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Abstract
Tea is the most consumed beverage worldwide and has many health effects. Although
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tea production in the world. Tea waste production consists of withering, crushing, fer-
mentation, drying and finally packaging processes. All of the waste generated during

this production line is called tea waste. Tea production results in a significant amount
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of waste that cannot be effectively used for value creation. This waste contains many
different components including protein, fiber, caffeine, and polyphenols. Due to its
rich composition, it can be revalorized for different purposes. In this study, the gen-
eral composition and bioactive compounds of tea waste were reviewed. Despite the
fact that there have been few studies on the bioactivity of tea waste, those studies
have also been discussed. The extraction techniques that are used to separate the
compounds in the waste are also covered. It has been indicated that these valuable
compounds, which can be separated from tea wastes by extraction methods, have
the potential to be used for different purposes, such as biogas production, functional
foods, food additives, silages, soluble packaging materials, and adsorbents. Although
there are some studies on the revalorization of tea waste, new studies on the extrac-

tion of bioactive compounds are necessary to improve its utilization potential.
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1 | INTRODUCTION

The tea plant is an evergreen species of the genus Camelia with dark
green leaves and white flowers. It is a plant native to China. The two
most commonly used species in the production of different types
of tea are Camelia sinensis and Camelia assamica. Tea prepared by
pouring hot water on processed tea leaves is a type of beverage con-
sumed daily around the world. In addition to its taste and aroma, it
is a valuable beverage with cultural value and health benefits (Ho
et al.,, 2018; Kosinska & Andlauer, 2014). It is a widely consumed

beverage around the world. According to the estimates, 78% of the
world's tea production includes black tea production and 20% green
tea production. The production of other types of tea is only 2%. In
addition to black tea consumed all over the world, an increase in
green tea consumption has been observed with the emergence of
positive effects on health. Oolong tea and green tea are tea varieties
native to Asia in general. Pu-erh and white tea varieties are generally
preferred in Asia (Kosinska & Andlauer, 2014).

Tea is a healthy beverage and the consumption demand for tea

is increasing day by day. Thus, tea production and accordingly the

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2024 The Authors. Food Science & Nutrition published by Wiley Periodicals LLC.

3112 wileyonlinelibrary.com/journal/fsn3

Food Sci Nutr. 2024;12:3112-3124.


www.wileyonlinelibrary.com/journal/fsn3
https://orcid.org/0000-0002-8422-0478
https://orcid.org/0000-0002-6375-1608
mailto:
https://orcid.org/0000-0003-0335-9433
http://creativecommons.org/licenses/by/4.0/
mailto:capanogl@itu.edu.tr
http://crossmark.crossref.org/dialog/?doi=10.1002%2Ffsn3.4011&domain=pdf&date_stamp=2024-03-04

CAKMAK ET AL.

—Wl LEYJﬂ

amount of tea waste are increasing. Tea wastes occur during the
pruning of tea trees, after daily tea consumption, and during indus-
trial production. Tea waste is generated in every process applied
to tea in factory production. These processes can be counted as
withering, crushing, fermentation, drying and finally packaging pro-
cesses. According to Negi et al. (2022), approximately 90% of tea
leaves become tea waste after processing and consumption. For ex-
ample, it is known that as a result of 857,000 tons of tea produced in
India, 190,000 tons of tea waste is generated. According to Hussain
et al. (2018), approximately 30,000 tons of tea waste are disposed
of on the Black Sea coast of Turkey. If such high amounts of tea
waste are not utilized, the economic burden will increase, and it will
cause serious environmental problems. For this reason, healthy bio-
active components, such as polyphenols in the tea residue, should
be separated by various methods. It is possible to separate these
healthy bioactive compounds with extraction methods. Thus, these
wastes are converted into biomass and used in different areas, and
recycled. As a result of the many research, thanks to the rich con-
tent of tea waste, its use in various fields such as bioenergy produc-
tion, as an adsorbent, in addition to silages, as food additives, used
in functional foods has been tried to be widespread giving hope for
the future.

This study aims to better recognize tea, which is a widely con-
sumed beverage worldwide, to emphasize and encourage the impor-
tance of utilizing tea waste by reviewing the valuable compounds
contained in tea waste and different applications for the evaluation

of these compounds.

2 | PROCESSING OF TEA AND
GENERATION OF TEA WASTE

Although tea was traditionally collected by hand for many years,

it is now frequently collected by leaf-cutting scissors or plucking

FIGURE 1 Processing of teaand
generation of tea waste.

machines. After the collection of tea, different processes, such as
oxidation and fermentation, are applied to obtain the final product.
There are several types of tea, including black tea, green tea, white
tea, oolong tea, and Pu-erh tea (Figure 1). The reason for this diver-
sity in teas is due to the difference in the oxidation and fermentation
stages that occur during tea processing. While the tea plant of the
genus C. assamica is used in the production of black tea and Pu-erh
tea, the leaves of the genus C. sinensis are used in the production of
green tea (Ho et al., 2018; Kosinska & Andlauer, 2014).

2.1 | Black tea production

Black tea production generally consists of four stages, including
withering, rolling, enzymatic oxidation, and drying (Ho et al., 2018;
Tosun & Karadeniz, 2005). Viable and wilted leaves are crushed to
oxidize tea catechins through peroxidase and polyphenol oxidase
enzymes. Characteristic flavor formation occurs as a result of the
conversion of peroxidase and polyphenol oxidase enzymes during
black tea production. The catechin content is reduced as a result of
this enzymatic oxidation. In this way, the bitterness and astringency
in the taste of tea are reduced. Fermentation is generally carried
out at 40°C for 1-2h. In the final stage of black tea production, the
crushed leaves are heated and dried. Thus, enzymes are inactivated
(Ho et al., 2018; Tanaka & Matsuo, 2020).

