GC column temperature was programmed from
initial holding at 35 °C for 5 min and then from 35 to 160 °C at a rate
of 3 °C/min.
MS conditions were as follows: ion source temperature, 180 °C;

ionization energy, 70 eV; mass scan range, 33−300 a.m.u.; electron
multiplier voltage, 450 V; scan speed, 1188 Da/s; and ion mode,
electron ionization (EI). All analyses were performed in triplicate for
each tea sample, and the results were averaged.
Compound Identification and Relative Amounts. Positive

identifications were based on comparison of GC retention indices
(RI), determined using n-alkanes (C8−C15)

25 and mass spectra of
unknowns with those of authentic standard compounds analyzed
under identical experimental conditions. Tentative identifications were
based on matching mass spectra of unknowns with those in the NIST
mass spectral database. The relative concentration of a compound in
tea sample was calculated as follows:

=
×

relative concentration (ng/g)
(peak area of unknown compound/peak area of IS) 2500 ng of IS

amount of tea (1 g)

Sugar Analysis. Sugar levels were measured according to the
HPLC method of Serpen and Gökmen26 with some modifications.
A 1 g tea sample was extracted with 8 mL of hot water (80 °C) for 10 min,
together with 1 mL of both Carrez 1 (15 g of potassium hexa-
cyanoferrate in 100 mL of water) and Carrez 2 (30 g of zinc sulfate in
100 mL of water). The supernatant was collected into a flask after
centrifugation at 7500g for 5 min. The residue was further extracted
with 5 mL of hot water (80 °C) for two times. One milliliter from
combined extract was passed through an Oasis HLB cartridge, pre-
conditioned with 1 mL of methanol and 1 mL of HPLC-grade water,
to clean up the extract. The first eight drops of the eluent were dis-
carded, and the rest was collected into a HPLC vial. Chromatographic
analyses were performed on an Agilent 1200 HPLC system consisting
of a refractive index (RI) detector, quaternary pump, autosampler, and
column oven. An isocratic elution with deionized water at a flow rate
of 0.4 mL/min was used. A 10 μL of sample was injected into a
Transgenomic Carbosep CHO-682 column (Transgenomic, Glasgow,
United Kingdom), 200 mm × 7.8 mm, at 20 °C. Identified sugars were
quantified on the basis of peak areas and comparison with a calibration
curve obtained with the corresponding standards.
Organic Acid Analysis. Organic acids were extracted according to

the method of Serpen and Gökmen.26 A 1 g tea sample was extracted

with 10 mL of hot water (80 °C) for 10 min. The supernatant was
collected into a flask after centrifugation at 7500g for 5 min. The
residue was further extracted with 5 mL of hot water (80 °C) for two
times. The combined extract was diluted with water at a final ratio of
1 g of black tea in 50 mL. One milliliter of diluted extract was passed
through a preconditioned Oasis HLB cartridge. The first eight drops of
the eluent were discarded, and the rest was collected into an HPLC
vial. Chromatographic analyses were performed on an Agilent 1200
HPLC system consisting of a diode array detector (DAD), quaternary
pump, autosampler, and column oven. An isocratic elution with a mobile
phase consisting 0.1% formic acid in water (v/v) at a flow rate of 1 mL/
min was used. A 10 μL of sample was injected into a Shodex Rspak KC-
811 column, 300 mm × 7.8 mm (Shoko Co., Tokyo, Japan), at 20 °C.
Chromatograms were recorded at 220 nm with spectra (200−700 nm)
taken continuously throughout the elution. Identification of organic acids
was accomplished by comparing the retention time and absorption spectra
of peaks in tea samples to those of standard compounds. The quantitation
of organic acids was based on calibration curves built for each of the
compounds identified in tea samples.

Free Amino Acid Analysis. A 1 g tea sample was extracted with
10 mL of hot water (80 °C) for 10 min. The supernatant was collected
into a flask after centrifugation at 7500g for 5 min. The residue was
further extracted with 5 mL of hot water (80 °C) for two times. The
combined extract was diluted five-fold with a final ratio of
water:acetonitrile (50:50, v/v). Finally, the extract was filtered through
0.45 μm nylon filter and transferred into HPLC vial. Analysis of free
amino acids was accomplished with hydrophilic interaction liquid
chromatography coupled to high-resolution Orbitrap Mass Spectrom-
etry based on the method described by Gökmen et al.27

Statistical Analysis. The statistical significance of the sensory
attributes of seven grades of black tea was evaluated by nonparametric
test with 5% significance level (Kruskal−Wallis, XLSTAT, version
2009/05/01; Addinsoft, Paris, France). Differences were considered to
be significant at p ≤ 0.05. Differences for other analyses were esti-
mated by analysis of variance (ANOVA) followed by Tukey's “honest
significant difference” test. Statistical analyses were performed using
the SPSS 18.0 version (SPSS Inc., Chicago, IL).

