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ABSTRACT 
 
The content of flavour precursors and volatile compounds in tea leaves were 
measured at different stages of OTD black tea manufacturing. The results showed 
that the volatile profiles and their flavour precursors included amino acid, fatty 
acids and carotenoids; differences were observed in trend changing at each stage, 
that is, withering and fermentation during manufacturing. The changes of flavour 
precursors content during manufacturing was more closely associated with their 
degradation products. The zero-order, first-order and quadratic models were used 
to explain the flavour precursors changes kinetics during manufacturing and it 
was observed that the linear growth, compounds and quadratic model could be 
used for explaining the changes of flavour precursors during OTD black tea 
manufacturing. 
 
Keywords: Black tea, flavour precursor, volatile compounds, predictive model. 

 
 
INTRODUCTION 
 
In black teas, volatile flavour compounds (VFC) are present 
in very low quantities about 0.01 to 0.02% of the total dry 
weight, but these have high impact on the aroma quality of 
the products due to their low threshold value and resulting 
high odour units (Yang et al., 2013). These VFCs can be 
divided into two groups. The Group I compounds are 
mainly products of lipid breakdown that impart an 
undesirable grassy odour. However, the Group II 
compounds that impart a sweet flavoury aroma to black tea 
are mainly derived from glycoside-derived aromas, 
carotenoids and amino acids. The flavour of black tea 
depends on the ratio of all VFC belonging to Group II and 
that of VFC belonging to Group I and this ration is the 
flavour index or volatile flavour compounds (VFC) index 
(Ravichandran, 2002). 

Some previous studies shows that the α-amino acids 
present in tea leaves material undergo Strecker 
degradation to form corresponding aldehydes in the 
presence of, and only in the presence of oxidizing tea 
flavanol compounds. In principle, all free amino acids 
should have their corresponding Strecker aldehydes. 
However, only α-amino acids such as glycine, alanine, 
valine, leucine, phenylalanine, isoleucine and methionine 

have their Strecker aldehydes and their corresponding 
products are formaldehyde, acetaldehyde, 
isobutyraldehyde, isovaleraldehyde, phenylalacetaldehyde, 
2-methylbutanal and methional, respectively. One reason is 
that non-volatile products are generated instead of 
volatilve aldehydes. The other possibility is that some 
Strecker aldehydes are so unstable that they readily 
decompose into other volatiles by cyclization, coupling, or 
dedydration (Sanderson and Grahamm, 1973; Ho et al., 
2015).  

Carotenoids including β-carotene and zeaxanthin 
accounted for approximately 85% of total carotenoid 
content in leaves and were identified as precursors for 
many tea flavours and play key roles in deciding the aroma 
quality of tea (Ho et al., 2015). Although the lipid content of 
tea is low, about 1 to 3% dry basis, lipid metabolism 
appears to be important and processing techniques could 
play a signifcant role in the biogenesis of the volatile 
compounds found in black teas. Apart from lipid oxidation, 
non-enzymic browning reaction is a characteristic feature 
of black tea processing (Ravichandran and Parthiban, 
2000). 

During    black   tea   manufacturing,  the  polyunsaturated 
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fatty acids are liberated from mechanically disrupted leaves 
which further undergo oxidative degradation by the LOX or 
auto-oxidation, producing different carbonyl compounds, 
which in turn is required for the formation of volatile 
compounds in black teas (Ravichandran  and Parthiban, 
1998). 

Flavour precursors include amino acids and fatty acids 
and carotenoids play an important role in determining the 
aroma character of black teas (Engelhardt, 2010; Senthil, 
2013) but detailed studies of quantitative changes in this 
classes of compounds which occur at various stages of 
orthodox black tea manufacturing include withering, 
rolling, fermenting and on firing have received insufficient 
attention especially orthodox black tea produced from the 
tea cultivars cultivated at Vietnam. The present 
investigation presents the results of the first systematic 
study of progressive change in the flavour precursor 
content during each stage of manufacturing.  
 
