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Abstract
This study involved the selection of 11 cultivars out of 201 screened cultivars of fresh green and
purple coloured tea leaves for use in the manufacture of black teas with optimized antioxidant activities. Individual cultivars containing a combination of high leaf concentrations of the catechin
fractions; epicatechin gallate (ECG) and epigallocatechin gallate (EGCG) were used in the processing of theaflavin-3,3’ digallate (TF3) rich black tea. The black tea enrichment with TF3 was
carried out through optimization of the processing conditions of each cultivar by varying the aeration times between 0 min and 80 min at an interval of 20 min. The differently processed teas were
then assayed for the TF3 contents. The data analysis was carried out using the GENSTAT at p ≤
0.05. The optimal processing time for Ejulu, TRFK 832/8, TRFK 831/11, TRFK 824/1, SC 31/37, SC
12/28, K-Purple and TRFK 6/8 was found to be 60 min while that of TRFK 301/6, TRFK 301/3 and
TRFK 655/1 was 40 min. The optimal TF3 levels were found to range from 0.19% to 0.60%.
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1. Introduction
Black tea is the second most consumed beverage in the world after water [1]. Since its introduction in Kenya
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around 1904, tea cultivation has immensely expanded within the country to cover more than 157,000 hectares
incorporating both small and large scale farming. Kenya is one of the major tea producing nations, and the
world’s largest exporter of black tea (accounting for 22% of the world exports), exporting over 400,000 tons of
tea per year. Earnings from tea exports accounts for about 26% of the total foreign exchange and 4% of Kenya’s
GDP. For instance in 2013 alone, Kenya earned approximately $1.09 billion from tea exports. Therefore the tea
industry is an important component of economic development, supporting over three million people or 10% of
the population either directly or indirectly [2]. However, the industry is currently experiencing a downturn due
to dwindling returns to producers as a result of shrinking market outlets for the principle product produced in
Kenya; black tea. For example, the annual average unit prices for processed black tea at the Mombasa auction
fell by $0.97, from an average high of US$ 2.50 per Kg in the 1980s to a low of US$ 1.95 in 2012 [3]. This is
despite an increase in production costs by close to 317% over the same period.
Therefore, there is need for products diversification and value addition within the tea industry to include fast
moving consumer goods and health products for the purposes of increasing the market outlets with commensurate increase in profitability and sustainability [4]. Notably, owing to the history of the East African tea market,
Kenyan tea is rarely sold as a finished branded product and ends up being blended with teas of lesser quality
grown elsewhere in the world before being sold as a generic product. There needs to be a change in the way
Kenya’s tea industries processes and markets black tea so as the farmers are to get a fair return from their farming enterprises.
There are three common varieties of tea products that are widely consumed: black, green and oolong tea. The
processing method of the harvested leaves determine the nature of the tea product [5]. The manufacturing
process in black involves weathering the leaves to reduce moisture content, and then macerating them to initiate
oxidation by an enzyme known as polyphenol oxidase. This reaction enables the polymerization of catechins
(one of the major polyphenolic compounds in tea) to form theaflavins (TFs) and thearubigins (TRs), a group of
homogenous substances, responsible for the yellowish brown coloration in black tea beverage [6] [7]. In green
tea processing on the hand, the withered leaves are steamed to inactivate polyphenol oxidase thus minimizing
the chemical and enzymatic reactions leaving the catechins intact. The oolong tea is processed by partial aeration of the fresh green leaves before drying [8]. The other varieties of teas are categorized as the “specialty teas”
like the purple, white and yellow tea. Purple tea is a term referred to both the black and green teas processed
from purple tea leaves. There is no general accepted definition of white tea and very little international agreement [4].
Black tea TFs comprise the bulk of polyphenolic compounds found in the beverage. Theaflavins are dimers of
epimerized catechins, and are usually formed during black tea tea aeration [9]. Theaflavins are composed of
various fractions namely; TF1, TF2A, TF2B and TF3 [10]. TFs are antioxidants in nature and each of the fractions is different from the other in how they scavenge the reactive oxygen species (ROS) both in vivo and in vitro [11]. The hierarchy of reactivity of these compounds as antioxidants is: TF3 > TF2A = TF2B > TF1 [12].
The amount of the individual theaflavins formed are largely influenced by the amount of the precursor catechins
in green leaf, the redox potential and/or affinity for polyphenol oxidase and activity [12]. Black teas contain varying amounts of the four individual theaflavins and each of them have different astringency and therefore contribute variably to the overall quality of plain black tea. Theaflavin-3,3'-digallate is 6.4 times while the theaflavin monogallates are 2.22 times more astringent than theaflavin. Although determination of total theaflavin has
been used in the determination of black tea quality, individual theaflavins especially theaflavin digallate is also
important because it can better describe the quality of black teas [13].
Free radicals in excess are harmful since they cannot be quenched by the body antioxidant enzymes, such as
the peroxidases and catalases. Free radicals damage cell membranes by causing harmful chain reactions such as
DNA base oxidation, and lipid peroxidation [14]. They have also been implicated to play a role in aging and
various diseases, such as cancer, cataract and atherosclerosis. Antioxidant supplements, such as vitamin C and
vitamin E and from plant oils and fruits have been used as therapeutic agents [15]-[18] for averting the risk of
these diseases.
Various studies have been done on the ability of TFs to inhibit superoxide, hydroxyl radical, hydrogen peroxide, singlet oxygen and their effects on free radical induced DNA oxidative damage [15]-[21]. The TF3 has been
found be most potent of the four fractions in scavenging hydrogen peroxide and hydroxyl radical, while TF1 is a
potent suppressor of superoxide. The TF2ATF2B have similar antioxidant capacities and are relatively good scavengers of singlet oxygen, hydroxyl radical, hydrogen peroxide and the hydroxyl radical-induced DNA damage
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[21]. However their antioxidant capacities are lower compared to TF3. The TF3 is also thought to possess a
higher antioxidative capacity than catechins, including EGCG [22]. Research studies have also shown TF3 to
have anti-inflammatory properties [16] [23] and the mechanism involves blocking the conversion of arachidonate to prostaglandins by inhibiting the production of the enzymes cyclooxigenase (COX) and lipoxygenase
(LOX) [16] [23] [24].
The optimization of processing conditions development that can lead to the production of black teas with enhanced TF3 and antioxidative would increase the nutritional value of the beverage and hence market the product
as a health enhancing drink. It is anticipated that this study will enhance the intrinsic value of tea for both local
and export markets resulting in improved incomes to the Kenyan tea industry stakeholders.

