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Abstract: The disposal of tea leaves discarded in the tea beverage market and clinker from coal-
fired power plants has an impact on the environment; however, there are no reported cases of their
combination for composting. Therefore, this study evaluated the effect of adding clinker from a
coal-fired power plant to compost based on tea leaves, an organic waste product, on the composting
rate and quality. The tea leaves-only compost was designated as Clinker 0%, and composts with 20%
(w/w), 40% (w/w), and 60% (w/w) tea leaves supplemented with clinker were designated as Clinker
20, 40, and 60%, respectively. Each mixed material was placed in a 35 L polypropylene container
with a lid and allowed to compost for 95 days. The composting rate was evaluated by the chemical
oxygen demand (COD) in hot water extract and plant tests using juvenile komatsuna (Brassica rapa
var. perviridis). The addition of clinker reduced the COD at the beginning of composting by 52.0,
74.3, and 86.7% in Clinker 20, 40, and 60%, respectively, compared to Clinker 0%. Furthermore,
root elongation one month after composting was inhibited by Clinker 0% (60.1% relative to distilled
water), but not by the addition of clinker (91.7–102.7% relative to distilled water). This suggests that
the addition of clinker to tea leaf compost may accelerate composting.

Keywords: composting rate; chemical oxygen demand; root elongation

1. Introduction

Recently, the amount of organic and solid waste generated has increased with human
population growth [1]. Although these wastes contain nutrients necessary for plants, many
of them are disposed of in landfills or incinerated, which not only leads to a loss of oppor-
tunity to recycle nutrients, but may also pose a significant threat to the surrounding air,
soil, and water quality [2]. One of the best approaches to solve this problem and effectively
use waste is composting. Composting is the preferred option for processing organic waste
and ultimately obtaining a stable and hygienic product. In addition, composting is one of
the few technologies that can be practically applied at any scale [1].

Tea leaves are a waste product generated in the tea beverage market. The global
demand for tea has increased, with green tea production projected to increase from
1.5 million tons (2015–2017) to 3.6 million tons (2027), resulting in the generation of large
amounts of tea leaves as a consequence of increased tea production [3]. However, most
tea leaves are disposed of in landfills or incinerated, which raises concerns about their
impact on the environment [3]. Therefore, various effective methods of using tea leaves
have been investigated, including their usage for biogas production through co-digestion
with cattle manure and organic waste [4–6]. Additionally, research has been carried out
on the removal of pharmaceuticals [7–10], aromatic compounds [11–13], dyes [14–17], and
heavy metals [18–21], making tea leaves a waste product of great interest worldwide.
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Nitrogen (N) has a significant impact on the yield and quality of tea [22]. Large
amounts of N are used for tea cultivation, and the N content in tea leaves is generally
high [23]. Therefore, compost made from tea leaves is known to be rich in N [24], and many
examples of composting using tea leaves have been reported [25–28]. However, tea leaves
also contain large amounts of polyphenols with antimicrobial activity [29], suggesting
that the contribution of microbial decomposition during the composting process is low in
compost made solely from tea leaves, resulting in slow composting progress. Materials with
low C/N ratios experience higher N losses associated with the composting process than
those with high C/N ratios [30]. These findings suggest that composting tea leaves alone
may delay the composting rate and cause nutrient loss during the composting process,
which may hinder efficient compost production. Therefore, it is desirable to compost tea
leaves by adding secondary materials or by co-composting with other materials.

Coal-fired power plants release fly ash and clinker as byproducts. While fly ash is
effectively used as an additive to cement, clinker is not effectively reused, and there are
concerns about socioeconomic and environmental issues if it is disposed of in landfills [31].
The particle surface of clinker is characterized by a porous structure, which has been
used for applications in soil to improve its physicochemical properties [32,33], adsorb
inorganic N and chemical oxygen demand (COD) in water [34,35], remove pathogenic
microorganisms [36], and establish bacteria to restore desertified soil [37]. Clinker has
also been used as a secondary material in cattle manure compost to improve drainage and
aeration [38]. Therefore, it is suggested that clinker may improve the physical properties
of compost materials with high moisture content and poor drainage, such as tea leaves.
Based on the above, the use of clinker as a compost material is expected to foster the
supply of oxygen by improving the physical properties, thereby promoting composting by
increasing microbial activity, and reducing nutrient loss by retaining nutrients in the clinker.
Previous studies have not investigated the novel use of clinker as an additive in tea leaf
composting. Combining waste materials has the potential to inform more sustainable waste
management practices that promote nutrient recycling and divert industrial waste from
landfills. In addition, the unique combination of clinker and tea leaves has the potential to
achieve environmental benefits in the energy and beverage sectors.