 

MATERIALS AND METHODS 
 

Materials and experimental 
 

Tea leaves of cultivars PH11, representing the genetically 
diverse Northern Vietnam cultivars were harvested from 
the Phu Tho, Vietnam and used for analyzing chemical 
composition. Ten kilograms of young shoots, comprising 
about 70% two leaves and a bud, plus minor amounts of 
three leaves and a bud and loose leaf were plucked. The 
plucked leaf was allowed to wither under ambient 
conditions for 16 h and then miniature rolling–dhools. The 
dhool was fermented for 180 min at 30°C. The fermentation 
was terminated by drying the dhool to a moisture content 
of about 3% using a miniature dryer set at 120°C inlet and 
80°C exhaust air temperature (Senthil, 2013). 
 
 

Amino acid analysis 
 

Preparation of tea infusion  
 

About 0.5 g of tea powder was diluted with 30 ml of 
distilled water and thereafter ultrasound-assisted 
extraction for 30 min was carried out. After the infusion 
was cooled to room temperature, it was made up to 50 ml 
with distilled water and filtered through a 0.45 µm filter 
membrane (Wang, 2010). 
 
 

Precolumn derivatisation with OPA  
 
The derivatisation with 6-aminoquinolyl-N-
hydroxysuccinimidyl carbamate (AQC) reagent was carried 
out according to the method reported with some 
modifications (Bosch et al., 2006). Briefly, a 10 μl aliquot of 
tea  infusion  or  standard  amino  acid  solution  was  mixed  

 
 
 
with 70 μl of AccQ.FluorBorate buffer and vortexed for 10 s.  
Then, 20 μl of AQC solution was added and vortexed for 10 
s and incubated at 55°C for exactly 10 min. Thereafter, the 
reaction mixture was immediately used for HPLC analysis.  
 
 
HPLC- Fluorescence analysis  
 
The determination of amino acids was performed using an 
HPLC system of Waters, U.S.A. The separation was 
completed on a Phenomenex Phenyl-Hexyl, U.S.A-C18 
column (250 mm × 4.6 mm × 5 μm). The temperature of 
column oven was set at 37°C. The mobile phase consisted of 
acetonitrile/water (60/40, B) and buffer Waters AccQ.Tag 
(A).The flow rate was 1.0 ml m-1. The derivatives were 
detected by programmable fluorometer with excitation 
(ex) and emission (em) wavelengths set at 250 and 395 
nm, respectively.  
 
 
Carotenoid analysis 
 
Carotenoid extraction: About 0.50 g of tea leaves was 
extracted with 20 ml ethanol: petroleum ether (4:3 v/v) 
and 0.05 g MgCO3, using a homogenizer. The mixed sample 
was treatment by ultrasound at low temperature for 10 min 
and then centrifuged at 5000 rpm for 10 min. The upper 
layer was thereafter pooled. The extraction step was 
repeated at least thrice until the residue was colourless. 
The combined ethanol was transferred: petroleum ether 
extract to a flask. 10 ml of ethanol was added; 20 ml 
saturated sodium chloride solution and 50 ml H2O and 
mixed by careful shaking. The ethanol aqueous phase was 
drawn and transferred to the upper petroleum ether phase 
through anhydrous sodium sulphate and then concentrated 
to dryness under vacuum. The residue was then transferred 
to a brown glass vial using portions of 1 ml of mobile phase 
(acetonitrile: methanol: dichloromethane – 75:20:5) for 
further analysis (Rodriguez-Amaya, 2001; Hart and Scott, 
1995). 
 
High performance liquid chromatography (HPLC): HPLC 
Agilent 1200 equipment with an ultraviolet and visible light 
variable wavelength detector was used for analysis.  
Solvents were HPLC grade. The mobile phase was a ternary 
mixture of acetonitrile: methanol: dichloromethane 
(75:20:5 v/v/v) to which 0.1% BHT was added. The column 
was a Waters Sunfire C18 column, 3.5 µm, 150 × 4.6 mm. 
The column was kept at room temperature and the follow 
rate was 1 ml min-1. The wavelength was adjusted to 450 
nm (Hart and Scott, 1995). 
 