2.2 | Green tea production

Green tea is a type of nonfermented tea, such as white tea. In the
production of green tea, all oxidation enzymes, including polyphenol
oxidase, are inactivated. For this purpose, fresh tea leaves are with-
ered immediately after harvest by applying high temperature, stir-

frying, or steam shock. Peroxidase and polyphenol oxidase enzymes
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are inactivated by pan-frying or steaming the tea leaves. This en-
sures that the compositions of fresh leaves and green tea polyphe-
nols are similar (Ho et al., 2018;Tanaka & Matsuo, 2020; Tosun &
Karadeniz, 2005). The next steps after withering the leaves in green
tea production are rolling and drying (Tanaka & Matsuo, 2020; Tosun
& Karadeniz, 2005).

2.3 | Oolong tea production

For the production of oolong tea, the leaf margins are often par-
tially crushed to separate the catechins and enzymes. Next, the
fermentation step of oolong tea takes place semi-enzymatically (Ho
et al., 2018). Generally, in the production of oolong tea, a slight with-
ering process is applied to the fresh leaves by applying a hot air flow
or with the help of the sun, so that the water of the leaves is partially
removed and cooled with the help of airflow. The leaves are then
curled, a process to increase the contact surface for the fermentation
step, also known as oxidation. Semi-fermentation process is applied
in the production of oolong tea. After fermentation, another impor-
tant step, drying, is applied. It is important to repeat the drying pro-
cess at regular intervals because, under different storage conditions,
tea can continue enzymatic oxidation by absorbing moisture from
the environment (Koca & Bostanci, 2014; Tosun & Karadeniz, 2005).
In oolong tea production, the oxidation stage is kept shorter than the
black tea production (Salman & Ozdemir, 2018).

2.4 | Pu-erh tea production

Pu-erh tea is a rare variety of tea that belongs to the category of
Chinese black tea (Ho et al., 2018). Generally, one bud and 2-3 leaves
of fresh and large green tea leaves are used in the production of Pu-
erh tea. Fresh tea leaves are left on bamboo mats for 8 h to dry, which
ensures partial drying. Then, the leaves are heated in the drum to
inactivate the polyphenol oxidase enzyme, but the enzyme activ-
ity is partially preserved (Lv et al., 2013). A milder heating process
is used than green tea, so not all the enzymes are inactivated (Ho
etal, 2018).

The rolling process applied to Pu-erh tea takes less time than
green tea. This results in curled leaves in a loose state. This is a
situation that facilitates the postfermentation process. The rolled
tea leaves are dried with the help of the sun at a temperature of
more than 30°C. At the end of this drying process, approximately
8% moisture content is obtained. After fermentation, the sun-dried
leaves undergo some oxidation and decomposition, resulting in the
characteristic sensory properties of Pu-erh tea. Autoclaving and
second drying processes are applied to Pu-erh tea after the final
fermentation stage. Thus, it can be compressed in different ways
(Lv et al., 2013). Various microorganisms, such as Aspergillus niger,
Saccharomyces, Penicillium, and Aspergillus candidus, play a role in the
quality of Pu-erh tea including aroma, color, taste, and health effects
(Ho et al., 2018; Lv et al., 2013).

2.5 | White tea production

The tips of Camelia sinensis tea buds have white and hair-like struc-
tures at harvest time. White tea took its name from these white
structures (Ho et al., 2018). Only Camellia sinensis (L.) O. Kuntze plant
can be used in the production of white tea. Although it is used in
a very simple process, it is a very expensive type of tea since the
buds can only be picked by hand and it involves the use of very fresh
tea buds. The collected buds are generally dried in the shade, under
the sun, or in tumble dryers. Depending on which method will be
used, the buds are first wilted and then dried. They are left to dry
for 23-34h at room temperature and in the shade until the moisture
content reaches around 5%-7%. Harvesting the raw material in the
first shoot period is a very important factor in the quality of white
tea. Leaves should be collected and processed at the right time, tak-

ing into account the climatic conditions (Salman & Ozdemir, 2018).

2.6 | Generation of tea waste

Tea is one of the most consumed nonalcoholic beverages and its con-
sumption has increased considerably in recent years around the world.
The total tea production in the world is about 6 million tons, and its
global consumption is about 5.8 million tons. During the production
of tea, tea waste is generated and it mostly consists of fibrous waste.
A small part of this waste is used as raw material for feedstock or as
compost. However, a very large part of the waste generated during
tea processing is thrown away. Incorrectly incinerated or disposed tea
waste causes major environmental problems. These wastes pollute
the water, soil, and air. Therefore, sustainability studies have increased
in recent years. The concept of “waste to wealth,” which is an environ-
mentally friendly concept, is growing. This concept helps to reduce
wastewater treatment costs, and supports sustainability. It aids the
valorization of modified and raw tea wastes (Debnath et al., 2021).

On the other hand, tea waste is also generated after the tea is
brewed and called as “Spent tea leaves (STLs)". Tea leaves are pro-
cessed by extraction also known as brewing and used in various in-
dustrial products. After brewing, the residue (STLs) correspond to
app. 90% (Hussain et al., 2018), and this large amount of solid waste
produced in different points including houses, tea shops, hotels, etc.
causes environmental pollution. Disposal of these wastes requires
economic support, large areas, and efforts. Due to this increasing
requirement and demand, many studies have been carried out by
scientists to find solutions for the valorization of this waste (Negi
et al., 2022; Sermyagina et al., 2021).