Therefore, this study evaluated the effect of clinker addition on the composting rate
and quality of tea leaf compost based on its chemical parameters. The nutrient balances of
N and carbon (C) before and after composting were calculated, and the effect of clinker
addition on reducing nutrient loss was also examined.

2. Materials and Methods
2.1. Study Site and Test Materials

This study was conducted at the greenhouse of the Faculty of Agriculture, Ehime
University (33◦50′17′′ N, 132◦47′30′′ E). Table 1 lists the physico-chemical properties of
the clinker and tea leaves used as test materials. The clinker was coal ash produced after
coal combustion at power plants, had a grain size of 3 mm or less and was provided by
Nishinihon Saiseki Co., Ltd. (Ehime, Japan) on 30 June 2015. The tea leaves were provided
by Shikoku Coca-Cola Bottling Co. Komatsu No. 2 Plant (Ehime, Japan) on 15 July, and
were used under fresh conditions.

2.2. Treatments and Compost Management

In this study, the ratio of clinker to tea leaves by weight varied, with four treatments of
Clinker 0, 20, 40, and 60%. The total weight of the clinker and tea leaves in each treatment
was 10 kg, and 0.5 kg of bark compost, 5% (w/w) of the total weight, was added to supply
microorganisms. Two replicates from each treatment area were used for composting. The
compost materials were weighed and mixed on 16 July 2015. Each mixed material was
placed in a 35 L polypropylene container (400 W × 300 D × 565 H) with a lid and allowed to
compost for 95 days. The compost was turned over approximately once every two weeks
on 30 July, 16, 30 August, 16 September, and 2 October (approximately 2, 4, 6, 9, and



Waste 2024, 2 74

11 weeks after composting, respectively). Throughout the composting process, no watering
was performed in all treatments. If wastewater was observed at the bottom of the container,
it was collected immediately prior to compost turning.

Table 1. Physico-chemical properties of clinker and tea leaves.

Sample
Type Items

Water
Content

(%)

pH
(H2O)

EC
(1:5)

(µS cm−1)

Total C
(%)

Total N
(%)

NH4
+-N

(mg kg
DW−1)

NO3−-N
(mg kg
DW−1)

Clinker
Mean 6.0 8.2 0.1 3.2 0.15 0.6 1.3

SE 0.1 0.13 0.01 0.12 0.03 0.06 0.11

Tea leaf
Mean 78.3 5.7 0.3 48.3 4.31 8.9 2.7

SE 0.03 0.03 0.00 0.14 0.01 1.27 0.31

Sample
Type Items C/N Ratio

Total P2O5
(mg 100 g

DW−1)

Total Cation (mg 100 g DW−1) COD
(mg g

DW−1)K2O MgO CaO Na2O

Clinker
Mean 24.2 20 46 31 0.35 51 0.048

SE 6.69 1.0 5.5 1.9 0.2 3.6 0.006

Tea leaf
Mean 11.2 206 289 320 456 2.43 150

SE 0.05 1.2 4.0 1.6 3.0 0.9 17

Values are mean and standard error (SE) (n = 3). COD: chemical oxygen demand, DW: dry weight, EC:
electrical conductivity.

2.3. Measurement of Chemical Properties in Compost and Compost-Derived Wastewater

The compost was collected on 16 August, 16 September, and 19 October 2015 (approx-
imately one, two, and three months after composting, respectively). The pH and EC of
the compost were measured by adding 100 mL of distilled water (raw compost:distilled
water = 1:5 (w/v)) to 20 g of raw compost, shaking (180 rpm, 1 h), and measuring the pH
(Twin pH-B-212, HORIBA, Kyoto, Japan) and EC (conductivity meter, HORIBA, Kyoto,
Japan). For NH4

