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Abstract 

Black tea processing consists of four steps, namely withering, CTC, fermentation and 

drying, while cup quality made tea mostly controlled by fermentation step. This study 

evaluated biochemical changes at different stages of black tea processing in Bangladesh and 

determined the optimum fermentation time. Samples were collected from different tea 

processing stages to measure major phytochemicals and time intervals during fermentation 

to measure theaflavins and thearubigins ratio. Caffeine content was the least susceptible to 

processing steps. Biochemical changes started at withering, cell maceration and enzymatic 

oxidation started at CTC processing, thus the major reduction in the reducing sugar (20.46 

to 04.95 ppm), catechin (16.88 to 7.95 ppm) and polyphenol (42.30 to 30.73 ppm) occurred 

here. The significant changes appeared during fermentation when polyphenol content 

decreased from 44.66 to 18.23 and catechin from 17.41 to 03.98 ppm due to the breakdown 

of these compounds to theaflavins (TF) and thearubigins (TR). The TF and TR ratio 

increased with fermentation time, and the highest of 1:8.4 was found at 50 min, which 

turned into 1:10 in the final product. The made tea quality parameters were comparable or 

better at fermentation time of 50 min than the quality of the black tea available in market. 

Keywords: Tea processing; Fermentation or oxidation; Theaflavins and thearubigins; 

Fermentation time. 
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1.   Introduction 

Tea (Cameliasinensis (L.) O. Kuntze) is one of the most popular non-alcoholic beverages 

worldwide, and its popularity is increasing rapidly. Bangladesh is the 9th tea producing 

country and contributing approximately 2 % of world production. While tea production is 

steadily growing in Bangladesh, the export is steadily decreasing. One of the primary 

reasons is the quality deterioration besides many other factors like an increase in domestic 

consumption [1]. 

 Tea processing consists of a series of stages starting from the harvesting of fresh tea 

leaves (crop shoots comprising three leaves and a bud (>75 %)) called plucking, through 

intermediate processing called withering, CTC (Crush, Tear and Curled), fermentation, at 
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last to dry for manufacturing black tea [2-4]. Withering reduces the moisture content of 

tea leaf to make leathery and soft, CTC chops into small and uniform pieces to make 

granular leaf particles. Among these stages, fermentation (oxidation) is considered as the 

most important step as the quality of tea greatly depends on this stage. Most of the 

important biochemical changes occur during the fermentation stage, mainly the oxidation 

of polyphenol and catechin by the polyphenol oxidase and peroxidase enzyme to form 

oxidized polyphenolic compounds such as theaflavins (TFs) and thearubigins (TRs) 

[3,5,6]. The oxidization of catechins forms orthoquinones, which then condensed to form 

theaflavins (TFs). In addition, oxidation of gallic acid occurs in order to form 

epitheaflavic acids which condensed with TFs to produce the thearubigins (TRs) [5]. TFs, 

TRs, and HPS are the most influential bioactive compounds of black tea quality. TFs 

content determines the briskness, brightness, and quality of the liquor of tea [7]. At the 

same time, TRs are responsible for color, body and taste, and an optimum fermentation 

produces a proper balance of TFs and TRs [3,5,7]. For the good quality of black tea, the 

TF and TR ratio must be maintained from 1:10 to 1:12 [3,5]. 

 Although fermentation is one of the critical operations, usually it is taken place on the 

floor, trough or conveyor with a leaf thickness of 10-15 cm at room temperature [3,8]. 

Considering all of the environmental factors are constant, the optimum residence time of 

the fermentation plays a pivotal role in the TF and TR ratio that decide the final quality of 

the finished black tea. On the other hand, presence of catechins (flavonols) and caffeine in 

tea leaves also play an important role in determining the quality of black tea [9].  

Optimum residence time or fermentation time is such important that research is going on 

to manufacture electronic noses to determine optimum fermentation by detecting flavor 

[4,8]. However, during black tea processing in Bangladesh, optimum fermentation is 

determined by the visual observation of color when changed to brown from green 

according to the method of Ullah [10]. This process does not have a definite time usually 

varies from 30 min to 90 min [10]. Therefore, this research aimed to determine an 

optimum fermentation time that would save manufacturing costs and also help to produce 

a better quality of tea. The objectives of this study were; (1) to measure the proximate and 

phytochemicals change to occur at different stages during tea processing and (2) to 

determine the optimum fermentation time by analyzing the TF: TR and different quality 

parameters.  