 
Fatty acid analysis 
 
Lipids    were   extracted   from   green   tea  leaves  by  using 
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chloroform-methanol 2:1 (v/v) and centrifuged at 3000 
rpm for 10 min. Fatty acids were converted to fatty acid 
methyl ester (FAME) by dissolving in hexane and 0.5 N 
methanolic NaOH. The fatty acid composition was identified 
in triplicate by separating the FAME on a GC-MS/MS (model 
GC 7890A/GCMS 7000 triple quad-Agilent, USA) equipment 
with DB1 column (30 m × 0.25 mm × 0.25 µm). The 
temperature program was 0.5 min at 50°C and then 
increased to 200°C with 15°C/min, and thereafter increased 
to 250°C with 3°C/min, held for 5 min. The injection 
temperature was 250°C, interface temperature was 280°C, 
and split flow (ml/m) was 1, while the split ration was 10:1 
(Ravichandran and Parthiban, 2000). 
 
 
Volatile analysis 
 
Brewed extraction method  
 
Twenty grams of black tea sample was brewed by 140 ml of 
deionized boiling water for 10 min. After filtration, the 
filtrate was saturated with sodium chloride and extracted 
using 100 ml of dichloromethane. The extract was dried 
over anhydrous sodium sulfate for 1 h. After sodium sulfate 
was filtrated out, the solvent was removed carefully by 
using an evaporative concentrator. The extraction was 
carried out in duplicate for each sample (Kawakami, 1995). 
 
 
GC-MS analysis  
 
The Thermo trace GC Ultra gas chromatograph coupled 
with the DSQ II mass spectrometer was used to perform the 
aroma analysis. An HP-5 capillary column (30 m×0.25 
mm×0.25 μm) was equipped, with purified helium as the 
carrier gas at a constant flow rate of 1 ml/min. After 
extraction, the fibre was desorbed in the injector port of the 
GC at 220°C for 5 min. The oven temperature was held at 
50°C for 3 min and then increased to 190°C at a rate of 5°C 
min-1 and held at 190°C for 1 min, and then increased to 
240°C at a rate 20°C min-1, held at this temperature for 3 
min. Ion source temperature was at 200°C and spectra was 
produced in the electron impact (EI) mode at 70 eV. The 
mass spectrometer was operated in the full scan and the 
peak area determined by Xcalibur software (Thermo 
Technologies). Volatile compounds were identified by 
retention time, electron impact mass spectrum and 
similarly match index. 
 
 
Statistical analysis  
 
Experimental data for different parameters were fitted to 
prediction models and processed using SPSS version 22 
software. Correlation coefficient values were used as the 
basis to select the best fitting model (Ibarz et al., 1999). 

 
 
 
RESULTS AND DISCUSSION 
 
Changes in volatile profile during manufacture 
 
During withering, in general, the volatile compounds belong 
to the group I, (E)-2-pentenal, (E)-2-hexen-1-ol, (E)-2-
hexenal and decanal decreased while 3-hexen-1-ol, (E)-2-
hexen-1-ol, hexanal, nonanal and hexanol increased. The 
results showed that a gradual increase of percentage 
relative content from 16.72 to 18.09 in the group I volatile 
compounds was noticed during withering in response to 
degradation of polyunsaturated fatty acids present in tea 
leaves while increase in the group volatile compounds and 
their relation with Flavour Index were also substantiated 
by the degradation of carotenoids and amino acid 
(Ravichandran, 2002). 

Table 1 shows that the major volatile compounds 
belonging to group II such as β-linalool, benzyl alcohol, 
trans-linaloloxide, cis-linaloloxide, β-cyclocitral, phenyl 
ethanol and trans-geraniol was found to have an increasing 
trend during withering which explains the increasing value 
of the flavour index.  

