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Abstract: Tea waste as a potential biofuel and bio fertilizer was analyzed. Samples were collected
from various tea species and torrefied to five different temperatures. All samples were analyzed
for their proximal composition and calorific value. From the results, stoichiometric properties were
calculated. A phytotoxicity test was performed, and the germination index was measured. Tea waste
torrefied at 350 ◦C may be suitable biofuel reaching the calorific value of 25–27 MJ kg−1, but with
quite a high share of ash, up to 10%, which makes its use technically challenging and may lead to
operating issues in a combustion chamber. The same biochar may be a suitable fertilizer for increasing
the germination index, therefore, applicable to the soil. The non-torrefied sample and the sample
treated at 250 ◦C are not suitable as fertilizers for being toxic. The total phenolic content in waste
black tea was reduced from 41.26 to 0.21 mg g−1, depending on the torrefaction temperature. The
total flavonoid content was also reduced from 60.49 to 0.5 mg g−1. The total antioxidant activity
in the non-torrefied sample was 144 mg g−1, and after torrefaction at 550 ◦C, it was 0.82 mg g−1.
The results showed that black tea waste residues have the potential for further use, for example, in
agriculture as a soil amendment or as a potential biofuel.

Keywords: biomass; biofuel; biochar; calorific value; tea waste; phytotoxicity

1. Introduction

The limited reserves and aim to lower the European dependency on fossil fuels, the
desire to protect nature by decreasing greenhouse gas emissions, and waste production
elimination by introducing the circular economy approach are few of the many motivating
factors for looking for a new natural resource, especially in the area of biomass waste. In
the circular economy concept, waste should re-enter the production flow as recyclable or
compostable material or as a fuel [1]. When used as a fuel, dry methods are mostly used,
such as direct combustion [2,3], gasification [4], and pyrolysis [5], where low-temperature
pyrolysis is an important treatment for low-energy waste [6–8].

One of the materials that are globally consumed and leaves a large share of reusable
waste is tea. Tea is a dried leaf-infused beverage that is derived from the leaves of
Camellia sinensis L. It is the world’s second most popular non-alcoholic beverage, with
global production of almost 6 million tons in 2017 [9]. The worldwide consumption of tea
creates a similar problem to coffee. Over 90% of the tea material is left as waste after its con-
sumption [10]. Tea leaf brewing waste is a lignocellulosic biomass waste that is produced
during the tea brewing process. Tea brewing waste can be produced through domestic or
industrial processes. According to Taşar, based on statistical reports, the reserves of tea
brewing waste are high and should be evaluated [11].
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Tea waste is already being researched in many areas of reutilization. A large share
of research deals with potential medical applications for tea waste since tea has shown
a variety of health benefits, such as the alleviation of metabolic syndrome, anti-tumor
effects, and enhanced immunity [12]. Tea leaves are composed of cellulose, hemicellulose,
lignin, polyphenols, and proteins, whereas the rich polyphenol content of tea is responsi-
ble for various health benefits such as antioxidative, anti-inflammatory, anticarcinogenic,
anti-tumor, cardio-protective and several other biological activities [13]. Following Chaud-
huri, black tea extract showed significant inhibition against glucose oxidase-mediated
inflammation, both in the exudative and proliferative forms as well in the chronic phase of
inflammation [14].

Tea is also used as a water pollution absorbent. Antibiotic contamination and the
spread of antimicrobial-resistant bacteria are global environmental issues that can be
removed using carbon-based materials, including activated carbon, biochar, etc. The
usage of sustainable biochar for the sorption of water contaminants brings economic
and environmental benefits [15–18]. From the perspective of tea waste usage as a fuel
resource, biogas and solid fuel production options are being widely discussed. Aksay [19],
Manyuchi [20], Ayas [21], Ozarslan [22], and Çaǧlar [23] found the positive impact of tea
waste usage as a natural additive when producing biogas.