2. Materials and Method
2.1. Sample Selection and Sampling
Eleven different tea cultivars (green and purple leaf) endowed with high levels of EGCG and ECG in a ratio of
1:1 were selected for use as raw materials in the processing of TF3 rich black teas. The ranking of the cultivars
was carried out according to the order of their ratio of ECG to EGCG. The cultivars included; Ejulu, TRFK
301/6, TRFK 832/8, TRFK 655/1, TRFK 301/3, TRFK 831/11, TRFK 824/1, SC 31/37, SC 12/28, K-Purple and
TRFK 6/8. The selection of these cultivars was guided by results got from previous screening of 201 cultivars.
The sampling was done in duplicates. About 500 g of fresh two leaves and a bud was plucked from selected tea
cultivars and placed in labeled khaki bags to prevent moisture loss. They were then transferred into a cool box
containing ice packs (to preserve catechins) and delivered to the miniature factory for processing.

2.2. Black Tea Enrichment with TF3
The enrichment process of the individual black tea of the selected cultivars with high levels of TF3 involved optimization of the aeration times during the manufacturing process of the teas. The optimization of the aeration
process was done by varying the aeration times from 0 to 80 minutes at an interval of 20 minutes, (0, 20, 40, 60
and 80 minutes), hence each cultivar produced five samples amounting to a total of fifty five samples for the
eleven cultivars. Usually the processing time for all the black teas in Kenyan tea processing is 90 min. However,
a maximum of 80 minutes was chosen for this study since various tea researchers [13] [25]-[28] had found out
that at 90 min aeration time all most of TF fractions regardless of the cultivar had began to deteriorate. The
black tea samples processed at each of the aeration times were characterized for their TF3 levels to ascertain the
aeration time at which their contents were maximal.