■ RESULTS AND DISCUSSION
Sensory Evaluation. Table 3 shows the DSA of flavor

attributes in seven grades of black tea ('after taste', 'astringency',
'bitter', 'caramel-like', 'floral/sweet', 'green/grassy', 'hay-like',
'malty', 'roasty', and 'seaweed'). These flavor attributes were
detected in all grades of black tea, albeit to different extents.
Intensities for a number of flavor attributes ('after taste', 'caramel-
like', 'malty', and 'seaweed') were not significantly different (p >
0.05) among seven grades of black tea. No significant differences
(p > 0.05) in 10 flavor attributes were observed among high-
quality black tea (grades 1−3), except for 'floral/sweet' and 'green/
grassy', which were significat (p < 0.05). In general, grade 2 had
the highest intensities of 'floral/sweet' and 'green/grassy' (Table 3).

Table 3. DSA of Flavor Attributes in Seven Grades of Black Tea (Scaling: 0 = None, 10 = Very)a

attributes grade 1 grade 2 grade 3 grade 4 grade 5 grade 6 grade 7

after taste 5.0 ± 1.3 a 4.9 ± 1.0 a 5.4 ± 1.4 a 4.8 ± 1.0 a 4.4 ± 0.9 a 5.5 ± 1.7 a 5.5 ± 1.6 a
astringency 4.1 ± 1.5 ab 3.9 ± 1.1 ab 4.6 ± 0.6 ab 4.0 ± 0.7 ab 3.7 ± 1.1 ab 2.9 ± 1.1 a 5.2 ± 0.9 b
bitter 4.6 ± 0.7 ab 3.4 ± 1.1 a 4.0 ± 1.2 ab 4.4 ± 1.1 ab 3.5 ± 1.4 a 2.9 ± 0.9 a 5.8 ± 1.1 b
caramel-like 1.5 ± 0.6 a 1.7 ± 0.6 a 1.4 ± 0.5 a 2.0 ± 0.6 a 1.6 ± 0.3 a 1.7 ± 0.9 a 1.7 ± 0.6 a
floral/sweet 2.7 ± 1.2 ab 5.5 ± 1.1 c 4.6 ± 1.1 bc 3.8 ± 1.0 abc 4.0 ± 1.0 abc 3.4 ± 0.9 abc 2.5 ± 0.9 a
green/grassy 2.6 ± 0.9 a 6.1 ± 1.6 c 4.7 ± 0.8 bc 3.1 ± 1.3 ab 3.4 ± 1.2 abc 3.4 ± 1.1 abc 2.8 ± 1.0 ab
hay-like 5.6 ± 0.8 ab 3.5 ± 1.5 a 4.2 ± 0.8 ab 5.3 ± 1.3 ab 4.6 ± 1.3 ab 5.4 ± 0.8 ab 5.8 ± 1.2 b
malty 3.2 ± 1.7 a 2.0 ± 1.0 a 2.1 ± 1.0 a 3.3 ± 1.8 a 4.6 ± 1.5 a 2.1 ± 1.1 a 3.1 ± 1.5 a
roasty 4.0 ± 1.2 ab 3.5 ± 0.8 a 3.4 ± 1.2 a 4.2 ± 0.8 ab 5.1 ± 1.0 ab 5.1 ± 1.6 ab 5.8 ± 1.0 b
seaweed 2.7 ± 1.2 a 2.5 ± 1.2 a 2.7 ± 0.7 a 2.2 ± 0.6 a 2.3 ± 0.6 a 3.4 ± 1.4 a 3.6 ± 1.1 a

aData are expressed as means ± SDs (n = 10 well-trained panelists). Means ± SDs followed by the same letter, within a row, are not significantly
different (p > 0.05).
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With respect to low-grade quality black tea (grades 4−7), no
significant differences (p > 0.05) were observed among 10 flavor
attributes, except for 'astringency' and 'bitter', which were
significant (p < 0.05). The intensities of 'after taste', 'astringency',
'bitter', 'roasty', and 'woody' were predominant in grade 7. This was
due to double roasting of low-grade quality black tea and fine dust.
Schuh and Schieberle13 identified nine flavor attributes from