+-N and NO3
−-N content, 100 mL of 2M KCl was added to 10 g of raw com-

post, shaken (180 rpm, 1 h), and filtered through a filter paper to obtain the extract. NO3
−-N

content was determined using a colorimetric method using vanadium (III) chloride and
NH4

+-N content using the indophenol blue colorimetric method at wavelengths of 540 and
630 nm, respectively, using a spectrophotometer (UV-visible spectrophotometer V-630, Jasco
Corporation, Tokyo, Japan). The compost was dried in a ventilated dryer at 70–80 ◦C for at
least 48 h and finely ground samples were prepared using a high-speed vibrating sample
mill (CMT Co., Ltd., Tokyo, Japan). The finely ground samples were analyzed for total
N (TN) and C (TC) content in the compost using an automatic NC analyzer (Sumigraph
NC-80 auto, Sumika Chemical Analysis Service, Osaka, Japan) and a gas chromatograph
(GC-8A, SHIMADZU Co., Ltd., Kyoto, Japan). In addition, wastewater collected from the
bottom of the container during the composting process was dried at 105 ◦C for 24 h, and its
N and C content were determined in the same manner as for the compost.

2.4. Determination of Compost Maturity

To evaluate the maturity of the compost, chemical oxygen demand (COD) measure-
ments of the hot water extracts of the compost and juvenile plant tests using komatsuna
(Brassica rapa var. perviridis) were conducted. COD is the amount of oxygen consumed by
an oxidant when an oxidant such as potassium permanganate is added and reacts under
certain conditions. As it is mainly used as an indicator of the amount of organic matter
in water, it is considered an indicator of easily degradable organic matter in compost.
The compost extract solution for COD measurements was obtained using the hot water
extraction method at 80 ◦C for 16 h [39]. Raw compost (2.5 g) and distilled water (25 mL)
were weighed into a 50 mL centrifuge tube, and the test solution temperature was adjusted
to 80 ◦C using an aluminum block thermostatic oven (Dry Thermo Unit DTU-2C, TAITEC,
Corp, Saitama, Japan) and allowed to stand for 16 h. Subsequently, the sample was shaken
by hand for 30 s, allowed to cool for approximately 2 h, 0.15 g KCl was added, shaken
again by hand for 30 s, and filtered through filter paper (No. 2) to obtain the extract. The
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resulting extract was analyzed using a COD pack test (KR-COD; Kyoritsu Chemical Check
Lab., Yokohama, Japan). While pack tests are generally analyzed qualitatively in terms of
shade color and degree of discoloration, this study attempted to obtain numerical data from
the compost extracts that reacted in pack tests using a spectrophotometer and quantified
using a calibration curve for glucose. For this specific operation, the tip of the pack test
tube was cut off and compost extract (1.5 mL) was added to the tube. The entire extract
solution, which was stirred and mixed by pipetting, was transferred to a 2.5 mL plastic
cell. Five minutes after the addition of the compost extract, a spectrophotometer was
used to measure the oxygen consumption at a wavelength of 525 nm. It is known that the
degradation rate of the potassium permanganate COD measurement method in general
sulfuric acidification varies depending on the type of organic compound, and is reported
to be approximately 60% for glucose and sucrose and approximately 50% for soluble starch
and amylopectin [40]. Therefore, the oxygen consumption of the compost extract was
calculated in this study assuming a degradation rate of 56% for glucose.

The extract for the komatsuna juvenile plant test was a water extract prepared by
adding 100 mL distilled water to raw compost (equivalent to 10 g dry weight), shaking
(180 rpm, 30 min), and filtering through two layers of gauze. After placing 14 seeds of
komatsuna (cv. Natsurakuten) evenly in a seed pack (Fujihira Industry, Kogyo Co., Ltd.,
Tokyo, Japan), 30 mL of the water extract of the compost was added to the bottom of the
seed pack. As a control, only distilled water was added, and after 5 days of standing in the
dark at 25 ◦C, the plant height and root length of each seed were measured and compared
to the treatments and distilled water.

2.5. Statistical Analysis

Statistical analysis of plant height and root length obtained from juvenile plant trials
with komatsuna was performed using one-way analysis of variance (ANOVA) and Tukey’s
method was used for multiple comparison test. Excel was used for statistical analysis.