Tea waste was also evaluated by Mizuno [24] as a material suitable for pellet produc-
tion. In his results, the final pellet diameter did not affect the material structure composed
of cellulose, hemicellulose, and lignin. Pua measured the calorific value and conducted the
proximal analysis of a pellet made from tea waste that was produced during tea collection in
Malaysia. A pellet made from 100% tea waste exhibited a calorific value of 17.393 MJ·kg−1,
a durability index of 99.93%, and a pellet moisture content of 9.581%. The results showed
that tea waste has great potential to be a resource for fuel pellet production [25]. Inta-
gun [26] measured the applicability of tea waste used as an additive to other materials for
pellet production, for example, sugarcane bagasse. The results showed that the addition of
tea waste positively increased the bulk density and calorific value of sugarcane bagasse.
Tea waste proved to be a suitable natural additive [26]. However, a high level of ash and
deposit-forming elements were detected in fuel pellets produced when using agricultural
residues [27,28].

Tea waste used as biofuel enhancement when torrefied is still an area to discover,
with a lot of prospects. Only a few similar research inquiries have been carried out so
far. Cai investigated the thermal behavior of refused tea leaves and waste tea with TGA
under oxy-fuel and an air atmosphere [29], and Liu showed that the hydrochar pellets had
a higher fixed carbon content, elevated heating values, and enhanced mass densities in
comparison to raw biomass pellets using hydrothermal carbonization (HTC) combined
with pellet production. One of the applications of HTC is the use of tea-activated carbon as
an adsorbent [30]. Furthermore, HTC can be used to treat kitchen waste to create a source
of raw materials for energy [31].

The tea waste emission factor is also discussed in many articles. Most of the researchers
cited similar results indicating that the major emission of tea factor is the final preparation
of a hot beverage when boiling the water. The results suggest that the total impact of tea is
equal to 12.45 kg CO2 eq. kg−1 of dry tea for large-scale and 12.08 kg CO2 eq. kg−1 for small-
scale production. The main contributor is tea consumption which is responsible for 85%
of the impact because of the electricity used to boil water [32,33]. Based on Cichorowski,
cradle-to-gate of 1 kg of Darjeeling tea is between 7.1 and 25.3 kg CO2, depending on
the cultivation method, energy sources used, or mode of transportation. The cradle-to-
grave for one litter organic Darjeeling tea is about 0.15 kg CO2. The largest share, 51%,
makes up the use phase, which is clearly dominated by the boiling of water [34]. As per
Liang, the total emissions are distributed to energy use in tea processing (41%), fertilizer
production (31.6%), and soil emissions (26.7%), leading to an average of 10.8 kg CO2 kg−1 of
processed tea [35].
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The application of biochar can improve soil properties and store huge amounts of
carbon previously captured from the atmosphere by photosynthesis [36]. Many studies
have found that biochar helps the soil to better retain air, water, and nutrients dissolved
in it. Biochar is a porous, slowly decomposing material. It also binds minerals, making it
easier for soil micro-organisms to access these substances [37]. Biochar can be used directly
as a soil additive, or it can be added to compost to improve the composting process and
the quality of the final product. If it is added directly to the soil, it is better to saturate the
biochar with fertilizer at first. The nutrient saturation prevents the temporary extraction
of nutrients from the soil into the biochar, and the nutrients are slowly released from the
biochar, so there is no risk of a single overdose [38,39].

The torrefaction of tea waste is less cited in the literature, and only a few articles
investigate the use of tea waste as a fuel or soil amendment. The goal of this paper is to
evaluate the applicability of tea waste of different grinding fraction sizes and its biochar as
an alternative fuel or as a soil amendment.

The hypothesis for this paper is that tea waste can be used as an alternative to fossil fu-
els and as an alternative to soil amendments. The second hypothesis is that the torrefaction
of the material increases the energy yield and enhances the material properties.

2. Materials and Methods

Tea waste, which is the leftover from tea beverage preparation (TEA), was chosen as a
material for this research. Specifically, was used black tea (Camellia sinensis L. Kuntze.) that
was collected by one household over 4 months and dried naturally in the sun, reaching
final moisture of 7.06%. For tea preparation, usually, the leaves and leaf buds were used.