2. Materials and Methods 

2.1. Sample collection 

Samples were collected from a tea factory of Sylhet, Bangladesh during the period of July 

–October 2015. The samples, namely fresh leaves, withered leaves, CTC rolled leaves, 

fermented leaves, and dried leaves or made tea, were taken at five different stages of the 

tea manufacturing process. The chemical analyses were started immediately after 

collection in the FET laboratory of Food Engineering and Tea Technology department, 
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Shahjalal University of Science and Technology, Sylhet, Bangladesh. All the chemicals 

and reagents were used in the experiments were analytical grade.  

2.2. Proximate and phytochemicals analysis 

After collecting the sample, moisture and lipid content were measured [11,12]. Then one 

gram sample was ground and mixed with 100 % ethyl alcohol, followed by filtered to take 

out 50 mL of ethyl alcohol extract. This alcoholic extract was used for subsequent 

analysis.  

 Reducing sugar (dextrose equivalents) was extracted with alcohol. Ice cold acidified 

anthrone reagent (0.2 %, w/v) was added in the time of boiling for 8 min, and absorbance 

was taken at 630 nm [13]. The total polyphenols content was determined by Folin-

Ciocalteu’s reagent method [14]. Chlorophyll a, b, and carotenoids were measured at the 

wavelength of 470, 653, and 666 nm, respectively, using UV-Visible spectrophotometer 

[15]. To determine the Catechin content, 2 mL alcoholic extract of the sample was added 

to 6.5 mL of ice-cold vanilla (1% vanillin in 70% sulfuric acid), and absorbance was 

measured at 510 nm. In addition, caffeine was extracted with chloroform after boiling 5g 

sample with 30 mL water and 2g sodium carbonate for 10 min. The filtered supernatant 

was mixed with 20mL of distilled water and 10mL of chloroform, where chloroform was 

evaporated with a steam bath, and the weight of caffeine was recorded [16,17].  

 

2.2. Residence time optimization for fermentation (Oxidation) 

Two types of fermentation have been practiced in the tea industry of Bangladesh for the 

production of CTC black tea [18]. In this case study, samples had been collected from the 

method of floor fermentation. For the optimization of the quality parameters of CTC black 

tea, TF and TR ratio measurement was taken at 10 min interval starting from 10 to 40 min 

of fermentation residence time. After the 40
th

 min of observation, the time interval was 

down to 5 min to get accurate TF: TR ratio and apposite residence time.    

2.3. Estimation of theaflavin (TF), thearubigin (TR), High polymerized substance 

(HPS) and total liquor color (TLC) 

Both theaflavin and thearubigin were determined using the method described in these 

reports [19,20] with some modifications. Two grams of sample was added to 100 mL 

water and went to the filtration after infusing over the boiling water bath for 10 min. 

Solvent extraction of tea extract was carried out in separating funnels with adequate 

shaking at every stage, and contents of TF, TR, HPS and TLC were calculated from the 

absorbance values. Color index (CI) was derived using the formula, CI = (TF * 100) / (TR 

+ HPS) [16,21]. 
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2.3. Statistical analysis 

All analyses were performed in triplicates, and the results were generated in this 

experiment were analyzed using SPSS Software Version 12. Analysis of variance 

(ANOVA) was done to measure the effect of treatments on proximate, phytochemicals, 

and quality parameters (TF: TR, HPS, TC, CI), and means were separated by the least 

significant difference (LSD) test at P < 0.05. 

3. Results and Discussion 

3.1. Changes in phytochemicals at the different processing stages 

Physical withering is the first and important operation during processing, which is usually 

done with ambient air at a velocity of 45 cfm for 14 h to reduce the water content to 

facilitate subsequent operation. In addition, withering changes the biochemical 

components in the first 6-10 h of operation [22]. Withering reduced the content of all 

phytochemicals and proximate compositions were measured in this experiment without 

caffeine content (Table 1). The major changes occurred in the leaf appearance, where the 

moisture content of leaf reduced from 82.50 to 70.21 %, and reducing sugar reduced from 

30 to 20.46 ppm. Changes in carotenoids and organic acids were found due to the 

breakdown of proteins to amino acids and the breakdown of chlorophyll due to a decrease 

in moisture content [2]. Besides, withering influences the volatile components and 

increase caffeine and polyphenol oxidase [2]. In addition, there was some flavor 

development during withering because of the reduction of lipid component from 8.67 to 

7.67 % (Table 1), which converted into volatile compounds [22].  