This waste is the unused portion of tea that has been processed
in tea production. Therefore, it has a similar composition to processed
tea. Although there are many different types of tea, tea waste with a
similar content is obtained from all of them. The various tea production
methods and the extraction of tea waste are summarized in Figure 1.
Tea waste has a very rich content, and in addition to its nutritional com-
ponents such as fiber and protein, it also contains functional compo-
nents, such as phenols, tannins, steroids, and saponins. Especially some
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types are accepted as a good source of proteins and have a variety of
amino acids (Jiang et al., 2019; Kondo et al., 2018; Xu et al., 2021). It is
known that green tea leaf waste is superior to black tea leaf waste in
terms of chemical components. Although black tea leaf waste is richer
in organic matter and dry matter, its crude protein ratio is lower than
the green tea waste (Negi et al., 2022).

During the processing of green tea leaves, drying is applied im-
mediately after harvest, which has the function of stopping oxidation
and enzymatic activity. Thus, the harmful effects of polyphenols and
proteins are prevented (Kondo et al., 2018). The processing of black
tea leaves is aimed at accelerating the oxidation, thus enzymes, such
as peptidase and polyphenol oxidase, are also activated. Black tea leaf
silage has more fiber content than green tea leaf silage. Tea waste has
been mostly used in fiber-rich food products; green tea leaf silage, on
the other hand, has been also used in functional foods due to its rich
phenolic and lactic acid contents. In addition, tea waste is an important
source of saturated fatty acids (Fadhil & Saeed, 2016).

Tea waste has significant structural and nutritional potential, and
it can be used in the production of both food and nonfood prod-
ucts. By contrast, raw compost is often dumped in landfills and its
use is very limited. Recently, due to increasing environmental and
nutritional concerns, these wastes have been evaluated as biocom-
ponents (Negi et al., 2022).

3 | COMPOSITION AND BIOACTIVE
PROPERTIES OF TEA WASTE

3.1 | Composition of tea waste

Even though there are many different types of tea, the composition
of tea waste is mostly similar. The main components of tea waste are
structural proteins, lignin, cellulose, hemicellulose, secondary metabo-
lites, and minerals (Guo et al., 2021; Panneerselvam et al., 2011). There
are only few studies in which the proximate composition of tea waste
was analyzed. Zheng et al. (2017) reported that the proximate compo-
sition of green tea on a dry basis was 27.2% crude protein, 2.11% lipid,
5.1% ash, and 8.0% moisture. Also, they reported that green tea waste
contains 6.1% polyphenols, 1.14% free amino acids, and 14.1% crude
fiber (Zheng et al., 2017). Another study reported that tea waste con-
tains 20.82% crude protein, 5.23% lipid, 4.92% ash, %13.69 moisture,
17.06% crude fiber, 4.58% cellulose, 13.96% hemicellulose, 0.54% cal-
cium, 0.36% phosphorus, and 0.18% silica (Sudheer Babu et al., 2022).

3.2 | Phenolic compounds in tea waste

The phenolic content of the tea plant may be related to the maturity
of the leaf. The type of tea plant, climate, season, and growing condi-
tions are other factors that can affect the polyphenolic profile (Ahmed
et al., 2019). A study showed that mature leaves contain higher levels
of epigallocatechin (EGC) and epicatechin (EC), whereas, young leaves
and buds contain epicatechin gallate (ECG) and epigallocatechin

gallate (EGCG). In addition, it has been observed that mature leaves
contain less caffeine than younger leaves. This difference was attrib-
uted to the collection method and collection period (Ho et al., 2018).
Theaflavins, which are oxidized dimers of catechins, and thearubigins,
which are oxidized polymers of catechins, are compounds that give
black tea its characteristic properties. These are the features that de-
termine the quality of the tea, such as the mouth feeling of the tea and
its dark reddish color. In addition, thearubigins make up 60%-70% of
the dissolved solids in the infusion. Therefore, thearubigins are very
important components of black tea (Ho et al., 2018).

Tea waste, on the other hand, has a similar phenolic composi-
tion to processed tea. Studies that have reported the phenolic com-
position of tea waste are summarized in Table 1. Ugurlu and Gglu
Ustiindag (2017) reported that the phenolic profile of green tea
waste contains catechin (C), epicatechin, epigallocatechin gallate,
epicatechin gallate, epigallocatechin, gallocatechin (GC), and gallo-
catechin gallate (GCG). In another study, Serdar et al. (2017) reported
that black tea contains catechin, epicatechin, epigallocatechin, epi-
gallocatechin gallate, and gallic acid (GA). In another study performed
by Giicli Ustiindag et al. (2016) and Guiclii Ustiindag et al. (2016), epi-
catechin, epigallocatechin gallate, gallocatechin gallate, epicatechin
gallate, and gallic acid were detected in the black tea waste. Similarly,
Balci-Torun et al. (2021) reported that black tea waste contains epi-
catechin, epigallocatechin, epigallocatechin gallate, epicatechin gal-

late, catechin, catechin gallate (CG), gallocatechin, and gallic acid.

3.3 | Bioactive properties of tea waste

Tea waste with its high bioactive content exhibits various bioactive
properties. For instance, the dietary fiber in the tea waste is rich
in bound polyphenols leading to good antihyperglycemic effects
(Huang et al., 2022). There is a synergistic effect between dietary
fibers and bound polyphenols, and helps reducing the harmful bac-
teria in the gut and increasing the beneficial bacteria. Thanks to the
hypoglycemic and antioxidant properties of tea residue proteins,
they can be used in the preparation of peptides that provide natural
blood pressure-lowering effects (Xingfei et al., 2020).