2.3. Black Tea Optimization of the Processing Conditions.
About 500 g of the plucked leaves were weighed and withered at room temperature (25˚C) for 19 hours. The
leaves were then macerated using the curl tear and cut (CTC) machine. The macerated leaves from each of the
selected cultivar were then divided into five samples and fermented at 24˚C at time intervals of 0 min, 20 min,
40 min, 60 min and 80 minutes respectively. After that, the fermented leaves were dried at 130˚C to a moisture
content of 3% - 5% [4]. Finally, the processed leaves were ground to a fine powder and packaged for analysis.

2.4. Quantification of TF3 and Other TF Fractions
The determination of the TF3 concentration together with those of the other TF fractions on the differently
processed black teas was carried out using Reverse Phase High Performance liquid Chromatography (RPHPLC). The model of the HPLC machine used was Shimadzu LC 20 make fitted with a SIL 20A auto sampler
and a SPD-20 UV-Visible detector (set at 210 nm) with a class LC10 chromatograph workstation, and a C18
ODS column manufactured in Kyoto, Japan [2]. Four grams black tea was weighed into a 475 ml thermos flask,
and an infusion made by adding 200 ml of boiling double distilled water. The thermos’s lid was closed tightly
and placed in a mechanical shaker for ten minutes after which the sample was filtered through a cotton wool into
a 500 ml conical flask. Two milliliters of each sample was pipetted into 10 ml plastic test tubes and diluted with
of 2 ml of double distilled water. The samples were then vortexed and placed in a centrifuge machine set at 60
rpm for 15 minutes. After that 20 µL of each of the samples was injected onto HPLC. The wavelength was set at
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378 nm and flow rate at 1.5 ml/min. The mobile phases used consisted of two solvents; Solvent A which comprised of 1% acetic acid solvent B was acetonitrile. A linear gradient starting from 8% to 31% of the second
solvent B over 1 hour was used [29]. The TF3 and the other individual TF fractions levels were then calculated
from the peak areas of chromatograph and expressed as a percentage of the total dry black tea weight.

2.5. Data Analyses
All statistical analyses were carried out using the GENSTAT Discovery Edition 4 packages. Data was presented
as Tables and graphs. The ANOVA table and DMRT was be used to compare the quality of the developed teas
with those in the market (reference standard). Probability limits was set as p ≤ 0.05.

3. Results and Discussion
3.1. Optimization of the TF3 Levels for Black Teas of the Eleven Selected Cultivars
The results on the optimization of the aeration times for each of eleven selected cultivars are as shown in Figures 1-11. Ejulu is a commercial cultivar and was used as a reference standard since it has been found to have
the highest TF3 levels and therefore used in the TRI as one of quality standard cultivars. Cultivar TRFK 6/8 is
another commercial cultivar that was used since it has been known to have the highest levels of both simple TF
and total TFs and used as a quality standard.

TF3 % levels

3.1.1. Ejulu
Figure 1 shows the levels of TF3 for the black teas processed at each of the aeration times. There was a significant p < 0.05 difference in the levels of TF3 contents for this cultivar when processed between 0 min and 80 min
aeration time where the highest TF3 levels were reached at 60 min aeration time (0.45%), while the lowest levels were found at 0 min aeration time (0.13%). However there was no significant p < 0.05 difference in the TF3
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Figure 1. Optimization of the aeration time for Ejulu in the processing of TF3 rich black tea.
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Figure 2. Optimization of the aeration time for TRFK 6/8 in the processing of TF3 rich black tea.

3004

S. Kimutai et al.

0.4
0.35
0.3

TF3 % levels

0.25
0.2
0.15
0.1
0.05
0
0 min

40 min
Aeration Time

20 min

60 min

80 min

Figure 3. Optimization of the aeration time for TRFK 301/6 in the processing of TF3 rich black tea.
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Figure 4. Optimization of the aeration time for TRFK 655/1 in the processing of TF3 rich black tea.
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Figure 5. Optimization of the aeration time for TRFK 301/3 in the processing of TF3 rich black tea.
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Figure 6. Optimization of the aeration time for SC 31/37 in the processing of TF3 rich black tea.
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Figure 7. Optimization of the aeration time for SC 12/28 in the processing of TF3 rich black tea.
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Figure 8. Optimization of the aeration time for TRFK 831/11 in the processing of TF3 rich black tea.
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Figure 9. Optimization of the aeration time for K-purple in the processing of TF3 rich black tea.
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Figure 10. Optimization of the aeration time for TRFK 832/8 in the processing of TF3 rich black tea.
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Figure 11. Optimization of the aeration time for TRFK 824/1 in the processing of TF3 rich black tea.