Tea waste was sorted by particle size into three groups: 0–3 mm, 3–6 mm, and
6–9 mm (Table 1) and was then torrefied in a Thermogravimetric analyzer LECO TGA 701
at a rate of 10 ◦C. min−1 and maintained there for another 60 min at the listed level of
temperature (Table 2).

Table 1. List of samples by particle size.

Tea Waste Sample Description

TEA03 Tea particle size 0–3 mm
TEA36 Tea particle size 3–6 mm
TEA69 Tea particle size 6–9 mm

Table 2. List of samples by torrefaction temperature.

Tea Waste Sample Particle Size Final Temperature

TEA0 Average of all Non-torrefied
TEA250 Average of all 250 ◦C
TEA300 Average of all 300 ◦C
TEA350 Average of all 350 ◦C
TEA450 Average of all 450 ◦C
TEA550 Average of all 550 ◦C

2.1. Proximate and Ultimate Analysis

To understand the material components and properties, a proximate and ultimate
analysis was performed for each sample. Elemental composition, moisture, and ash content
were measured in the first stage of the analysis. The calorific value was measured in the
second stage.

The moisture and ash content were measured by Thermogravimetric analyzer LECO
TGA 701 (LECO, Saint Joseph, MI, USA). To define the moisture, 1 g of each sample was
dried at 105 ◦C until constant weight. To measure the ash share, 1 g of each sample was
heated with increased oxygen concentrations up to 550 ◦C until constant weight.
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Elements composition was analyzed with the Elemental analyzer LECO
CHN628 + S using the LECO instrumental biomass combustion method. Each sample of
0.1 g was burned in oxygen at a temperature of 950 ◦C to determine the C, H, and N values.
Oxygen was calculated up to 100% of the dry sample. The elemental analyzer was regularly
calibrated with ethylenediaminetetraacetic acid, rice, and rye flour.

To measure the calorific value, 1 g of each sample was placed in a stainless-steel cup in
a secured bomb where the pressure was increased up to 3 MPa at a reference temperature of
28 ◦C. The bomb was then placed inside the isoperbolic calorimeter LECO AC600 where the
material was ignited by a cotton thread, and the whole combustion process was controlled.
The device was calibrated with benzoic acid.

2.2. Stoichiometric Analysis

To better control the combustion operations in power plants and compare theoretical
and actual combustion results, stoichiometric calculations must be performed.

Stoichiometric calculations also help in comparing the results among other materi-
als [40]. Following the Technical standards for biomass combustion, the oxygen reference
amount was set to 10% [41].

These calculations determine:
Net calorific value based on material moisture, where the calorific value was calculated

based on the results of a proximate and ultimate analysis for each sample. The calorific
value is calculated as the gross calorific value Qs (kJ kg−1) and the net calorific value
Qi (kJ kg−1) [41]. In this article, calorific value figures are used.

The theoretical amount of oxygen needed for complete combustion O2,min (m3 kg−1)
was based on the equation:

O2,min = Vm(O2)·
(

C
M(C)

+
H

M(2·H2)
+

S
M(S)

− O
M(O2)

)
(1)

where C, H, S, and O are contents of carbon, hydrogen, sulfur, and oxygen in the sample
(% wt.), respectively; Vm(O2) = 22.39 m3 kmol−1 is the molar volume of oxygen gas at
normal conditions; and M(X) (kg kmol−1) are molar masses of hypothetical species X that
combine with O2.

The theoretical amount of dry combustion air Lmin (m3 kg−1) that was determined
from the equation:

Lmin = O2,min·
100

Catm(O2)
(2)

where Catm(O2) = 23.20% wt. is a mass concentration of oxygen in the air.
The theoretical amount of dry flue gas vfg,min (kg kg−1) was calculated using

the equation:

v f g,min =
Vm(CO2)

M(C)
·C +

Vm(SO2)

M(S)
·S +

Vm(N2)

M(N2)
·N +

Catm(N2)

100
·Lmin (3)

where Vm(X) (kg kmol−1) was the molar mass of flue gas components, and
Catm(N2) = 75.474% wt. is the concentration of N2 in air.