a Darjeeling Gold Selection of black tea infusion ('caramel-like',
'citrus/fruity', 'fatty', 'fishy', 'green/grassy', 'hay-like', 'malty',
'oatmeal flakes-like/sweet', and 'rose-like/honey-like'). Among
them, 'caramel-like', 'green/grassy', 'hay-like', 'malty', and 'sweet'
flavor attributes were detected in the present study. Kovaćs
et al.28 measured five Sri Lanka black teas from plantations of
different geographical origins using sensory profile analysis.
They identified 10 descriptors including color intensity (by
untrained panelists), among which 'after taste', 'floral', 'hay-like',
'sweet', and 'bitter' were the same as the present study. Sensory
characteristics of black tea also have been reported by others.29−33

Several factors such as environmental factors, processing
conditions, and part of tea leave used, among others, affect the
sensory characteristics of black tea.
Certain volatile compounds identified in the present study

are responsible for the sensory characteristics of black tea. For
example, 2-methylypropanal, 2- and 3-methylbutanal (malty),
hexanal, (Z)-2-penten-1-ol, (Z)-3-hexen-1-ol (green/grassy),
linalool (floral), 2,3,5-trimethylpyrazine, 3-ethyl-2,5-dimethyl-
pyrazine (roasty), and 2-pentylfuran (bitter and sweet).12−15

The following taste-active compounds also impart sensory
characteristic of black tea such as sugars (sweet),34 tannic acid
(astringency),35,36 theanin, and glutamate (umami and
sweet).37−39 In addition to the above compounds, theaflavins
and thearubigins are associated with astringency taste in black
tea.5,17 As a parallel of this study, flavanols including theaflavins
and thearubigins were studied and will be published elsewhere.
Volatile Compounds. Qualitative and quantitative differ-

ences among seven grades of black tea were observed (Table 4).
This might result from different processing methods and parts of
tea leaves used. A total of 57 compounds in seven grades of black
tea (14 aldehydes, eight alcohols, eight ketones, two esters, four
aromatic hydrocarbons, five aliphatic hydrocarbons, nine terpenes,
two pyrazines, one furan, two acids, and two miscellaneous com-
pounds) were tentatively identified. In addition, 24 compounds
remained unidentified. The total content of unknown compounds
ranged from 24.1% (in grade 3) to 30.4% (in grade 1) of the total
volatile present among seven grades of black tea. The contribution
of volatiles to flavor is dependent upon their recognition threshold
values and concentrations. Total relative concentrations of volatiles
among seven grades of black tea ranged from 188,384 to 239,725
ng/g, being lowest in grade 6 and highest in grade 5. The number
of compounds detected ranged from 38 in grade 7 to 57 in grade
1. In general, high-quality tea (grades 1−3) had more volatiles
than low-quality tea (grades 4−7). In other words, there was a
decreasing trend in number of volatiles detected as grades lower
(Table 4). Although the selection of the “best” grade is a
subjective matter, the combination of several classes of aroma-
active compounds is responsible for the distinctive and unique
flavor of different grades of tea.
Aldehydes. Fourteen aldehydes were found in seven grades

of black tea. They comprised more than 50% to the total
volatile compounds identified (Table 4). Among them, the con-
centrations of 2-methylypropanal, 2- and 3-methylbutanal,
hexanal, and (E)-2-hexenal were much higher than other al-
dehydes detected. These compounds have been previously

identified in black tea infusion13 and green tea.11 2-
Methylypropanal and 2- and 3-methylbutanal have been
reported to be responsible for a malty smell in black tea
infusion,13 whereas hexanal and (E)-2-hexenal possess a green
and grassy odor in black tea leaves13 and a fragrant, sweet, and
fruity odor in oolong tea,14 respectively. Wang et al.15 reported
that the main aldehyde constituents in black tea were hexanal,
(E)-2-hexenal, benzaldehyde, and benzeneacetaldehyde. Except
benzeneacetaldehyde, all compounds were detected in the
present study. The hexanal concentration has been observed to
increase after fermentation.14 In addition, (E,E,Z)-2,4,6-non-
atrienal has been reported in black tea infusion, as a character
impact odorant (oat-flake-like).13 This compound was not
detected in the present study. The majority of aldehydes, which
contribute green, malty, fatty, sweet, floral, and fruity aromas in
foods, are generally considered lipid autoxidation products
during manufacture.40,41 It was found that the fermentation
process can, but not necessarily, cause the loss of grassy or
green odors, whereas formation of the fruity/floral and other
fermented characters increases in black tea.14,15