levels for this cultivar when processed at 40 min and 60 min aeration time. At 0 min aeration time, there is limited interaction between oxygen and the macerated leaves necessary for TF3 formation, hence their low levels.
Increased exposure time of the ground leaves to oxygen, leads to more conversion of EGCG and ECG to TF3.
At 80 min aeration time, the TF3 levels declined significantly. The TF3 levels for Ejulu is known to be (0.41%),
[2] when the cultivar is processed using the standard aeration time of 90 min. This confirms further deterioration
of the TF3 with extended aeration time beyond 80 min. Therefore, to obtain TF3 rich black tea from the cultivar,
it should be processed at 60 min aeration time.
The fresh leaves of this cultivar however had the highest combination of ECG and EGCG among all the other
selected cultivars, (5.69% and 6.16 % respectively). This explains the reason for its relatively high levels of TF3.
This values are different from the ones reported by [2] of 3.26% and 4.66% respectively. The fluctuations in the
ECG and EGCG levels in the fresh leaves could be attributed to both seasonal and geographical variations [30].
3.1.2. TRFK 6/8
Figure 2 shows the TF3 levels of the cultivar’s black teas processed at different aeration times, where there was
a significant p < 0.05 difference in TF3 contents. Processing the cultivar at 60 min and 80 min aeration time
produced black tea with the highest TF3 levels (0.21%) while processing at 0 min aeration time gave black teas
with the lowest TF3 levels (0.045%). The TF3 levels significantly increased with increased aeration time from 0
min to 60 min and then remained constant at 80 min aeration time meaning that optimal aeration time for the
cultivar could be between 60 min and 80 min aeration time. The TF3 levels of the cultivar’s black tea had been
reported [2] to be (0.29%) when processed at 90 min aeration time. The fermentability test results revealed the
cultivar as a slow fermenter [31] which could be the reason for the increased levels of TF3 levels at 90 min aeration time. However, due to the cultivar’s relatively low TF3 levels, it may not be suitable for the manufacture of
TF3 rich black tea. The ECG and EGCG profiles for the cultivars fresh leaves where found to be 2.47% and 6.84%
from the previous screening studies. The lack of correct balance between the ECG and EGCG could be the reason for the low TF3 contents reported for the cultivar’s black tea [32]. TFFK 6/8 is one of the oldest cultivars in
the TRFK and has been used in the genetic breeding program for the development of superior quality
germplasms. The optimum aeration time used to process black tea of the cultivar had been found to be 90 min
based on the total TF levels [33]. The 90 min aeration time was set as the standard processing time by most Kenyan tea factories as the for all the black teas regardless of the cultivar type.
3.1.3. TRFK 301/6, TRFK 655/1 and TRFK 301/3
Figure 3 is a representation of the TF3 levels of the differently processed black teas of TRFK 301/6. There were
notable p < 0.05 differences in the TF3 levels for the black teas where the highest TF3 levels was formed at 40
min aeration time (0.33%) and lowest levels at 0 min aeration time 0.095%. The TF3 levels increased significantly with increased aeration time from 0 min to 40 min. At 60 min aeration time, the TF3 levels began to deteriorate significantly. There was no significant p > 0.05 difference in TF3 levels for the black teas processed at 20
min and 60 min aeration time for this cultivar.
Figure 4 shows TF3 levels for black teas of TRFK 655/1 processed at different aeration times. The cultivar
had its optimal TF3 levels at 40 min aeration time (0.46%). Lowest TF3 levels where exhibited at 0 min aeration
time (0.16%). There was no significant p < 0.05 difference in TF3 levels when the cultivar was processed at 20
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min and 60 min aeration time just like TRFK 301/3. At 60 min aeration time, the TF3 levels declined.
Figure 5 is a representation of TF3 for the cultivar TRFK 301/3 processed at different aeration times. The
cultivar attained its optimal TF3 levels at 40 min aeration time (0.52%) while the lowest TF3 levels were exhibited at 0 min aeration time. Even though there was no significant p < 0.05 difference in the TF3 levels when the
cultivar was processed at 40 min and 60 min aeration time, it can be seen that the TF3 levels began to decline