The phenolic compounds in the tea waste, such as catechin and
its derivatives, have various bioactive properties, including anti-
cancer, antioxidant, and anti-inflammatory activities (dos Santos
et al., 2020). Studies indicated that tea waste, similar to that of tea
itself, exhibits antioxidant activity. For instance, the antioxidant ac-
tivity of green tea and black tea wastes was measured and the half-
maximum inhibitory concentrations (IC.) of samples were reported
as 57.5 and 88.9 pg/mL, respectively (Martono, 2010). As reported
in the study, although green tea waste (13.18 gallic acid equivalent
[GAE] mg/g sample) had lower total phenolic content than black tea
waste (35.77 GAE mg/g sample), green tea waste exhibited high an-
tioxidant capacity. This is presumed to be due to the difference in
the phenolic profile since some phenolics exhibit higher antioxidant
activity than the others. Studies focusing on the bioactive properties
of tea waste are summarized in Table 2.
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TABLE 1 Phenolic compounds in tea waste.?

GC EGC ECG EGCG CG GCG GA Reference

EC

Sample

(Balci-Torun et al., 2021)
(Serdar et al., 2017)

0.70+0.00

4.10+0.04 0.60+0.01 1.20+0.01 0.70+0.00 1.60+0.01 0.60+0.03

0.80+0.00

Black tea waste

<L

Black tea waste

(Guclii Ustiindag et al., 2016)

0.65+0.02

1.05+0.05

0.26+0.02
6.06+1.39

4.69+0.09

Black tea waste

(Ugurlu & Giiglii Ustiindag, 2017)

45.58+10.14 1.34+0.64

10.56+1.04 1.54+0.10 21.66+3.70

0.90+0.06

Green tea waste

Abbreviations: -, not detected or analyzed; +, detected but not quantified; C, Catechin; CG, Catechin gallate; EC, Epicatechin; ECG, Epicatechin gallate; EGC, Epigallocatechin; EGCG, Epigallocatechin

gallate; GA, Gallic acid; GC, Gallocatechin; GCG, Gallocatechin gallate.

@Results are presented as milligrams/gram (mg/g) sample.

CAKMAK ET AL.

In addition to the studies related to enrichment of foods for human
consumption, tea waste has been studied to be used as feed for ani-
mals such as goats and sheeps. Tea waste addition to the feed of an-
imals resulted with an improvement in rumen fermentation (Kondo
etal., 2018) and lactic acid bacteria growth (Kondo, Naoki, et al., 2004).

4 | EXTRACTION METHODS OF
BIOACTIVE COMPOUNDS FROM TEA
WASTES

Due to the tea waste being rich in bioactive components, various
extraction methods are applied to extract bioactives from tea waste.
There are four main active components in tea waste, including poly-
phenols, protein, fiber, and caffeine (Miao et al., 2022). Different ex-
traction methods can be used for different active components found
in tea waste which is expected to be environmentally friendly and
economic. The energy spent and the time required during extraction
are the factors which are especially important during the processing

of large amounts of waste (Serdar et al., 2017).

4.1 | Extraction of phenolic compounds from
tea waste

Different methods are used to extract the polyphenols present in
tea waste including solvent extraction, enzyme-assisted extrac-
tion, ultrasound-assisted extraction, microwave-assisted extraction,
high-pressure processing extraction, supercritical liquid extraction,
subcritical solvent extraction, subcritical water extraction, and chro-
matography (Miao et al., 2022; Mushtagq et al., 2017).

41.1 | Solvent extraction

Solvent extraction is a method mostly used to extract caffeine from
tea waste. In this method, caffeine in the tea waste is denatured
and then it is extracted with alkali or lime. The solvent is removed
by evaporation. The remaining residue is extracted with hot water
for purification and crystallization (Miao et al., 2022). As another
method, it is possible to extract denatured tea waste with hot water.
After this step, the caffeine in the tea waste is transferred to or-
ganic solvents by using dichloromethane or ethyl acetate. Caffeine
is then obtained through purification and crystallization steps (Miao
et al,, 2022; Serdar et al., 2017).

4.1.2 | Enzyme-assisted extraction

Some of the bioactive components in plant materials are bound to
carbohydrates and therefore it is difficult to extract them in the
aqueous phase. Enzyme-assisted extraction provides the libera-
tion of bound compounds and as a result, compounds are easily
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Sample

Black tea oven waste

Black tea oven waste

Tea waste

Black tea waste

Black tea waste

Black tea waste

Black tea waste

Black tea waste

Green, oolong, and
black tea infusion
waste

Green tea waste

Tea waste

Black tea waste

Component

Phenolic compounds

Phenolic compounds

Phenolic compounds

Ethanolic extract

Methanolic extract

Phenolic compounds

Phenolic compounds

Tea extract

Phenolic compounds

Water extract
of bioactive
components

Catechins

Main bioactivity

Antioxidant activity

Antimicrobial activity

Antioxidant activity

Antioxidant activity

Antioxidant activity

Antioxidant activity

Antimicrobial activity

Antioxidant activity

Antioxidant activity,
antihypertensive
activity

Antioxidant activity

Antioxidant activity

Antioxidant activity

Outcome

3.59+0.38,0.92+0.11, and 2.38 +0.25 umol TE/
mg extract antioxidant activity for DPPH,
FRAP, and ABTS, respectively, with the 50%
ethanolic extract

3.62+0.50, 3.89+0.72, and 3.90+0.68 zone of
inhibition (mm) against S. aureus, S. flexneri,
and B. cereus, respectively, with the 80%
ethanolic extract

e More than 80% DPPH free and hydroxyl
radicals scavenging activity;
e High survival rate on zebrafish embryos

No significant difference between the antioxidant
activities of raw and spent tea leaves

More than 40% of DPPH radical scavenging
activity for 80% ethanolic extract

App. 2.2 pmol TE/mg extract antioxidant activity
with ABTS test for 80% ethanolic extract