At the finish withering step, the withered leaves 
determined had a higher amount of hexanol, hexanal, 3-
hexen-1-ol and (E)-2-hexenal.  

Majority of the volatile compounds such as β-ionone, α-
ionone, β-damascenone and β-cyclocitral belonging to 
group II are degradation products of carotenoids found to 
increase after rolled.  

The relative content of some of group I compounds such 
as (E)-2-hexen-1-ol,  (E)-2-hexen-1-ol, (E)-2-hexenal and 
nonanal was observed to have continuously increase during 
fermentation while the others showed a decreasing trend 
from the start of the fermentation step that is, after rolling 
to fermented including hexanal, hexanol, 2-penten-1-ol, 
decanal and (E)-2-pentenal.  

In the case of volatile compounds belonging to group II, 
the Strecker aldehydes products included acetaldehyde, 
isobutyraldehyde, isovaleraldehyde, phenylalacetaldehyde 
and 2-methylbutanal appeared and showed an increasing 
trend during fermentation. The carotenoids degradation 
products such as β-damascenone, β-ionone, β-ionol and α-
ionone was found to be continuously increasing except for 
intermediate degradation products like 3-hydroxy-β-
damascone, while glycosides flavour such as β-linalool, 
trans-linaloloxide, trans-geraniol and cis-linaloloxide 
showed a decreasing trend during fermentation step.  

In general, during fermentation, the sum of group II 
compounds content was identified higher than group I 
compounds thereby increasing the value of flavour index, 
while the value of FI is was found to be higher than 1. 
Almost all volatile compounds were found to be loose 
during drying and the relative content to be lower at the 
time of drying.  

This is due to the high temperature used, as the volatile 
compounds escape very easily.  
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Table 1: Percentage relative distribution of individual volatile compounds during processing PH11 crop shoots. 
 

Volatile compounds Fresh leaf 

 

Withered leaf 

 

Rolled 

 

Fermented leaf 

 