3. Results
3.1. pH and EC of Tea Leaf Compost with Clinker

The pH and EC during the composting period are shown in Figure 1. The pH was
in the range of 6.0–7.5 throughout the composting period. The pH with Clinker 0% was
6.5 after a month of composting; it increased marginally after two months, but dropped
again to 6.5 after three months. With the addition of the clinker, the pH was 7.4–7.5 after
one month of composting. It decreased throughout the composting process to 6.9, 6.2, and
6.2 for Clinker 20, 40, and 60%, respectively. The EC of Clinker 0% was 0.95 mS cm−1 after
one month of composting, decreased after two months, and increased to 0.91 mS cm−1

after 3 months. When the clinker was added, the EC changed only slightly after one and
two months of composting but increased after three months to 0.45, 0.59, and 0.44 mS cm−1

for Clinker 20, 40, and 60%, respectively.

3.2. NH4
+-N and NO3

–-N Content in Tea Leaf Compost with Clinker

Figure 2 shows the changes in NH4
+-N and NO3

−-N content during the composting
period. The NH4

+-N content of Clinker 0% was 2400, 633, and 130 mg kg DW−1 at one,
two, and three months after composting, respectively, and decreased with composting time.
The NO3

−-N content of Clinker 0% remained low after one and two months of composting,
but increased to 2250 mg kg DW−1 after three months of composting. However, the NH4

+-
N content of Clinker 20, 40, and 60% ranged from 1.74 to 164 mg kg DW−1 during the
composting. The NO3

−-N content of these treatment groups tended to increase during the
composting, with an NO3

−-N content of 425, 634, and 401 mg kg DW−1 after three months
of composting, respectively.



Waste 2024, 2 76
Waste 2024, 2, FOR PEER REVIEW 5 
 

 

 
Figure 1. Changes in compost pH (a) and EC (b) in different treatments during composting process. 
Values are mean (n = 2). 

3.2. NH4+-N and NO3–-N Content in Tea Leaf Compost with Clinker 
Figure 2 shows the changes in NH4+-N and NO3−-N content during the composting 

period. The NH4+-N content of Clinker 0% was 2400, 633, and 130 mg kg DW−1 at one, two, 
and three months after composting, respectively, and decreased with composting time. 
The NO3−-N content of Clinker 0% remained low after one and two months of composting, 
but increased to 2250 mg kg DW−1 after three months of composting. However, the NH4+-
N content of Clinker 20, 40, and 60% ranged from 1.74 to 164 mg kg DW−1 during the 
composting. The NO3−-N content of these treatment groups tended to increase during the 
composting, with an NO3−-N content of 425, 634, and 401 mg kg DW−1 after three months 
of composting, respectively. 

 
Figure 2. Changes in compost NH4+-N (a) and NO3−-N (b) content in different treatments during 
composting process. Values are mean (n = 2). 

3.3. Nitrogen and Carbon Balance in Compost 
The TN content, TC content, and C/N ratio during the composting period are shown 

in Figure 3. The TN content in the compost tended to increase from 4.31% at the beginning 
to 5.26% at the end of composting for Clinker 0%. The TN content after three months of 
composting was 2.28, 1.32, and 0.683% for the Clinker 20, 40, and 60% treatments, 

Figure 1. Changes in compost pH (a) and EC (b) in different treatments during composting process.
Values are mean (n = 2).

Waste 2024, 2, FOR PEER REVIEW 5 
 

 

 
Figure 1. Changes in compost pH (a) and EC (b) in different treatments during composting process. 
Values are mean (n = 2). 

3.2. NH4+-N and NO3–-N Content in Tea Leaf Compost with Clinker 
Figure 2 shows the changes in NH4+-N and NO3−-N content during the composting 

period. The NH4+-N content of Clinker 0% was 2400, 633, and 130 mg kg DW−1 at one, two, 
and three months after composting, respectively, and decreased with composting time. 
The NO3−-N content of Clinker 0% remained low after one and two months of composting, 
but increased to 2250 mg kg DW−1 after three months of composting. However, the NH4+-
N content of Clinker 20, 40, and 60% ranged from 1.74 to 164 mg kg DW−1 during the 
composting. The NO3−-N content of these treatment groups tended to increase during the 
composting, with an NO3−-N content of 425, 634, and 401 mg kg DW−1 after three months 
of composting, respectively. 