Alcohols. Eight alcohols were identified, among which (Z)-2-
penten-1-ol and (Z)-2-hexen-1-ol were the most abundant
(Table 4). The eight alcohols detected in the present study,
except benzyl alcohol, have been reported in green tea.11 In
addition, (Z)-2-penten-1-ol and (Z)-3-hexen-1-ol were detected
in various types of tea.13,15 (Z)-3-Hexen-1-ol has been reported
as being the most abundant alcohol detected in various black
teas from different regions of India.4 (Z)-2-Penten-1-ol is
known to possess fresh, green, and metallic odors in oolong
tea,14 and (Z)-3-hexen-1-ol is known to have green odor in
black tea leaves13 and different green tea varieties.12 Benzyl
alcohol, which imparts a mild sweet and roasted odor in oolong
tea, has been reported in various types of tea.4,14,15 Volatile
alcohols are generally minor contributors to food flavor because
of their high thresholds unless they are present at high
concentrations or are unsaturated.42 The majority of the other
alcohols detected may be formed by the decomposition of
hydroperoxides of fatty acids43 or by reduction of aldehydes.
The relative concentration of total alcohols varied between
7121 ng/g in grade 1 and 8325 ng/g in grade 2.

Ketones. Eight ketones were found in seven grades of black
tea (Table 4). The most abundant compounds among identified
ketones were 2,3-butanedione and 1-penten-3-one. Most ketones
found in present study were also reported in various types of
tea.10−15 It has been reported that 2,3-butanedione imparts a
buttery odor in black tea leaves13 and green tea varieties,12 while
1-octen-3-one imparts mushroomlike odor in black tea leaves.13 In
addition, odor descriptions of 1-penten-3-one (harsh and pungent)
and 6-methyl-5-hepten-2-one (herbaceous, pungent, and oil) have
been reported in oolong tea.14 Generally, because of their overall
low aroma threshold values,44 ketones play a significant
contribution to overall aroma of tea. Ketones may be produced
by thermal oxidation/degradation of polyunsaturated fatty acids,44

amino acid degradation,45 or microbial spoilage.46 Ketones, which
were the second most abundant compounds after aldehydes in
seven grades of black tea, ranged from 13,598 ng/g in grade 3 to
22,039 ng/g in grade 5 in total.

Esters. Two esters, namely, methyl butanoate and butyl
acetate, were detected in seven grades of black tea (Table 4).
These two compounds have been reported in black and green
teas.10,11 Benzyl acetate, which was not detected in the present
study, was previously reported in various types of tea and
possesses a floral, fruity, sweet, and fresh odor in oolong tea.14
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In addition, ethyl 2-methyl butanoate was reported to impart a
fruity note in black tea leaves.13

Aromatic Hydrocarbons. Four aromatic hydrocarbons were
detected, of which toluene was the most abundant and present
in all grades of black tea (Table 4). Among aromatic hydro-
carbons, only toluene has been previously reported in green
tea11 and in various green, oolong, and black teas.14 Toluene
contributed no detectable odor in oolong tea.14 Hydrocarbons,
in general, have no effect on flavor.
Aliphatic Hydrocarbons. Five aliphatic hydrocarbons were

detected in seven grades of black tea (Table 4), of which
n-decane, n-undecane, and 3-methyltridecane were reported in
green tea.11 In addition, n-decane was also reported in various
types of tea.14 Aliphatic hydrocarbons, in general, present in
different types of foods.
Terpenes. Nine terpenes were detected, among which

linalool,3,4,12−15 (Z)-linalool oxide,3,4 camphor,10 and d-limonene11

were identified in various types of tea. Despite the fact that
α-terpinene and limonene were the most abound terpenes detected
in seven grades of black tea (Table 4), linalool has been
reported as being floral odor in green tea varieties12 and oolong
tea.14 cis-Linalool oxide has been reported to possess a sweet
floral, green, and fruity odor in oolong tea.14 Among seven
grades of black tea, only grade 1 and grade 6 contained linalool.
Acids. 3-Hexanoic acid and acetic acid were the only acids

detected in seven grades of black tea (Table 4). Among them,
acetic acid was the most abundant. These two acids have pre-
viously been reported in green tea.11 Hexanoic acid, which was
not detected in the present study, was previously reported in
black tea3 and black tea leaves to be responsible for a sweaty
odor.13