when the cultivar was processed at 60 min aeration time. Out of the three cultivars, TRFK 301/3 had the highest
TF3 levels at the optimum aeration time followed by TRFK 655/1 and TRFK 301/6. The three cultivars are test
clones and have not yet been released by TRFK for commercial production. TRFK 301/3 had notably higher levels of TF3 than those of reference standard Ejulu while TRFK 655/1 had comparable TF3 amounts with Ejulu.
TRFK 301/6 had a siginificantly lower TF3 levels than Ejulu.
From results, it can be concluded that in order to process TF3 rich black teas from TRFK 301/6, TRFK 655/1
and TRFK 301/3, the cultivars should be processed at 40 min aeration time. The optimal aeration time for the
three cultivars were lower than those of the reference standards (60 min). This shows that the optimal aeration
times used in black tea processing is unique for each cultivar and that subjecting all cultivars to the same
processing conditions might compromise the black tea quality, a conclusion that is in tandem with [34] findings.
From the previous screening studies of fresh green leaves, TRFK 301/3 had the highest EGCG to ECG ratio
of 1.51, while that of TRFK 655/1 was 0.96 and that of TRFK 301/6 was 0.70. The high TF3 levels reported for
the black tea of TRFK 301/3 could be attributed to the high EGCG to ECG ratio of the cultivar’s fresh leaves
while the relatively low TF3 levels in TRFK 301/6 could be due to the low EGCG to ECG ratio of the cultivar’s
green leaves. This observation is consistent with what [32] found out. In their studies, the authors reported that a
correct balance of the catechin ratios was a necessary factor in the processing of black teas with optimized TF
levels.
3.1.4. SC 31/37 and SC 12/28
Figure 6 shows the TF3 levels of black teas manufactured from SC 31/37 at different processing conditions.
There were significant p < 0.05 differences in TF3 levels when the cultivar was processed between 0 min and 80
min aeration time with highest TF3 levels being reached at 60 min aeration time (0.52%) and the lowest levels at
0 min aeration time (0.08%). There was no significant difference in the TF3 contents when the cultivar was
processed at 60 min and 80 min aeration time. However, there was a slight deterioration in TF3 contents observed at 80 min aeration time.
Figure 7 represents the results of TF3 levels of black tea samples manufactured from SC 12/28 processed at
different aeration times. A significant p < 0.05 difference was observed in TF3 levels with respect to aeration
time where the highest levels were exhibited at 60 min aeration time (0.50%) while the least levels were found
in 0 min aeration time (0.07%). The was no notable difference in TF3 levels when this cultivar was processed
between 60 min and 80 min aeration time, although there was a slight decline in the levels at 80 min aeration
time.
Both SC 31/37 and SC 12/28 exhibited higher TF3 levels at 60 min aeration time than the reference standard
Ejulu despite all of them sharing the same optimal aeration times. SC 31/37 had the highest EGCG to ECG ratio
of 2.00 which explains the reason for the cultivar’s relatively high TF3 levels. Both SC 31/37 and SC 12/28 have
not yet been released by TRI for commercial production however, they show promising prospects with regards
to antioxidative compounds and yield per hector [31].
3.1.5. TRFK 831/11
Figure 8 shows the results of the TF3 levels of the cultivar’s black teas processed at different aeration times.
Significant p < 0.05 differences in TF3 levels between the differently processed black teas were reported with
the highest TF3 contend being reached at 60 min aeration time (0.46%) and the lowest levels at 0 min aeration
time (0.075%). The TF3 levels increased with increasing aeration time, however beyond 60 min aeration time
the TF3 levels declined. It is therefore recommended that TF3 rich black tea for this cultivar should be processed
at 60 min aeration time. The optimal TF3 levels for this cultivar is comparable to that of the reference standard
Ejulu (0.45%).
3.1.6. K-Purple
The results for the TF3 levels of the differently processed black teas of the cultivar are represented in Figure 9.
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There were significant p < 0.05 differences in the variations of the levels of TF3 of the differently processed teas
where the optimal TF3 contents were reached at 60 min aeration time (0.19%) and lowest levels at 0 min aeration time (0.065%). The optimal TF3 levels for the cultivar are the lowest reported so far. It is important to note