25.00+1.41,22.00+0.70, 20.00+ 1.41, and
16.00+0.70 zone of inhibition (mm) against
E. coli, S. aureus, B. cereus, and S. typhimurium,
respectively, with 40 uL of extract

e Highest extraction yield observed at the
highest concentration;

e Higher antioxidant activity with ethyl
acetate compared to hot water and methanol
extraction

e The highest antioxidant activity in green tea
waste (18.76 +0.46 pg/mL IC,, for DPPH
method, 25.41+0.21ug/mL IC,, for ferric ion
reducing power, and 27.57 +0.42ug/mL I1C,,
hydroxyl radical scavenging activity);

e The highest ACE inhibitory effect (46.72 ug/
mL. IC,,) in black tea waste

57.48 +0.33mg Trolox/g extract at 2.5% (g/mL)
by DPPH method

e App. 5.5 FRAP value at a concentration of
10.0mg/mL extract;

e More than 90% DPPH free radical scavenging
activity at a concentration of 10.0mg/mL
extract;

e More than 70% hydroxyl radical scavenging
activity at a concentration of 10.0mg/mL
extract;

e More than 70% superoxide anion radical
scavenging activity at a concentration of
10.0mg/mL extract

e 12.17+0.00mM Trolox/mg compound activity
with CUPRAC method;

e 3.42+0.09pug/mL SC,, value with DPPH
method;

e 2.78+0.05pg/mL SC,, value with ABTS
method

Reference

Giiglii Ustiindag
et al. (2016)

Giiclt Ustiindag
et al. (2016)

Gao
et al. (2020)

Abdeltaif
et al. (2018)
Otag, (2023)

Otag, (2023)

Farhoosh
et al. (2007)

Xue et al. (2018)

Makalesi
et al. (2020)

Sui et al. (2019)

Kantar
et al. (2022)

transferred to the extraction solvent (Nadar et al., 2018). Enzyme-
assisted extraction provides higher extraction yield by lowering
the damage of bioactives caused by the extraction method. On the
other hand, it can be expensive and there is still a biological residue

that needs to be removed after extraction. There are many carbo-
hydrates in tea waste that can be catalyzed and easily removed
by enzyme-assisted extraction. In a study, an enzyme-assisted ex-
traction process was applied to extract the polyphenols in black
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tea wastes. Tea wastes were hydrolyzed with various enzymes
and supercritical carbon dioxide and ethanol (SC-CO,+EtOH)
were used as cosolvents. Conventional solvent extraction was
also used for comparison. For the conventional method, the ratio
of EtOH+H,0 (80:20, v/v) was used. As a result of the study, it
was reported that the use of Kemzyme® increased the extraction
efficiency by 5 times (Mushtaq et al., 2017). Kemzyme® is a mul-
tiple enzyme product that contains enzymes, such as lipase, pro-
tease, a-amylase, pectinase, and hemicellulase. It is used to break
down nonstarch polysaccharides (Abbas et al., 1998). The condi-
tions of the study were determined as a temperature of 45°C, the
hydrolysis time was 98 min, the pH was 5.4, and the tea waste
was treated with 2.9% (w/w) Kemzyme®. It has been concluded
that the enzyme-assisted SC-CO, + EtOH extraction method is an
environmentally friendly and effective method for the recovery
of polyphenols in tea waste with antioxidant activity (Mushtaq
et al., 2017).

4.1.3 | Microwave-assisted extraction

Microwave-assisted extraction is based on the ability of polar chemi-
cals to absorb microwave energy in conjunction with their dielec-
tric constant. In contrast to traditional heating, microwave radiation
heats a sample uniformly, rapidly, and simultaneously throughout.
The moisture within cells allows microwave radiation to heat them,
and when the moisture is evaporated, pressure is applied to the cell
wall. The high pressure breaks down the cell wall, allowing the com-
ponents to pass into the solvent (Mari¢ et al., 2018). In the micro-
wave heating method, the effect of temperature was investigated
without using any organic solvents and catalysts. It was reported
that the content of phenolic compounds in tea wastes increased
when the temperature was increased from 110°C to 230°C (Miao
et al., 2022). Extraction using hot water is a simple method, but it
is insufficient when recycling large amounts of waste is desired be-
cause this method requires high levels of energy and long extrac-
tion times. The microwave-assisted extraction method is considered
as a good approach due to its low-energy consumption and shorter
extraction time required. With the power of the microwave, the
structure of the cell wall is disrupted and thus, catechins and caf-
feine can more easily pass into the extraction solvent. In a study,
microwave-assisted extraction was applied at 80-100°C for 30 min
with a solvent:tea ratio of 20:1 (mL/g) and compared to the conven-
tional method. Results showed that both extraction methods had
similar yields. However, authors suggested microwave-assisted ex-
traction as a more effective method since it was more economical

and took shorter time to apply (Serdar et al., 2017).

4.1.4 | Supercritical fluid extraction

Supercritical fluid has liquid-like density and solubility due to its gas-
like diffusion, viscosity, and surface tension properties. Supercritical

fluids can easily diffuse into solid materials due to their low viscosity
and relatively high diffusion properties. An increase in the diffusion
results in an increase in the extraction yield. Moreover, generally
recognized as safe (GRAS) solvents are used in supercritical fluid ex-
traction (da Silva et al., 2016). In particular, carbon dioxide is one of
the most frequently used solvents for supercritical fluid extraction
and it has many advantages, including being safe for humans and
the environment, use of lower temperatures (around 30°C) for the
extraction of bioactive molecules, and protection of extracts from
air and light during the extraction procedure (Barbosa et al., 2014).
These properties enable the compounds to be extracted more ef-
ficiently. In a study, polyphenols in tea wastes were extracted by
taking advantage of the high solubility of supercritical CO,. The su-
percritical extraction fluid method was used for the sequential ex-
traction of catechins and caffeine from green tea waste. The study
was carried out at four different temperatures (30, 40, 50, and 60°C),
times (1, 2, 3, and 5h), and pressure values (10, 20, 25, and 30 MPa),
and it was observed that extraction at 60°C and 25MPa pressure
for 3h provided the optimum conditions for the extraction yield of
catechin. However, it has been stated that it is not a very suitable

method for caffeine extraction from tea waste (S6kmen et al., 2018).