The theoretical amount of emission concentrations of CO2,max (kg kg−1) was based on
the equation:

CO2,max =
M(C)·C

Vm(CO2)·v f g,min
(4)

Volumetric amounts of combustion products:

v(CO2) =
Vm(CO2)

M(C)
·C +

Catm(CO2)

100
·L (5)
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v(SO2) =
Vm(SO2)

(M)(S)
(6)

vN2 =
Vm(N2)

M(N2)
·N + O

Catm(N2)

Catm (O2)2,min
(7)

The calorific value Qi of original water content W is recalculated to calorific value Qin
at target the water content of Wt using the formula:

Qin =
100 − Wt

100 − W
·(Qi + 24.42·W)− 24.42·Wt (8)

where Wt (% wt.) is the water content in the target sample, W is the water content in the
original sample (% wt.), and Qi is the calorific value of the original water content.

2.3. Phytotoxicity Test

The phytotoxicity test of Lepidium sativum L. was performed by the department of
Botany and Plant Physiology, Czech University of Life Sciences Prague. An aqueous extract
was prepared from the torrefied material according to the method previously described
by [42]. The toxicity of biochar aqueous extracts was evaluated on seeds of garden cress
(Lepidium sativum L.). Thirty seeds were placed in a Petri dish lined with one sheet of filter
paper previously moistened with test solution (5 mL). Distilled water was used as the
control. Five Petri dishes were prepared for each testing variant. The Petri dishes were
germinated in an incubator for 48 h in the dark at 25 ◦C.

The germination index, which is an indicator of biochar toxicity, was calculated using:

GI =
kv·lv
kk·lk

·100 (%) (9)

kv—germination of the sample;
kk—germination of the control variant;
lv—average root length of the sample (mm);
lk—average root length of the control (mm).
Root lengths were also measured for each sample. A germination index of at least 50%

is required for use in the soil [43]. A seed was considered physiologically germinated if the
radicle was longer than 2 mm.

2.4. Preparation of the Extract

For the determination of total phenolics, flavonoids, and total antioxidant activity,
methanol extracts were first prepared. The methanol extract of black tea (Camelia sinensis L.)
was prepared according to the Czech Pharmacopoeia [44]. The 0.2 g sample was weighed
and poured in 5 mL of 70% methanol. Subsequently, the extract was shaken continuously
and heated to 70 ◦C for 25 min. Then, the samples were centrifuged (2350× g) for 10 min,
and the supernatant was stored in a 10 mL volumetric flask. This extraction procedure was
repeated once more. Subsequently, the extracts were mixed and filled up to a final volume
of 10 ml. Each variant of methanol extract was repeated 3 times at 10 ml. Each variant of
methanol extract was implemented in three repetitions.

2.4.1. Determination of the Total Phenolic Content

Total phenolic content (TPC) was determined according to the methodology described
by Singleton and Rossi [45] with slight modifications using methanol extract and Folin-
Ciocalteu reagent (Sigma-Aldrich, Saint Louis, MO, USA). Absorbance samples were mea-
sured on a UV-Vis spectrophotometer (Evolution 210, Thermo Fisher Scientific, Waltham,
MA, USA) at a wavelength of 760 nm. The content was calculated as gallic acid equivalents
(GAE mg g−1 DW).
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2.4.2. Determination of the Total Flavonoid Content

Total flavonoid content (TFC) was determined by the colorimetric method with alu-
minum chloride (Lachner, Neratovice, Czech Republic) according to the methodology
previously described by Chia-Chi et al. [46] with slight modifications, using methanolic ex-
tracts. Absorbance samples were measured at a wavelength of 415 nm. The total flavonoid
content was calculated from a calibration curve, and the result was expressed as quercetin
equivalents (QE mg g−1 DW).

2.4.3. Determination of the Total Antioxidant Activity

The total antioxidant activity (TAA) was determined using the phosphomolybdenum
method, according to Subhasree [47], with slight modifications. The sample tubes were
incubated in a water bath at 95 ◦C for 90 min, then cooled to room temperature. The
absorbance of the solution was measured at 695 nm using a spectrophotometer against a
blank. TAA is expressed as ascorbic acid equivalents (AAE mg g−1 DW). All samples for
each variant were repeated three times independently.