that the selection criteria for this cultivar was not based on the EGCG to ECG ratio since purple coloured cultivars have always been reported to have low catechin levels, but rather on the fact that tea researchers at TRFK
[4] had found the cultivar to produce good quality black teas. Its good black tea quality attributes could be due to
anthocynanins, which are known to have sweet smelling aroma [2]. Whereas the cultivar might be suitable for
the processing of anthocyanin rich tea, it might not be in fact suitable for the processing of TF3 rich black tea.
3.1.7. TRFK 832/8 and TRFK 824/1
TRFK 832/8 cultivar had the highest TF3 levels at 60 min aeration time (0.6%) and the lowest levels at 0 min
aeration time (0.2%) as shown in Figure 10. There was no significant p < 0.05 difference in the TF3 levels when
processing the cultivar between 40 min and 60 min. Beyond 60 min aeration time, the TF3 levels began to decline.
Figure 11 is the representation of variation in TF3 levels of the differently processed black teas of TRFK
824/1. As can be seen from the graphs, there were significant p < 0.05 variations in TF3 levels with the highest
TF3 concentration being reached at 60 min aeration time (0.57%) and lowest levels at 0 min aeration time
(0.19%). Beyond 60 min aeration time, the TF3 levels deteriorated.
For most clones, there was an increase in the TF3 levels with the aeration time from 0 to 60 min. Beyond 60
min aeration time, the TF3 levels began to decline. This trend corroborates the findings got from studies done by
[9] [35]. The decrease in individual theaflavins with increased aeration time beyond 60 min could be because of
their conversion to thearubigins [33]. Studies on the effects of processing parameters on black tea chemical and
sensory quality have revealed a decline in the levels of total theaflavins, liquor brightness, and briskness, with
extended aeration time and rise in temperature [13]. When processing black tea, aeration time is important, since
both increase and decrease in aeration time can lead to poor quality tea [36]. For the processing of TF3 rich
black tea, it is critical to determine and use correct aeration time.
Both TRFK 832/8 and TRFK 824/1 exhibited the highest levels of TF3 among all the other cultivars. From
the previous screening studies, TRFK 832/8 had an EGCG to ECG ratio of 1.08 while TRFK 824/1 EGCG to
ECG ratio was 1.40. Out of all the cultivars TRFK 831/11 had the highest EGCG to ECG ratio of 2.0. One
would expect that the order of ranking of the cultivars based on the EGCG to ECG ratios during the selection
process would reflect a similar pattern on manufactured black teas [37]. However, this seems not always to be
the case. Although the precursor compounds in the cultivars largely determine the amount of TF3 levels formed
in the manufactured teas, there could be other genetic factors that influence the amounts of TF3 formed [7] [38]
[39].
Eight out of the eleven cultivars (Ejulu, TRFK 832/8, TRFK 831/11, TRFK 824/1, SC 31/37, SC 12/28,
K-Purple and TRFK 6/8) attained their optimal TF3 contents at 60 min aeration time while only three (TRFK
301/6, TRFK 301/3 and TRFK 655/1) cultivars had their maximum TF3 concentrations at 40 mins aeration time.
This shows that not all TF3 molecules are formed at the same rate and to same extent under the same black tea
processing conditions. Thus the levels of TF3 and their rate of formation is unique to a cultivar and a change in
aeration time for optimal quality parameter achievement in one cultivar cannot be extrapolated to another cultivar [13]. The differences in the optimal aeration times between the clones could be as a result of variations in
genetic makeup between the cultivars [40].
Although optimal aeration time is largely dependent on cultivar type, geographical factors could also influence processing time at which the antioxidant molecules are at their optimal levels. Iranian cultivars have been
found to reach the peak faster than the Kenyan cultivars [41] [42].

4. Conclusion
From this study, the data obtained demonstrate that the TF3 concentrations in each cultivar vary significantly
with the treatment. For cultivars Ejulu, TRFK 832/8, TRFK 831/11, TRFK 824/1, SC 31/37, SC 12/28, K-Purple
and TRFK 6/8, the optimal aeration time was found to be 60 min while that of TRFK 301/6, TRFK 301/3 and
TRFK 655/1 was 40 min. Processing black teas beyond 60 mins resulted in the deterioration of the TF3 levels in
most of the cultivars.
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