Dried At 

6 h 

At 

12 h 

At 

16 h 

At 

60 m 

At 

120 m 

At 

180 m 

Group I 
         

2-penten-1-ol nd nd nd 0.05 0.61 0.55 0.44 0.34 nd 

(E)-2-pentenal 2.89 1.26 1.19 1.02 0.88 0.61 0.28 0.15 nd 

3-hexen-1-ol 1.56 2.14 2.32 2.62 2.77 2.95 3.84 4.20 2.70 

hexanal 1.31 1.42 1.89 2.62 2.74 3.01 2.85 2.69 2.42 

(E)-2-hexen-1-ol 1.58 1.87 1.56 1.26 2.30 3.57 5.37 5.76 2.77 

(E)-2-hexenal 2.61 3.23 2.78 2.33 3.48 3.68 4.46 5.59 3.61 

hexanol 3.55 4.48 5.08 5.77 4.78 4.71 3.80 3.54 2.17 

nonanal 1.14 1.22 1.29 1.42 1.68 1.94 2.35 3.77 1.95 

decanal 2.09 1.59 1.09 1.00 0.98 0.68 0.46 0.12 0.02 

2-nonanol nd nd nd nd nd nd nd 0.23 0.11 

     
Group II 

         
trans-linaloloxide  0.56 1.19 1.29 1.43 1.02 1.11 0.99 0.8 1.82 

β-linalool 3.91 4.79 5.79 6.03 5.09 4.46 4.03 3.33 1.53 

benzyl alcohol 2.06 2.19 2.27 2.49 2.39 2.40 2.97 3.78 1.53 

benzeneacetaldehyde 0.22 0.40 0.60 1.01 1.22 1.28 1.95 2.13 1.01 

isobutyraldehyde nd nd nd nd 0.75 0.81 0.90 0.98 nd 

phenyl ethanol 1.01 1.19 1.02 1.51 2.31 2.40 2.88 3.46 0.89 

phenylethyladehyde nd nd nd nd 0.44 0.65 0.79 0.88 0.23 

cis-linaloloxide 0.42 0.52 0.57 0.61 0.67 0.49 0.37 0.16 nd 

2-methybutanal nd nd nd nd 0.35 0.47 0.55 0.92 nd 

isovaleraldehyde nd nd nd nd 0.55 0.67 0.83 0.96 nd 

naphthalene nd nd nd nd nd nd nd nd 0.97 

N-ethyl-succinimide nd nd nd nd nd nd nd nd 2.68 

β-cyclocitral 0.27 0.32 0.52 0.55 0.88 2.28 2.77 3.61 2.47 

acetaldehyde nd nd nd nd 0.46 0.60 0.77 0.94 nd 

trans-geraniol  0.09 0.11 0.15 0.22 0.27 0.30 0.32 0.39 0.06 

nerolidol isobutyrate nd nd nd nd nd nd nd nd 0.77 

5,6-epoxy-6-methyl-2-
heptanone 

nd nd nd nd nd nd nd nd 0.78 

8-hydroxylinalool  1.02 0.78 0.52 0.47 0.39 0.27 0.22 0.12 0.09 

β-damascenone 0.16 0.22 0.32 0.49 1.04 1.24 1.96 3.37 2.68 

benzaldehyde, 4-
hydroxy-3-methoxy- 

0.84 0.67 0.51 0.42 0.60 0.62 0.74 1.50 0.93 

benzeneethanol, 4-
hydroxy- 

nd nd nd nd 0.38 0.88 1.17 2.44 1.85 

β-ionone 0.55 0.78 0.85 1.10 1.39 2.46 3.24 4.55 2.68 

α-ionone 0.67 0.72 0.88 0.95 1.28 2.68 3.57 4.01 2.87 

ethyl linalool 0.12 0.32 0.39 0.62 0.85 0.92 0.69 0.23 0.11 

3-hydroxy-.beta.-
damascone 

0.32 0.57 0.75 0.98 1.27 1.07 0.52 0.21 0.06 

β-ionol  0.22 0.3 0.57 0.84 0.95 1.13 1.21 1.29 0.77 

     
Sum of group  I 16.72 17.20 17.19 18.09 20.22 21.70 23.85 26.39 15.75 

Sum of group  II 12.43 15.07 17.01 19.73 24.66 29.42 33.88 40.56 26.77 

Flavour Index 0.74 0.88 0.99 1.09 1.21 1.35 1.40 1.52 1.70 
 

nd- not detected; h-hours; m-minutes. 
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Table 2: Changing of flavour precursors during processing of PH11 cultivar. 
 

Flavours precursors 
Fresh leaf  

Withered leaf 

 Rolled  

Fermented leaf 

 Dried At 

6 h 

At 

12 h 

At 

16 h 

At 

60 m 

At 

120 m 

At 

180 m 

mg/100 g dry basis 

Amino acids 
 

 

   

 

 

 

   

 

 
Alanine 15.34 33.25 36.76 29.07 17.16 21.51 25.42 38.11 20.12 

Valine 90.60 202.5 331.23 433.12 394.99 361.21 351.14 331.35 319.42 

Isoleucine 15.83 46.24 70.19 88.31 84.61 87.24 79.66 61.88 54.96 

Leucine 35.72 56.22 142.63 152.01 150.06 145.51 141.48 128.91 109.52 

Phenylalnine 35.9 61.91 146.33 158.06 139.99 128.84 118.35 113.12 82.41 

     
Carotenoids 

         
β-carotene 29.1 28.04 25.6 22.9 20.7 19.86 16.6 10.05 3.7 

zeaxanthine 17.3 15.14 13.22 10.72 9.12 7.11 5.18 3.07 2.64 

     
Fatty acids 

         
C18:2n6 150.7 160.8 154.9 141.6 98.8 81.3 60.4 53.6 21.7 

C18:3n3 67.5 70.4 64.9 56.9 49.4 42.2 34.9 27.7 13.1 

C18:1n9c 180.3 228.1 216.4 169.6 109.5 95.7 60.9 49.2 14.7 

C18:1n9t 17.9 19.2 16.4 12.9 8.2 6.5 5.9 4.5 2.1 

 
 