4.1.5 | Subcritical solvent extraction

Another method that can be used to separate tea polyphenols from
tea waste is semicontinuous subcritical solvent extraction. The po-
larity of the solvent decreases under subcritical conditions and in
this way, the diffusion properties of solvent improve. Combining
the subcritical water with an organic solvent improves extraction
yield, extraction time, solvent consumption, and solubility of com-
pounds (Kwon & Chung, 2015). In a study, it was observed that this
method increased the solubility of polyphenols in black tea waste
more than the hot water extraction and the yield of polyphenols
was increased (Miao et al., 2022). In a study, optimum conditions for
extraction of phenolics from black tea waste by subcritical solvent
extraction were analyzed. Results showed that the optimum condi-
tions were a 1:1 ethanol-water solvent ratio, 0.3 MPa pressure, and
125°C temperature. It was also mentioned that, this method is suit-
able to extract nonextractable polyphenols in tea waste (Rajapaksha
& Shimizu, 2022).

4.1.6 | Subcritical water extraction

Since water is a polar molecule, it is not an effective solvent for
extracting nonpolar or organic molecules. However, the diffusion
properties of water can be enhanced by changing the pressure
(1-22.1 MPa) and temperature (100-374°C). Subcritical water has
lower viscosity, dielectric constant, and surface tension, therefore
it can act like organic solvents and dissolve some compounds that
have low and medium polarity (Zhang et al., 2020). Subcritical water
extraction is a method used to remove caffeine from tea waste. It
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is known that caffeine recovery is higher in this method compared
to the traditional hot water extraction method. While the recovery
rate in conventional hot water extraction is 0.46%, it reaches 0.77%
in subcritical water extraction. This value is valid under conditions
of 0.5mm average particle size, 175°C temperature, and 4g/min
water flow rate in subcritical water extraction (Miao et al., 2022).
A study observed that 77% of the caffeine in the tea wastes was
recovered within approximately 1.5h, and no relation between
the extraction speed and extraction efficiency and the pressure
was observed (Shalmashi et al., 2010). In another study, optimum
conditions (temperature, time, and flow rate) to extract L-theanine
and catechins from green tea waste using subcritical water extrac-
tion were analyzed. Maximum yield for L-theanine was observed
at 90°C in 60min (2mL/min) as 4.38+0.48 mg/g dry wt. The ex-
traction yield of catechin was temperature- and time-dependent.
The maximum yield for catechin was observed at 90°C and 60 min
at 2mL/min and 110°C and 45min at 4mL/min (Ugurlu & Gugli
Ustiindag, 2017).

41.7 | Chromatography

One of the methods that can be used to separate tea polyphenols
from tea waste is chromatography. The method is mostly applied
after an extraction procedure to separate the phenolic fractions and
purification of phenolic groups or compounds. In a study, column
chromatography was used to separate and purify polyphenols from
decaffeinated green tea waste. After the purification by chromatog-
raphy, the purity of green tea polyphenols was found to be approxi-
mately 98%, and the catechin content was more than 91%. In this
method, the first step is to remove the caffeine and the second step
is to separate polyphenols. Different percentages of ethanol were
used for these steps. It has been observed that the recovery of tea
polyphenols could be as high as 86%. It has many advantages such
as being simple, economical, highly efficient, clean, environmentally
friendly, and toxic residue-free method having good stability (Miao
et al., 2022). Column chromatography is a method used to separate
and ensure purification of the bioactive compounds. In another
study, gas chromatography method was applied to ensure the recov-
ery of phenolic compounds from tea wastes. As a result of the study,
it was observed that the extraction of phenols was quite high with a
yield of 95.02%. It also provides an environmentally friendly method

for the recovery of tea waste (Tahir et al., 2021).

4.2 | Extraction of protein compounds from
tea waste

Tea waste could also be a valuable source of proteins for which dif-
ferent extraction methods have been developed. This is very impor-
tant in terms of recycling tea residues to obtain high-value products.
The protein extraction methods applied to tea waste are enzymatic
methods and alkaline extraction methods (Miao et al., 2022).

4.2.1 | Alkaline extraction

The alkaline method is widely used for the extraction of proteins pre-
sent in tea waste. Most of the proteins found in tea waste are soluble at
alkaline pH but insoluble at neutral pH. This is due to the disulfide bonds
they contain and their hydrophobic properties. In this method, the ex-
traction rate generally varies between 15% and 60%. To increase the
extraction rate of the proteins, the temperature may be kept as high as
60-95°C. Although the use of high temperature increases the extrac-
tion rate, it can cause the proteins to denature. As a result, protein bio-
activity and functionality may be affected, and toxic compounds may
form. In cases where the alkali concentration is high, Maillard reactions
increase and cause excessive browning. Despite these disadvantages,
alkaline extraction method can be still preferred because it is suitable
for industrial production and this method can be combined with other

methods to prevent these problems (Miao et al., 2022).

4.2.2 | Enzymatic extraction

One of the methods used for the extraction of tea waste proteins is
the enzymatic extraction method. In this method, protease is used as
an enzyme which hydrolyzes the tea residue protein, facilitating the
extraction. It also has effects such as shortening the peptide chain
and reducing the molecular weight. In a study, the extraction time
was kept as 1.5 h, the temperature was 60°C, the latitude was 2.5%,
the pH was 9.5, and the liquid-solid ratio was 20:1, and it was de-
termined that these conditions provided the optimum conditions for
extraction. The extraction rate obtained under these conditions was
56.95% (Yuan et al., 2013).