 
Figure 2. Changes in compost NH4+-N (a) and NO3−-N (b) content in different treatments during 
composting process. Values are mean (n = 2). 

3.3. Nitrogen and Carbon Balance in Compost 
The TN content, TC content, and C/N ratio during the composting period are shown 

in Figure 3. The TN content in the compost tended to increase from 4.31% at the beginning 
to 5.26% at the end of composting for Clinker 0%. The TN content after three months of 
composting was 2.28, 1.32, and 0.683% for the Clinker 20, 40, and 60% treatments, 

Figure 2. Changes in compost NH4
+-N (a) and NO3

−-N (b) content in different treatments during
composting process. Values are mean (n = 2).

3.3. Nitrogen and Carbon Balance in Compost

The TN content, TC content, and C/N ratio during the composting period are shown
in Figure 3. The TN content in the compost tended to increase from 4.31% at the beginning
to 5.26% at the end of composting for Clinker 0%. The TN content after three months
of composting was 2.28, 1.32, and 0.683% for the Clinker 20, 40, and 60% treatments,
respectively, which were close to the initial TN content. The TC content of each treatment
tended to decrease, with 48.3, 24.8, 14.8, and 9.2% at the beginning of composting and
41.1, 18.5, 11.3, and 7.9% after three months in Clinker 0, 20, 40, and 60%, respectively. The
N content increased or remained constant throughout the composting period, whereas
the C content tended to decrease, resulting in a decreasing trend in the C/N ratio for
each treatment.

The N and C balances calculated from the compost weight and the N and C contents
at the beginning and end of composting are shown in Table 2. The results showed that the
amounts of N and C at the beginning of composting decreased as the amount of clinker
increased, and the loss of N and C in the case of clinker addition was 30–48% and 39–67%,
respectively, compared to Clinker 0%. Thus, the addition of clinker to tea leaf composting
is expected to effectively reduce nutrient loss during composting.
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In addition, drainage was collected from the bottom of the containers for Clinker 0 and
20% at compost turnings of 2, 4, and 6 weeks after composting to determine the amount of
N and C lost as drainage. The amounts of N in the drainage were approximately 300 mg
and 100 mg for 0% and 20% Clinker, respectively, and the amounts of C in the drainage
were approximately 3000 mg and 800 mg, respectively. Compared with the weight of N
and C lost throughout the composting period, the loss of N and C by drainage was lower,
at approximately 0.5–2%.
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Table 2. N and C balance before and after composting.

Treatment
N (g Container−1) N Loss Rate

(%)
C (g Container−1) C Loss Rate

(%)Start Finish Loss Start Finish Loss

Clinker 0% 93.4 55.1 38.3 41.0 1046 430 616 58.9
Clinker 20% 77.5 59.3 18.2 23.5 896 483 413 46.1
Clinker 40% 61.6 50.3 11.3 18.3 747 432 315 42.2
Clinker 60% 45.6 31.0 14.6 32.0 597 359 238 39.9

Values are mean (n = 2).

3.4. COD in Compost Extracted by 16 h Hot Water Extraction

The COD of the compost obtained from the hot water extracts at 80 ◦C for 16 h is
shown in Figure 4. The COD at the beginning of composting was 52.0, 74.3, and 86.7%
lower at Clinker 20, 40, and 60%, respectively, than at Clinker 0%. The percentage decreases
in the COD after one month relative to the beginning of composting were 45.2, 62.4, 73.6,
and 76.4% for Clinker 0, 20, 40, and 60%, respectively. The percentage decrease in the COD
during the early stages of composting was greater when the clinker was added.

3.5. Komatsuna Juvenile Plant Test Using Compost Water Extract

The plant height and root length, as measured by the komatsuna juvenile plant test
using the compost extract after one and three months of composting, are shown in Figure 5.
The plant height was significantly higher in all the treatments than in the distilled water
and was the highest in Clinker 0%. After one month of composting, the root length in
Clinker 0% was 60.1% of that in the distilled water, whereas that in the clinker added was
91.7–102.7% of that in the distilled water, which was significantly lower in Clinker 0%
than in the clinker-added and distilled water treatments. In contrast, after three months
of composting, the root length in the Clinker 0% was 96.5% relative to the distilled water,
whereas that in the clinker-added treatments was 123.1–130.9%, which was still significantly
higher than in Clinker 0%.
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4. Discussion
4.1. Effect of Clinker Addition on Composting Acceleration of Tea Leaf Compost

Although chemical and biological methods are generally employed to determine
compost maturity, the germination index is often used to determine the phytotoxicity of
compost because different types of compost materials have variable effects that delay seed
germination and plant growth [41]. It has been suggested that it is difficult to evaluate
the stability of compost using only one parameter [42]; therefore, two parameters were
used in this study: the COD of the hot water extracts of compost and juvenile plant tests
using komatsuna.