Pyrazines. In the present study, two pyrazines (2,3,5-
trimethylpyrazine and 3-ethyl-2,5-dimethylpyrazine) were
found. 3-Ethyl-2,5-dimethylpyrazine was only detected in
grades 1 and 2 (Table 4). 2,3,5-Trimethylpyrazine in different
green tea varieties12 and 3-ethyl-2,5-dimethylpyrazine in green
tea11 have been reported. Various other pyrazines, which were
not detected in the present study, were also reported in various

types of tea.11,12,14 Pyrazines, in general, contribute desirable
roasty, sweet, and nutty odors in heat-induced foods/beverages,
including tea.23 Pyrazines were reported to be formed by
Maillard reaction through Strecker degradation from various
nitrogen sources such as amino acids.47,48 Their contribution to
overall aroma of tea is minor.

Furan. Only one furan (2-pentylfuran) was found in the
present study (Table 4) and reported in various types of
tea.3,11,15 Furans arise from amino acids and sugars through
Maillard and Strecker degradation reactions.49 Furans, in general,
contribute a significant aroma (burnt, sweet, bitter, cooked, meat,
and coconut-like flavor) in some roasted foods.

Miscellaneous Compounds. Two miscellaneous compounds
were found, of which 2-acetyl-1-pyrroline was reported in different
green tea varieties and responsible for a popcorn-like odor.12

Taste-Active Compounds. Taste-active compounds such
as sugars, organic acids, and free amino acids were studied.

Sugars. Five sugars were positively identified in seven grades
of black tea; these included fructose, galactose, glucose, sucrose,
and xylose. The total sugar content among seven grades of
black tea ranged from 2.51 to 3.59 g/100 g, being lowest in
grade 6 and highest in grade 1 (Table 5). Among identified
sugars, glucose represented about 40−52% of the total amount,
followed by fructose at 31−38% and sucrose at 11−18%. Other
sugars (galactose and xylose) were present in small amounts.
Significant differences (p < 0.05) existed among tea grades, with
some exceptions. Sugars are responsible for sweetness of foods.
Individual sugars possess different relative sweetness scores;
fructose has been reported to be the sweetest sugar (sweetness
score, 1.1−1.8), followed by sucrose (sweetness score, 1.0) and
glucose (sweetness score, 0.5−0.8).34

Organic Acids. Six organic acids (citric, fumaric, glucuronic,
malic, oxalic, and tannic) were positively identified in seven
grades of black tea (Table 6). The organic acid content differed
among seven grades of black tea. The total organic acid content
varied between 4876 mg/100 g for grade 1 and 6262 mg/100 g
for grade 7. Among the identified organic acids, tannic acid was
most the abundant in all grades of tea, representing 73−75% to

Table 5. Sugar Compositions in Seven Grades of Black Tea (g/100 g)a

grade 1 grade 2 grade 3 grade 4 grade 5 grade 6 grade 7

fructose 1.10 ± 0.01 d 1.02 ± 0.01 c 0.99 ± 0.01 b 1.16 ± 0.02 e 0.99 ± 0.02 b 0.91 ± 0.02 a 1.04 ± 0.01 c
galactose 0.08 ± 0.00 c 0.10 ± 0.00 e 0.08 ± 0.00 c 0.09 ± 0.00 d 0.08 ± 0.00 b 0.07 ± 0.00 a 0.09 ± 0.00 c
glucose 1.87 ± 0.03 f 1.08 ± 0.03 a 1.28 ± 0.03 c 1.58 ± 0.01 e 1.23 ± 0.03 bc 1.21 ± 0.01 b 1.47 ± 0.03 d
sucrose 0.50 ± 0.01 d 0.49 ± 0.01 d 0.46 ± 0.01 c 0.61 ± 0.01 e 0.29 ± 0.01 a 0.28 ± 0.01 a 0.32 ± 0.01 b
xylose 0.04 ± 0.00 c 0.01 ± 0.00 a 0.05 ± 0.00 e 0.04 ± 0.00 c 0.04 ± 0.00 d 0.04 ± 0.00 d 0.03 ± 0.00 b
total 3.59 ± 0.02 e 2.70 ± 0.03 b 2.86 ± 0.04 c 3.48 ± 0.04 d 2.63 ± 0.06 b 2.51 ± 0.04 a 2.95 ± 0.06 c

aData are expressed as the means ± SDs (n = 3) on a fresh weight basis. Means ± SDs followed by the same letter, within a row, are not significantly
different (p > 0.05).