4.3 | Extraction of fiber compounds from tea waste

Another compound found in tea waste is natural dietary fiber. The tea
waste mostly contains insoluble dietary fiber. Some studies focused
on the modification of insoluble dietary fiber to soluble dietary fiber
since soluble fiber has many health benefits such as controlling blood
sugar and reducing lipid metabolism in the human body. Several meth-
ods including acid-base method, fermentation and enzyme treatment
are used to modify the fiber in tea waste and extract the soluble di-
etary fibers (Miao et al., 2022). Dietary fiber in tea waste is usually
extracted using the enzymatic extraction method. For this purpose,
starch is catalyzed with a-amylase, and then the protein is catalyzed
with papain. Dietary fiber is separated via centrifugation of floccula-
tion depending on its solubility (Chen et al., 2020; Huang et al., 2021).

5 | UTILIZATION OF TEA WASTES FOR
DIFFERENT PURPOSES

Recycling of agricultural waste is vital for sustainability. In this re-
gard, studies on how to recycle tea waste will provide great benefits

85UB017 SUOUIWIOD BA11e81D) 3ol jdde ay) Aq peueob ae sooiLe VO '8sN JO San. 1oy Akeid1T8UIIUQ AB]IA UO (SUONIPUCO-PUR-SWIIBIALIOY"AB | 1M Afe.d|1|Bul [UO//STY) SUORIPUOD pue sWwie 1 841 88S *[S5202/c0/20] uo Akeiqiauliuo Ajim ‘AiseAUN Wiez unteuedes Inquess| Aq TTOp'SUSH/Z00T 0T/I0p/W0d" A8 1M Aeiq1pul|uo//Scny wouy papeojumod 'S 'v20z ‘LLT.8¥02



CAKMAK ET AL.

3120
—I—Wl LEY-

for countries with high tea production and tea consumption. Tea
wastes used for high-value applications have a great potential to
be used in more valuable applications rather than other agricultural
waste materials that are recycled. It has been reported that there
are many usage areas of tea residues, including bioenergy, functional
foods, food additives, packaging materials, silage and adsorbents.

5.1 | Functional foods

Recently, there has been a high interest in providing health benefits
with food consumption. Providing health effects to foodstuffs from
waste sources is also an important research area. Since tea waste
contains various bioactive compounds that have different physi-
ological functions and are beneficial for human health, it has the po-
tential to be used in the production of functional foods. For instance,
tea fruit peel, an agricultural waste of the tea production industry,
contains phenols with high levels of antioxidants. Besides, green
tea fruit peel extract has antiangiogenesis and anti-obesity effects.
Therefore, the obesity prevention effect of green tea fruit peel ex-
tract can be used in the formulation of functional foods (Chaudhary
etal., 2014).

Some studies evaluate the usage of tea wastes in food products.
For instance, melon seed powder and tea stalk caffeine were used
for the production of functional energy drinks. As a result of the
study, the beverage that has been formulated with tea stalk caffeine
showed a better antimicrobial property against some pathogen
microorganisms, including Staphylococcus aureus, Escherichia coli,
Bacillus cereus, and Aspergillus niger. In addition to this, sensory prop-
erties, such as color, mouthfeel, odor, taste, and total acceptance,
were improved. The beverage was more nutritious with improved
vitamin and mineral contents as well as total phenolic compounds
(1.56 mg gallic acid equivalents/mg) and antioxidant capacity. It was
concluded that the use of this combination provides cheaper food
ingredients in the practical application of the production of func-
tional energy drinks (Selahvarzi et al., 2021).

5.2 | Nutritional additives

Separation of active components from tea wastes by extraction
is another recovery method to use them as food additives (Sui
etal., 2019). It is known that tea waste can also be used as a natural
colorant. Tea contains some compounds that give its unique color.
Of these, thearubigins are responsible for their reddish-brown
color, theaflavins for their yellowish-brown color, pheophorbide
for their brownish color, carotene for their yellow color, and fla-
vonol glycosides for their light yellow color (Roofigari Haghighat,
et al., 2020).

Due to the high phenolic levels of tea, natural pigments ob-
tained by the extraction method are observed to have antioxidant
activity (Miao et al., 2022). In a study, the most suitable extraction
conditions were investigated to separate natural pigments from

black tea wastes. As a result, optimum processing conditions were
determined as 80°C by using ethanol:water as solvent with a ratio
of 50:50 (Roofigari Haghighat, et al., 2020). In another study, a
colorless jelly (aloe vera) was colored using brown commercial
color pigment purchased from the local market or brown colorant
extracted from tea waste. By adding 10 mL of colorant extracted
from the tea waste and 1 mL of the commercial colorant, the same
color of the jelly was obtained (Roofigari Haghighat, et al., 2020).
As a result of the study, it was observed that there was no dif-
ference in the taste of the jelly colored separately with natural
and commercial pigments, and even the jellies colored with natural
pigments were preferred (Miao et al., 2022). In another study, it
was reported that the shelf life of the food could be extended,
and the quality of the food could be preserved by the application
of polyphenols in the tea wastes as a natural antioxidant source.
Because, the reactions that allow the proliferation of free radicals
that occur during the oxidation process can be inhibited by poly-
phenols (Abdeltaif et al., 2018).