2.5. Statistical Analysis

A statistical evaluation of the experiment was made using the analysis of variance
(ANOVA) with the Tukey test. Statistical analyses were performed using STATISTICA
12.0 CZ software (Statsoft, Tulsa, OK, USA).

3. Results and Discussion
3.1. Proximate and Ultimate Analysis

There is a big impact of torrefaction on the elemental analysis of the analyzed sample
of tea waste. The moisture level of the material decreased from 7.06% wt. for TEA0 down
to 0.76% wt. for TEA250 and slowly increased for higher torrefaction temperatures up
to 6.29% wt. for TEA550. Materials torrefied to a higher temperature seem to be better
moisture absorbents.

With the temperature increase, the hydrogen and oxygen share declined. The hydrogen
share decreased from 5.20% wt. for TEA0 to 2.04% wt. for TEA550, and the oxygen share
decreased from 34.76% wt. for TEA0 to 3.91% wt. for TEA550.

Elements that increased their concentration with a temperature rise were mainly
carbon and nitrogen. Carbon, the main source of combustion heat of the material, increased
its concentration from 47.01% wt. for TEA0 to 73.68% wt. for TEA550. The nitrogen share
increased from 1.79% wt. for TEA0 to the highest level for TEA300 with a 2.56% wt. share
and back to 2.21% wt. for TEA550.

As per Sermyagina, in his results, green tea contains 53.14% wt. of carbon (52.93% wt.
for black tea) for TEA0 equivalent. Sermyagina measured the hydrogen share at green tea
at 6.17% wt. (6.21% wt. black tea) for the TEA0 equivalent, again slightly more than in our
research. On the other hand, Sermyagina measured a lower share of oxygen in the material,
green tea 31.56% wt. (32.61% wt. black tea) in comparison to our 34.76% wt. for TEA0 [48].

The undesired part of the fuel, ash, increased its concentration with the rise in tem-
perature, from 4.11% wt. for TEA0 to 11.76% wt. for TEA550. In comparison to other
materials, ash share is quite large for tea waste [40,49]. A detailed elemental analysis can be
seen in Table 3.

From Figure 1, we can clearly see the mutual influence of carbon share and the calorific
value of the material. Up to TEA350, a higher share of carbon leads to a higher calorific
value of the material. Above the temperature of 350 ◦C, the material starts to degrade, and
the calorific value decreases, even though the carbon share keeps increasing.
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Table 3. Proximate and ultimate analysis for tea waste sample. Values are means ± SE (n = 3).
Different letters (a–f) indicate significant differences based on Tukey’s test (p < 0.05).

Tea Waste
Sample

Carbon
(% wt.)

Hydrogen
(% wt.)

Oxygen
(% wt.)

Nitrogen
(% wt.)

Sulfur
(% wt.)

Ash
(% wt.)

Moisture
(% wt.)

TEA0 47.01 ± 0.28 b 5.20 ± 0.06 a 34.76 f 1.79 ± 0.1 a 0.08 ± 0.03 a 4.11 ± 0.06 a 7.06 ± 0.07 e

TEA250 55.67 ± 0.32 c 5.36 ± 0.07 a 30.46 e 2.34 ± 0.06 a 0.10 ± 0.25 a 5.31 ± 0.10 ab 0.76 ± 0.23 b

TEA300 64.40 ± 0.38 d 4.83 ± 0.07 e 19.25 d 2.56 ± 0.02 a 0.12 ± 0.23 a 7.02 ± 0.06 bc 1.81 ± 0.36 c

TEA350 68.54 ± 0.38 e 4.14 ± 0.07 d 13.29 c 2.55 ± 0.03 a 0.12 ± 0.23 a 8.77 ± 0.20 cd 2.60 ± 0.42 a

TEA450 72.92 ± 0.44 a 3.01 ± 0.10 c 7.57 b 2.49 ± 0.08 a 0.12 ± 0.28 a 11.14 ± 0.17 de 2.76 ± 0.79 a

TEA550 73.68 ± 0.50 a 2.04 ± 0.11 b 3.91 a 2.21 ± 0.04 a 0.11 ± 0.35 a 11.76 ± 0.12 e 6.29 ± 0.92 d
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Figure 1. Carbon and net calorific value mutual influence.