Table 6. Organic Acid Compositions in Seven Grades of Black Tea (mg/100 g)a

grade 1 grade 2 grade 3 grade 4 grade 5 grade 6 grade 7

citric 283 ± 39 ab 318 ± 3 ab 305 ± 37 ab 278 ± 32 ab 306 ± 6 ab 265 ± 4 a 343 ± 40 b
fumaric 3.6 ± 0.4 b 4.0 ± 0.2 b 3.7 ± 0.3 b 3.3 ± 0.6 ab 4.1 ± 0.4 b 2.5 ± 0.3 a 3.8 ± 0.4 b
glucuronic 79 ± 8 ab 73 ± 11 ab 102 ± 13 b 52 ± 21 a 107 ± 23 b 79 ± 5 ab 64 ± 5 a
malic 661 ± 78 b 749 ± 24 b 677 ± 124 b 715 ± 136 b 760 ± 78 b 575 ± 46 a 718 ± 119 b
oxalic 338 ± 6 a 407 ± 16 ab 423 ± 57 ab 405 ± 50 ab 419 ± 24 ab 340 ± 24 a 461 ± 42 b
tannic 3511 ± 45 a 4261 ± 117 abc 4273 ± 609 abc 3765 ± 418 ab 4407 ± 247 bc 3660 ± 368 ab 4672 ± 219 c
total 4876 ± 635 a 5812 ± 138 abc 5784 ± 840 abc 5218 ± 615 abc 6003 ± 178 bc 4921 ± 439 ab 6262 ± 187 c

aData are expressed as the means ± SDs (n = 3) on a fresh weight basis. Means ± SDs followed by the same letter, within a row, are not significantly
different (p > 0.05).
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the total organic acids present. Different organic acids (acetic,
ascorbic, citric, glucuronic, isocitric, lactic, malic, oxalic, quinic,
salicylic, shikimic, succinic, and tartaric) have been reported in
different types of black teas at varying concentrations.20,50−53

Organic acids have generally been reported to be responsible
for sour, tart, acidic, and characteristic fruity taste of many
foods.54−57 Tannic acid, which was the predominant organic
acid in black tea, has a characteristic astringency taste.35,36

Moreover, theaflavins and thearubigins together with tannic
acid could be responsible for the astringency taste in black tea.
Free Amino Acids. Table 7 shows the free amino acids

present in seven grades of black tea. Black tea grades contained
large amounts of theanine (399.4−488.5 mg/100 g), glutamine
(130.2−191.5 mg/100 g), glutamic acid (117.0−136.8 mg/100 g),
alanine (103.5−131.2 mg/100 g), and serine (87.1−107.9 mg/
100 g). These five free amino acids constituted average 67.4%
of the total free amino acids. In general, low-quality grades of
black tea (grades 4−7) had lower free amino acids content than
that of their high-quality counterparts (grades 1−3), except
grade 5. Significant variations (p < 0.05) existed among seven
grades of black tea (Table 7), with some exceptions. Despite
the fact that all 18 free amino acids have a characteristic taste to
the flavor of the black tea, theanine has a special attention due
to its beneficial health benefits58−60 as well as umami taste. It is
the predominant amino acid in green tea leaves, giving tea its
characteristic umami or “fifth taste” (besides the four traditional
tastes: sweet, salty, acid, and bitter).38,39 In the sensory part of
this study, umami taste was not detected in any tea grade. The
sweet and umami tastes result from the presence of theanine
and glutamate in green tea.37 Wang et al.61 reported that
theanine levels as 88.4−136.9 mg/100 g for black tea and 215−
402 mg/100 g for green tea. On the other hand, Keenan et al.62

found that the amount of theanine present in black tea samples
was significantly greater than in either black specialty, green, or
white tea varieties having the levels up to 910 mg/100 g. How-
ever, the theanine content varies in accordance with a variety of
factors, including growing location, method of cultivation, tea
grade, variety, and time of harvest, among others.

The presence and composition of taste-active components
(sugars, organic acids, and free amino acids) of black tea may be
affected by various factors such as variety, growing condition,
maturity, season, geographic origin, fertilization, soil type, storage
conditions, amount of sunlight received, and time of harvest,
among others
The present work suggests that certain flavor attributes

correlated well with taste- and aroma-active compounds. Some
variations (p < 0.05), albeit to different extents, were observed
among volatile compounds, sugars, organic acids, and free
amino acids in seven grades of black tea. However, high-and
low-quality black teas should not be distinguished solely on the
basis of their DSA and taste- and aroma-active compounds.
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