5.3 | Biodegradable packaging materials

Green packaging is a material that prevents the formation of envi-
ronmental pollution by biodegrading in nature. There are several
methods to use tea wastes in the production of green packaging sys-
tems. Some of these methods are formation of nanocrystalline cel-
lulose (NCC) and microcrystalline cellulose (MCC). Nanocellulose is a
biomass material obtained by decomposing natural cellulose through
biological, chemical, and physical means and is available at the na-
noscale (Miao et al., 2022). In a study, acid hydrolysis was applied to
tea wastes to prepare NCC. As a result of the study, it was observed
that the NCC efficiency reached 49.87% (Guo et al., 2020). Due to its
flexibility and high strength against shrinkage, NCC can be used as a
packaging substrate in green packaging production. In a study where
oolong tea was used as a raw material, MCC was prepared by apply-
ing acid hydrolysis (Zhao et al., 2018). In addition to these outcomes,
it was obtained that NCC and MCCs prepared using wood showed
weaker thermal stability than NCC and MCCs prepared using tea
wastes.

54 | Silage

It is also possible to use tea waste in animal feed since tea leaves
contain many active ingredients, such as proteins, polyphenols,
and minerals, and it has been observed that some insoluble ac-
tive ingredients are abundant in the tea residues left behind after
the extraction process. Tea waste as a ruminant feed is, therefore,
a good supplement because it reinforces protein, minerals, fiber,
and secondary metabolites (Miao et al., 2022). Kondo et al. (2006)
studied the effects of adding tea waste to silage on animals. As
a result of the addition of green tea waste to the silage, the fer-
mentation efficiency was found to be affected positively for the
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growth of lactic acid bacteria. In another study with goats, the
effect of green tea waste addition on the nutritional value of si-
lage was investigated. For this purpose, green tea waste, from a
local beverage company, was added to whole grain oat silage and
stored in silos for 50days. As a result, the addition of green tea
waste increased the lactic acid concentrations after fermentation.
Furthermore, dense tannin and crude protein contents in the si-
lage were found to be higher with this treatment (Kondo, Kita, &
Yokota, 2004).

5.5 | Adsorbent

After some biotransformation, waste tea leaves can be used as a
low-cost adsorbent in the removal of ions, such as Cd, Cr (1V), Hg,
and As (V) (Negi et al., 2022). Tea residue has a porous and loose
structure. It also contains components, such as carboxylic acid,
aromatic, phenolic, hydroxyl and oxyl groups as well as cellulose
and hemicellulose. These components act as a low-cost adsorbent
that removes metal ions and harmful small substances from waste-
water. Biosorption is one of the methods used to remove heavy
metal ions and, when compared to other traditional methods, it is
more efficient and less costly. It is known that tea wastes can be
used as an adsorbent to remove Ni?* and Zn?* from water (Miao
et al., 2022).

Industrial wastewater contains compounds called hydralazine
hydrochlorides. These compounds may cause symptoms, such as
increased heart rate, nausea, and vomiting. Some studies have been
carried out to remove these pollutants from water. For this purpose,
tea wastes were used as adsorbents. Endocrine-disrupting (EDC)
substance is also a very important pollutant that can be found in
wastewater, surface waters, and landfill leachate. The use of tea
wastes in the adsorption of harmful components of EDC in wastewa-
ter provided positive results, in which the adsorption capacity was
found to be the highest between acidic and neutral pH (Ifelebuegu
et al.,&amp;#x000A0;2015).

Tea waste has a high added value and it is necessary to establish
a successive industrial system for the recycling of tea waste. Various
opportunities could be offered to increase other potential uses of
tea waste. With the progresses in the technology, it is possible that
tea wastes can be used in many fields, such as biomedicine, food,
agriculture, materials, and electrochemistry, and innovative studies
should be encouraged for the implementation and improvement of

these applications.

6 | SAFETY LEGISLATION AND
CHALLENGES

One of the most important criteria for the valorization of food
waste is the safety aspect of the waste. Countries have devel-
oped regulations to ensure food safety for the use of food wastes.
Codex Alimentarius and the European Community (Regulation No.

178/2002, Article 2) regulate the legislation regarding the use of
food waste as food ingredients or additives in Europe. In the USA,
the Food and Drug Administration (FDA) is responsible for the legis-
lation of food waste. In particular, Federal Food, Drug, and Cosmetic
Act (1938) (latest amendment in 2018) and the Public Health
Service Act (PHSA 42 US C) are used for this purpose (Vilas-Boas
et al., 2021).

The wastes to be evaluated should not possess any physical,
chemical, or biological risk for the consumers. For instance, com-
pounds such as heavy metals, pesticides, microorganisms, chemi-
cal residues such as solvents, and toxins that may be found in food
waste are hazardous to human health (Costa et al., 2019). Moreover,
tea and tea waste may contain some chemical residues due to fac-
tors such as fertilizers used during the cultivation of tea and po-
tential pollution in irrigation resources. Therefore, tea waste must
be microbially safe during storage and must be kept in a way that
does not cause the formation of any microbial toxins. It is possible to
prevent safety problems by using good agricultural and production

practices and effective storage of tea waste.

7 | CONCLUSION

In this review, production, generation, bioactive properties, and
utilization of tea wastes were discussed. Tea is a beverage that is
consumed in high quantities all around the world which leads to
the generation of large amounts of tea waste. Tea waste contains
bioactive compounds that have many health benefits, in particu-
lar, antioxidant activity. Valorization of these compounds has the
potential to contribute significantly to the economy and environ-
mental protection of the countries in which high amounts of tea are
produced. By applying different extraction methods, polyphenols,
proteins, caffeine, and fibers in tea waste can be separated, which
are important for nutritional value and biological activity aspects.
However, studies on the extraction of bioactive compounds in tea
waste are still limited. For this reason, alternative methods for ex-
traction of bioactive compounds can be developed and an effective
system at industrial scale should be established. Besides, extrac-
tion processes should be optimized leading to the valorization of
these high-value-added components, thus providing advantages to
save energy and money and protect the environment. The utiliza-
tion of tea waste either directly or after extraction of the bioac-
tive compounds, and their incorporation in different functional
food systems together with other application alternatives should

be encouraged.
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