Changes in flavour precursors profile during 
manufacturing 
 
The study revealed that changes took place in significant 
flavour precursor composition, that is, amino acids, fatty 
acids and two of carotenoids including β-carotene and 
zeaxanthin during OTD black tea manufacturing. The 
change of amino acids, fatty acid and some of carotenoids 
content during OTD black tea processing was demonstrated 
as flavour precursors (Table 2). It was observed that the tea 
leaves started to change flavour precursors content 
immediately after the start of withering process and 
continuously during next stages.  

Free amino acid content in tea leaves are considered as 
important compounds for not only green tea but also black 
tea quality assurance and contribute to overall quality in 
terms of aroma and taste (Ho et al., 2015). The results 
showed that some of the free -amino acid contents which 
was defined as a flavour precursor like phenylalnine, 
methionine and isoleucine in tea leaves significantly 
increased during withering while a decreasing trend was 
found during fermentation but other -amino acid contents 
like alanine, methionine and glycine increased in both 
stages of manufacturing. But in total process, the content of 
free amino acids in fermented tea leave was higher than in 
fresh tea leaves. This may be due to the fact that proteins in 
the leaf broke down into amino acids by enzyme peptidase 
during manufacturing. In previous studiesit was mentioned 
that apart from protein breakdown, sugar was also 
coverted into amino acid during manufacturing and 
confirmed an increase in total free amino acid during both 

the withering and fermation stage of tea manufacture 
(Jabeen, 2015). 

The correlation between amino acids and their degration 
products, that is, Strecker aldehydes, was determined by 
multivaries analysis using SPSS 22. The results showed that 
the changing of valine, methione, isoleucine, leucine, 
phenyalanine and alanine content was significantly 
correlated with their degradation products that is, 
isobutyraldehyde (r = -0.955, sig. 0.045), methional (r = -
0.983, sig. 0.017), 2-methybutanal (r = -0.957, sig. 0.043), 
isovaleraldehyde (r = -0.955, sig. 0.045), 
phenylethyladehyde (r = -0.997, sig. 0.003) and 
acetaldehyde  (r = 0.962, sig. 0.038), respectively. This 
finding is consistent with previous studies that 
demonstrated  the role of amino acid in the form of Strecker 
aldehydes during black tea manufacturing (Ho et al., 2015). 

Carotenoids including β-carotene and zeaxanthin 
accounted for approximately 85% of total carotenoid 
content in leaves and were identified as precursors for 
many tea flavours and play key roles in deciding the quality 
of tea (Ho et al., 2015). The information of volatile 
compounds from β-carotene and zeaxanthine occurs by 
various pathways of degradation which was mentioned in 
some previous studies (Ravichandran, 2002; Ho et al., 
2015). Table 2 shows the changes in β-carotene and 
zeaxanthin during OTD method of manufacturing. The 
results showed that both carotenoids decreased during 
manufacturing. The rates of degradation of  β-carotene is 
higher than zeaxanthin. The correlation between β-
carotene and its degradation produts like β-cyclocitral, α-
ionone were  mostly  negative. The  result  showed  that  the  
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Table 3: Model summary, ANOVA and Coefficients of prediction model for fatty acids changes. 
 

Flavour precursor Model Equation Adjusted R2 p (ANOVA) P (Coefficient) 

Withering stage 

C18:2n6 Quadratic Y = 150.672 +3.063*t – 0.227*t2 1.000 0.011 

T 0.010 

T2 0.008 

C 0.001 

 

C18:3n3 Quadratic Y =  67.520 +  1.151*t – 0.114*t2 1.000 0.011 

T 0.018 

T2 0.011 

C 0.001 

 

C18:1n9c Quadratic Y = 179.949 + 13.504*t - 0.882*t2 0.995 0.04 

T 0.028 

T2 0.026 

C 0.007 

       
 

* C- Constant; * t –time. 