 

Table 1.  Phytochemicals and proximate composition at different tea processing stages. 
 

*N/A= Not applicable 
 

 CTC that crush, tear, and curl the withered leaves to provide small size and granular 

shape of black tea also facilitate the fermentation. Unlike withering, all phytochemical 

contents were reduced, as summarized in Table 1. The major and drastic reduction 

occurred in the reducing sugar (from 20.46 to 04.95 ppm), a polyphenol (from 42.30 to 

 Fresh tea 

leaves 

Withered 

leaves 

CTC rolled 

leaves 

Fermented 

tea leaves 

Dried black 

tea  

Chlorophyll-a (mg/g) 02.55±0.01  1.82±0.03 01.30±0.02  0.93±0.06 N/A 

Chlorophyll-b (mg/g) 01.72±0.07  0.97±0.08  0.64±0.01  0.46±0.03 N/A 

Carotenoids (mg/g)  0.47±0.02  0.38±0.04  0.48±0.01  0.57±0.03 N/A 

Moisture content % 82.50±1.16 70.21±0.41 67.02±1.73 60.90±0.34 05.06±0.11 

Reducing sugar (ppm) 30.83±0.84 20.46±0.68 04.95±0.64 06.66±0.79 20.72±0.57 

Lipid % 08.67±0.07 07.67±0.08 06.84±0.03 05.30±0.05 04.84±0.07 

Polyphenol (ppm) 44.66±0.47 42.30±0.94 30.73±0.12 18.23±0.16 13.59±0.27 

Catechin (ppm) 17.41±0.09 16.88±0.27 07.95±0.16 03.98±0.66 01.61±0.18 

Caffeine % 03.07±0.02 03.29±0.05 02.93±0.04 02.77±0.06 02.35±0.04 
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30.73 ppm), and catechin (from 16.88 to 07.95 ppm) content after CTC processing (Table 

1). During CTC processing, the withered leaves were crushed and tore; therefore, the cell 

contents of the bruised material have become more exposed by mixing and aeration. 

Subsequently, enzymatic action started in the presence of atmospheric oxygen. Thus, 

oxidation of the catechin and polyphenol initiated in this stage, which eventually 

decreased their contents [3,4,22,23]. 

 Fermentation (oxidation) is the most significant step during tea processing in terms of 

biochemical changes, and the main liquoring characters of made tea are developed during 

this process [15,18]. Like CTC operation, all the phytochemical contents reduced during 

fermentation, and major changes occurred in polyphenol and catechin (Table 1). Total 

polyphenol content was decreased to 18.23 ppm, which was found 44.66 and 30.73 ppm 

in fresh tea leaves and CTC rolled leaves, respectively (Table 1). In addition, the catechin 

content was decreased from 17.41 to 3.98 ppm after fermentation. During CTC, the 

disruption and macerations of the intercellular components exposed polyphenol and 

catechin present in the cell vacuole and facilitated oxidation [24-27]. Thus, the oxidation 

(fermentation) of polyphenol and catechin by the polyphenol oxidase and peroxidase 

enzyme mainly occurred during fermentation to develop theaflavins (TF) and thearubigins 

(TR). The oxidization of catechins forms orthoquinones to make theaflavins (TFs) and 

oxidation of gallic acid form epitheaflavic acids, which condense with TFs to produce 

TRs [5,6,27].  