In the analysis by Sermyagina, the calorific value is equal to 20.39 MJ kg−1 for green
tea and 20.26 MJ kg−1 for black tea. A bit higher value follows the higher content of
carbon [48].

A more detailed analysis was performed for samples divided by particle size, TEA03,
TEA36, and TEA69. The results were compared with the spent coffee ground (SCG) to
show the difference among similar materials considering the final utilization and preparing
of the beverage. Results are shown in Figures 2–4.
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With the torrefaction temperature increase, the carbon share for the spent coffee
ground is slightly higher than for tea samples, which are maintained on very similar
levels (Figure 2). TEA03 sample showed the highest carbon share from tea samples at the
temperature of 450 ◦C. The reason for this difference between spent coffee grounds and
tea is that spent coffee grounds can manage higher temperatures before the material starts
degrading, above 450 ◦C, due to lower concentration of ash negatively affecting the net
calorific value [42].

All tea samples also maintain a very similar level when analyzing the calorific value
of the material. As having a slightly higher carbon share, TEA03 showed a slightly higher
calorific value at the temperature of 450 ◦C. The spent coffee ground, in comparison,
showed a higher calorific value to tea samples, especially for temperatures of 300 ◦C and
350 ◦C. As mentioned before, the reason for this difference is that the material degradation
starts at a higher temperature for SCG than for tea samples leading to high concentration
of ash for TEA samples (Figure 3).

The ash level is high for tea samples when compared to other materials, e.g., spent
coffee grounds. As the ash is the undesired part of the material, its high concentrations are
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considered negative. The highest share of ash was analyzed for TEA69 at the temperature
of 550 ◦C with 12.69% wt. spent coffee ground contained 6.95% wt. of ash at the same level
of torrefaction. TEA03 contained the lowest share of ash of tea samples for all temperatures;
considering the highest share of carbon and highest calorific value, TEA03 torrefied at
350 ◦C is the most suitable adjustment of tea waste for usage as a fuel from a proximate
perspective. The reason for higher ash concentrations of tea waste is due to being part of
the herbaceous biomass family.

3.2. Stoichiometric Analysis

To better understand the fuel combustion behavior under different conditions, various
stoichiometric analyses were performed.

To increase the heat output of the combustion chamber, more fuel needs to be led
inside. Figure 5 shows the mass flow needed for a certain heat output. The amount of
fuel needed varies per torrefaction level of material. To cover the need for 260 kW of a
combustion chamber, 39.81 kg h−1 of TEA350 fuel needs to be filled in every hour, but if
the material is not torrefied, 61.72 kg h−1 of TEA0 would need to be filled in to cover the
same heat output.
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Figure 5. Mass flow rate of fuel fed into combustion chambre to cover the desired heat output of tea
waste.

Material moisture is another factor of fuel efficiency; higher moisture signifies a lower
calorific value of material and, therefore, a larger amount to be used to cover the same heat
output. The influence between moisture and calorific value is shown in Figure 6. TEA0,
material with the lowest calorific value from the analyzed samples, contains 18.13 MJ kg−1

when there is no moisture but only 9.06 MJ kg−1 if moisture is at 50% wt. TEA350, material
with the highest calorific value, contains 26.82 MJ kg−1 when there is no moisture and only
13.41 MJ kg−1 if moisture is at 50% wt.

The dependence between O2 and CO2 for all analyzed samples is shown in Figure 7.
The results are very similar to all analyzed samples. Higher CO2 concentrations are visible
for TEA250, which signifies a higher combustion efficiency of the combustion plant and is
therefore desired.
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The dependence between O2 and CO2 is:

y = −0.901x + 17.618 (10)

The theoretical combustion air amounts for perfect combustion are shown in Figure 8.
The theoretical amount of air for perfect combustion Lmin (kg kg−1) increased together with
the torrefaction degree up to TEA350. There is a need for 5.97 kg of air for 1 kg of TEA0 to
combust or 9.25 kg of air for 1 kg of TEA550. The theoretical mass amount of dry flue gas
[ms

spmin
(
kg kg−1] has the same progress with the highest amount for TEA550.