 
 
changes of β-carotene content during manufacturing was 
more closely associated with β-cyclocitral (r =-0.819, sig 
0.007) and α-ionone ( r = -0.814, sig. 0.008). 

Table 2 shows the data on the changes of unsaturated 
fatty acids composition during OTD black tea 
manufacturing. A sharp decline was noticed with the 
polyunsaturated fatty acids during manufacturing. 
However, an increase trend at first 6 hours of withering 
was found in the content of polyunsaturated fatty acid. This 
may be due to the fact that during manufacturing, there was 
lipid breakdown in the leaf into fatty acid by enzyme lipase. 
After this time, the decrease of these fatty acids was 
observed to occur due to fatty acid oxidation during 
manufacturing. There were significant relationships 
between unsaturated fatty acids and their degradation 
products that is, hexanal, hexanol and (E)-e-hexenal, (E)-2-
hexenol and nonanal. For C18:2n6 significant relationships 
were  oberved with hexanal (r= - 0.681, sig. 0.044), hexanol 
(r= - 0.669, sig. 0.049), respectively. For C18:3n3, there was 
significant correlations with 3-hexen-1-ol (r= - 0.690, sig. 
0.040), (E)- 2-hexen-1-ol (r=- 0. 699*, sig. 0.036), and (E)-2-
hexenal (r= - 0.670, sig. 0.048), respectively. For C18:1 
significant correlation with nonanal (r = - 0.717, sig. 0.031). 
This demostrates that in tea cultivar for quality, there is a 
need for a background of chemical data for aroma, as it is an 
important chemical composition to be optimized.  
 
 
Prediction models for flavour precursor changes 
during withering and fermentation  
 
For the mathematical predicting of flavor precursors 
changes during OTD tea withering stage and fermation 
stage, quadratic, zero-order and first-order models were 
used. The model was choses when its has the highest value 
of adjuted R2 and the lowest value of p  (p ≤ 0.05). It was 

observed that at withering stage, two amino acids including 
alanine and all polyunsaturated fatty acid including C18:2n6,  
C18:3n3, C18:1n9c and C18:1n9t were fitted to the quadratic 
model; on the other hand, the values of phenyalnine and 
leucine followed a compound model, while the changes of 
isoleucine, valine, β-carotene and zeaxanthine content 
during withering stage were fitted to linear model.  

At the fermentation stage, it was found that alanine, 
phenyalnine and valine were fitted to growth model and 
isoleucine fitted to quadratic model; while β-carotene and 
zeaxanthine followed a linear model. For fatty acid included 
C18:2n6, C18:1n9c and C18:1n9t were fitted to compound 
model. Tables 3 and 4 shows the estimated prediction 
parameters of these models and the statistical values of 
coefficients of determination adjusted R2 as well as, 
significant values. The results obtained are in agreement 
with the studies published in the literature and several 
previous studies (Ravichandran, 2002; Ravichandran and 
Parthiban, 2000; Jabeen, 2015; Mahanta et al., 1993). 
 
 
Conclusion 
 
The results showed that during manufacturing the changes 
of volatile compounds belonging to groups I and II is 
significantly different from each other and have effect on 
the flavour index. A gradual increase of percentage relative 
content from 16.72 to 18.09 in the group I volatile 
compounds was noticed during withering, while during 
fermentation, the sum of group II compounds content was 
identified higher than group I compounds thereby 
increasing the value of flavour index and the value of FI is 
higher than 1.  

Considerable changes of amino acids were observed in all 
stages but in each stage, the results showed that some of 
the free -amino acid contents like phenylalnine, 
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Table 3 Contd: Model summary, ANOVA and Coefficients of prediction model for fatty acids changes. 
 