 Drying is a very important process that seizes the enzyme activity and reduces the 

moisture content of the final product. The increased temperature and reduction of 

moisture content in the tea leaves have the effect of denaturing and inactivating the 

enzymes to preserve the black tea quality [28,29]. Moisture content reduced to 5.06% in 

dried leaves from 60.90 % in fermented leaves (Table 1). A similar observation was 

reported in respect of reducing the moisture in black tea [27]. Lipid and caffeine are the 

least changed components through the processing, while some lipids were oxidized into 

brown pigment products due to higher temperatures. Higher drying temperature 

negatively affects the tea polyphenol content and catechin content [12,19,30]. Still, the 

polyphenol content and caffeine content are similar or even better than that of some black 

tea available in the market of Bangladesh [31,32]. The total lipid content of black tea 

varied from 4 to 9 %, and the conversion of lipids to volatile compounds during the 

processing of tea is associated with the development of flavor as some of the lipid 

contents convert into aroma compounds [28]. 

 

3.2. Optimum fermentation time 

TFs and TRs are the most influential compounds to tea quality, TFs are responsible for 

briskness, brightness, and quality of the liquor [32], whereas TRs are responsible for 

color, body, and taste. The TF and TR ratio should be 1:10 to 1:12 to have the excellent 

quality of black tea [3,5,7,16]. Fermentation time or fermentation residence time is one of 

the major factors in the maintenance of the TF and TR ratio. In this study, 10 min of 

fermentation process gave the TF: TR ratio of approximately 1:2.11 (Fig. 1). With less 
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time of fermentation, the rate of TFs formation was low, and this slow rate was due to the 

low activity of polyphenol oxidase enzyme [4-6]. With the increasing fermentation time, 

TF: TR ratio increased, and the ratio becomes 1:8.39 during 50 min of residence (Fig. 1).  

 

 

 

 

 

 

Fig. 1. Theaflavin and thearubigin ratio (TR:TF) at different fermentation time. 

 With increasing time, enzyme activity increases, which converts more TF into TR. 

Tea catechins are oxidized to form TFs, then TFs oxidize gallic acid from epitheaflavic 

acids, which later condensed with TFs to form TRs [5]. Further increase in fermentation 

time reduces TF: TR due to over oxidation of TFs. The researcher of Kenya showed that 

the maximum level of TFs was reached after approximately 90 min of fermentation [33], 

whereas Turkish black tea reached their maximum level of TFs after approximately 80 

min of fermentation [34]. These differences in the optimum fermentation time are most 

probably due to the changes in environmental conditions based on the region of 

cultivation system as well as polyphenol oxidase (PPO) activity of the tea itself. 

Therefore, it was shown that 50 min of fermentation time gives the highest TF: TR ratio 

of approximately 1:9, and it turns into ~1:10 after drying, which is desirable for a better 

quality of tea. 

 

3.3. Quality parameters of made tea (after drying) at optimum fermentation time 

The cup quality was assessed with the optimally fermented (50 min fermentation) black 

tea after drying on the basis of quality parameters (Table 2). The TF: TR was found ~1:10, 

which was desired to prepare the best quality of made tea. The quality characteristics 

assessed in this study were also comparable to or better than black tea available in the 

market of Bangladesh. There is a study that measured the qualitative characteristics of 

some black tea in Bangladesh and found that the highest total liquor color (TLC) was 3.21 

and highly polymerized substances (HPS) was 6.25 % [35] which results lower than the 

values we found in this study. Another research study who processed tea according to the 

conventional fermentation method found that TLC and Color index were 4.25 % and 3.50, 

respectively [16], whereas this study found TLC was 4.75 %, and the color index was 

4.31. 
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Table 2. Quality parameters of made tea. 

 

 

 

 

4. Conclusion 

The significant biochemical changes started in the stage of the withering and CTC process 

during black tea manufacture, and major changes took place during fermentation 

(oxidation). Polyphenol and catechin are two major compounds that decreased significant 

amounts by CTC and fermentation to produce theaflavins (TFs), thearubigins (TRs), high 

polymerized substance (HPS), total liquor color (TLC) and color index (CI). The ratio of 

TFs and TRs depends on the duration of fermentation. TFs and TRs ratio increased with 

increasing fermentation time, and 50 min of fermentation gave the highest TFs and TRs 

ratio, which also, in turn, came out as the highest TFs and TRs ratio of approximately 1:10 

in the final product or black tea. The final product made from this fermentation gave 

comparatively better cup quality than that of the available tea in the market. As 

environmental temperature and humidity changes with seasonal change, further study on 

fermentation time during different tea processing season is recommended. 
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