Materials 2022, 15, 8709 11 of 16

Materials 2022, 15, x FOR PEER REVIEW 11 of 16 
 

 

The theoretical combustion air amounts for perfect combustion are shown in Figure 

8. The theoretical amount of air for perfect combustion Lmin (kg kg−1) increased together 

with the torrefaction degree up to TEA350. There is a need for 5.97 kg of air for 1 kg of 

TEA0 to combust or 9.25 kg of air for 1 kg of TEA550. The theoretical mass amount of dry 

flue gas [𝑚𝑠𝑝𝑚𝑖𝑛
𝑠 (𝑘𝑔 𝑘𝑔−1] has the same progress with the highest amount for TEA550. 

 

Figure 8. Mass combustion of tea waste. 

The share of CO2 mass concentration in dry flue gas is at the highest level for TEA250 

and then decreases for TEA300 and TEA350. CO2 mass concentration in dry flue gas is 

again at a higher level for TEA450 and TEA550. The share varies among 27.2% and 27.9% 

of dry flue gas: [𝐶𝑂2𝑚𝑎𝑥 (% 𝑤𝑡. )]. Very similar numbers are also in Figure 9, showing the 

theoretical volumetric combustion. 

 

Figure 9. Volumetric combustion of tea waste. 

The final calculations of the stoichiometric combustion processes in the diffusion 

combustion fields have a direct dependence on the elemental composition of the treated 

tea residue samples. The results of the stoichiometric analysis indicate the behavior during 

real combustion where increased emission concentrations can be avoided as determined 

Figure 8. Mass combustion of tea waste.

The share of CO2 mass concentration in dry flue gas is at the highest level for TEA250
and then decreases for TEA300 and TEA350. CO2 mass concentration in dry flue gas is
again at a higher level for TEA450 and TEA550. The share varies among 27.2% and 27.9%
of dry flue gas: [CO2max (% wt.)]. Very similar numbers are also in Figure 9, showing the
theoretical volumetric combustion.
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Figure 9. Volumetric combustion of tea waste.

The final calculations of the stoichiometric combustion processes in the diffusion
combustion fields have a direct dependence on the elemental composition of the treated
tea residue samples. The results of the stoichiometric analysis indicate the behavior during
real combustion where increased emission concentrations can be avoided as determined in



Materials 2022, 15, 8709 12 of 16

CO and NOx emission measurements for wood fuels [50] and herbaceous biomass [51], but
also in the combustion of food industry wastes where significant reductions in emission
concentrations were observed [52].

3.3. Phytotoxicity Test

As for spent coffee grounds [42], tea waste torrefaction is also applicable as a possible
soil amendment. Figure 10 compares the germination index of the tea control sample
with analyzed tea samples after torrefaction. In the non-torrefied sample, the index of
germination was 0%. The sample torrefied at 250 ◦C also showed phytotoxic effects. Tea
in the form of crude plant waste is characterized by a strong phytotoxic effect, associated,
among other things, with its content of flavonoids, catechins, polyphenols, tannins, and
other secondary metabolisms [53,54]. According to Rezaeinodehi [55], organic compounds
present in spend tea waste may inhibit plant germination or growth.
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Figure 10. Phytotoxicity affects different grinding fraction sizes of tea aqueous extracts on the
germination of Lepidium sativum L. seeds after 48 h. Data are expressed as means of five independent
bioassays (five replicates for each concentration (aqueous extracts) per bioassay) ± SE. The different
letters (a–e) indicate significant differences between treatment effects when compared to the control
(ANOVA, Tukey’s test, p < 0.05).

The phytotoxicity decreased with an increasing torrefaction temperature. The sample
at 350 ◦C ranged from 117 to 119% of the germination index, depending on the size of the
grinding fraction. The germination of biochar from tea was also studied by Borgohain [56],
who found very similar results. A positive effect of torrefaction on germination was also
found by Remay [57]. For samples at 450 ◦C and 550 ◦C, as temperature increased, the
germination index values decreased.