Flavour precursor Model Equation Adjusted R2 p (ANOVA) P (Coefficient) 

Withering stage 

C18:1n9t Quadratic Y = 17.938 + 0.946*t – 0.051*t2 0.994 0.045 

T 0.041 

T2 0.048 

C 0.001 

 

Fermentaion stage 

C18:2n6 Compound Y = 98.319*(0.996t) 0.948 0.017 
T 0.017 

C 0.002 

 

C18:3n3 Linear Y = 49.410 – 0.121*t 1.000 0.000 
T 0.000 

C 0.000 

 

C18:1n9c Compound Y = 114.822 *(0.995t) 0.939 0.020 
T 0.020 

C 0.003 

 

C18:1n9t Compound Y = 8.152 *(0.997t) 0.957 0.015 
T 0.015 

C 0.001 
 

* C- Constant; * t –time. 

 
 

Table 4: Model summary, ANOVA and coefficients of prediction model for amino acids,  β-carotene and  zeaxanthin  changes. 
 

Flavour precursor Model Equation Adjusted R2 p (ANOVA) P (Coefficient) 

Withering stage 

Alanine Quadratic Y = 15.220 + 4.383*t – 0.219*t2 0.995 0.041 

T 0.029 

T2 0.035 

C 0.027 

 

Phenyalnine Compound Y =    36.429 *(1.105t) 0.942 0.019 
T 0.000 

C 0.021 

 

Leucine Compound Y =   34.974*(1.104t ) 0.926 0.025 
T 0.000 

C 0.027 

 

Isoleucine Linear Y =17.104 + 4.475*t 0.996 0.001 
T 0.001 

C 0.009 

 

Valine Linear Y = 83.298 + 21.302*t 0.994 0.002 
T 0.002 

C 0.014 

β-carotene Linear Y = 29.654 – 0.382*t 0.904 0.032 
T 0.032 

C 0.001 

 

zeaxanthine Linear Y = 17.462 – 0.396*t 0.971 0.010 
T 0.010 

C 0.001 

 

Fermentaion stage 

Alanine Growth Y = e(2.813+0.004*t) 0.945 0.018 
T 0.018 

C 0.001 
 

* C- Constant; * t –time. 
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Table 4 Contd: Model summary, ANOVA and coefficients of prediction model for amino acids,  β-carotene and  zeaxanthin  changes. 
 

Flavour precursor Model Equation Adjusted R2 p (ANOVA) P (Coefficient) 

Fermentaion stage 

Phenyalnine Growth Y = e(4.934-0.001*t) 0.975 0.008 
T 0.008 

C 0.000 

 

Leucine Linear Y = 151.161 - 0.112*t 0.878 0.042 
T 0.042 

C 0.000 

 

Isoleucine Quadratic Y =84.611+ 0.129*t - 0.001*t2 1.000 0.000 

T 0.000 

T2 0.000 

C 0.000 

 

Valine Growth Y = e(5.966-0.001*t) 0.939 0.021 
T 0.021 

C 0.000 

 

β-carotene Linear Y = 22.084 – 0.059*t 0.825 0.060 
T 0.060 

C 0.006 

 

zeaxanthine Linear Y = 9.132 – 0.033*t 1.000 0.003 
T 0.000 

C 0.000 
 

* C- Constant; * t –time. 
 
 
methionine and isoleucine defined as flavour precursors in 
tea leaves significantly increased during withering while 
they was found to be a decreasing trend during 
fermentation was observed but other -amino acid 
contents like alanine, methionine and glycine was found to 
increase in both stage of manufacturing.  

The results showed that during manufacturing a decrease 
was observed in these flavour precursors, polyunsaturated 
fatty acids and two carotenoids, that is, β-carotene and 
zeaxanthine.  

The correlation between flavour precursors and their 
degradation products was determined. 

The zero-order, first-order and quadratic models were 
used to explain the flavour precursors changes kinetics 
during manufacturing and it was observed that the linear, 
growth, compounds and quadratic model could be used for 
explaning the changes of flavour compounds during OTD 
black tea manufacturing.  

To the best of our knowledge, this is the first report using 
multivaries analysis coupled with instrument in modeling 
the changes of flavour precursors during OTD black tea 
manufacturing.   
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