Grinding coarseness (0–9 mm) does not have a significant effect on the seed germina-
tion index, as seen in the graph. From the results, it can be concluded that tea waste can be
used as a soil additive, especially the TEA350 torrefaction. Moreover, it is an effective way
to recycle bio-waste in a useful way.

Detailed total phenolics (TPC), flavonoids (TFC), and total antioxidant activity (TAA)
can be seen in Table 4. It is clear that the values of total phenolic compounds ranged from
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41.26 mg g−1 to 0.21 mg g−1. The highest flavonoids were found for non-torrefied materials,
60.49 mg g−1. The total antioxidant activity of black tea waste ranged from 144 mg g−1 to
0.82 mg g−1, depending on the torrefaction temperature, with the highest value measured
at non-torrefied materials.

Table 4. Total phenolics (TPC), flavonoids (TFC), and total antioxidant activity (TAA) of the methanol
extract from black tea. Values are means ± SE (n = 3). Different letters (a–d) indicate significant
differences based on Tukey’s test (p < 0.05).

Tea Waste Sample TPC (mg g−1) TFC (mg g−1) TAA (mg g−1)

TEA0 41.26 ± 0.88 d 60.49 ± 2.61 d 144.00 ± 12.88 d

TEA250 11.37 ± 0.16 c 16.50 ± 0.50 c 42.61 ± 0.71 c

TEA300 7.56 ± 0.10 b 10.16 ± 0.21 b 29.79 ± 0.57 bc

TEA350 1.80 ± 0.03 a 3.39 ± 0.04 a 6.96 ± 0.12 ab

TEA450 0.32 ± 0.1 a 0.97 ± 0.02 a 1.66 ± 0.05 a

TEA550 0.21 ± 0.03 a 0.50 ± 0.03 a 0.82 ± 0.03 a

The results show that increasing temperature pyrolysis decreases the content of all
secondary metabolites, as are phenols, flavonoids, antioxidants, and many other organic
compounds, and these substances can negatively affect seed germination, as the previous
graph shows. In general, the obtained results revealed that the waste from the processed
black tea contained appreciable amounts of phenolic and flavonoids compound, as well
as high antioxidant activity. Results were in agreement with the statements that were
reported by Kopjar, Abdeltaif, and Rahman [58–60]. However, it has been found that black
tea contains fewer phenolics and flavonoids than green tea [61].

4. Conclusions

From the proximal and stoichiometric analysis, tea waste can be considered a suitable
fuel additive if torrefied to the level of 350 ◦C. At this temperature, the calorific value of the
material reaches 25–27 MJ kg−1, keeping the ash content below 10%. A high ash share is a
big disadvantage of tea waste biofuel at all levels of torrefaction compared to other materials.
The process of how to remove the excess ash would need to be investigated if burned in
big amounts. When comparing tea waste per particle size, the sample with 0–3 mm in
diameter showed the highest calorific value and the lowest share of ash compared to other
tea samples. Fossil fuel calorific value is very similar, up to 23–28 MJ kg−1.

The results of the phytotoxicity test show that tea samples that have not been torrefied
and samples torrefied at 250 ◦C are toxic and unsuitable for soil application. Heat treatment
at higher temperatures decomposes substances that have a negative effect on germination.
The sample treated at 350 ◦C showed the highest germination index for all grinding fraction
sizes. This biochar can be applied as a soil amendment. It had the best germination
parameters in the phytotoxicity test. Furthermore, based on the results, it was found that
the non-torrefied material contained the highest content of total phenolics, flavonoids, and
total antioxidant activity. With temperature increase, these secondary metabolites, which
have a negative effect on seed germination, were decreased.

The first hypothesis can be considered correct for the option of tea waste used as a
fuel but not as a soil amendment due to the high level of toxicity of the material. The
second hypothesis is correct for both applications; as a fuel, tea waste needs to be used with
caution due to high ash share, and as a soil amendment, tea waste had the best germination
parameters when torrefied at 350 ◦C.
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