In this study, the COD at the start of composting decreased by 52.0, 74.3, and 86.7%
for Clinker 20, 40, and 60%, respectively, compared to Clinker 0%. Furthermore, the COD
at 1 month relative to the start of composting was 45.2, 62.4, 73.6, and 76.4% for Clinker 0,
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20, 40, and 60%, respectively. The COD of the clinker was as low as 0.048 mg kg DW−1,
suggesting that the COD at the start of composting decreased with the amount of clinker.
However, the COD in the compost decreased with the addition of clinker, which may be
due to the COD adsorption capacity of the clinker. It has been reported that palm oil clinker
used in wastewater treatment can remove 96% of the COD in wastewater [43]. This could
explain the decrease in the COD during the composting period caused by an increase in
the amount of clinker added. Since the COD is derived from readily degradable organic
matter in the compost, the decrease in the COD could be interpreted as being related to the
progress of the composting process. Therefore, it is suggested that the addition of clinker to
tea leaf compost may reduce the amount of biodegradable organic matter in the compost
and promote composting. Previous studies have shown that composting was accelerated
by the addition of secondary materials. Wong et al. (2009) [44] reported that the addition
of 1.5–3.0% lime and 5–10% fly ash to food waste increased the decomposition efficiency
and reduced the composting time by 35%. The addition of lime and fly ash to the compost
containing municipal solid residues and kitchen waste resulted in higher germination
indices of over 80% [45,46]. In this study, after one month of composting, the relative root
length in Clinker 0% was 60.1% of that of the distilled water, whereas that in the clinker
added was 91.7–102.7% of that in the distilled water. Jarboui et al. [47] suggested that a
decrease in the concentration of the compost extract led to a decrease in the concentration
of toxic compounds and improved seed germination. Many studies have also reported that
toxic compounds such as soluble C and phenolic compounds decrease during composting,
which in turn increases the germination index and root length of young plants [48,49].
Therefore, the lower root elongation in the Clinker 0% in this study could also be attributed
to the higher concentration of toxic compounds in the compost. In a study that confirmed
the response of spent litter compost extracts from piggeries to young plants, root elongation
was reported to be a more sensitive indicator of phytotoxicity than germination [50,51],
suggesting that root elongation is an important indicator of compost maturity. In contrast,
tea leaves contain compounds that chelate metals [52], and the shoot sensitivity of young
plants to heavy metals is lower than that of the roots [53]. This supports the finding that
root elongation was suppressed at Clinker 0% in this study, whereas root elongation at the
top was not.

The percentage of COD reduction in the initial stage of composting was greater when
the clinker was added than when no clinker was added, suggesting that the addition of
the clinker is expected to reduce the amount of easily degradable organic matter more
than the dilution effect and accelerate the composting period. This suggests that the
addition of clinker reduces the amount of easily degradable organic matter and shortens
the composting period more than dilution. Clinker is known to physically adsorb dissolved
organic matter from landscape water [54]. Palm oil clinker, a byproduct of palm oil
manufacturing plants, has also been reported to reduce organic pollutants such as the COD
in wastewater when used as a growth medium in attachment growth systems [34,43,55].
Based on these findings, it was inferred that the decrease in the COD identified with the
addition of the clinker was due to adsorption to the clinker and an increase in the number
and activity of the microorganisms present. Indeed, many composting trials have shown
the rapid decomposition of easily biodegradable organic matter [56] and intense enzymatic
activity [57] in the first two to three weeks of composting, independent of the compost
material. It has also been reported that clinker has the ability to remove microorganisms
from water [36] and that many bacteria have been observed on the porous surface and
inside particles of coal ash, such as clinker [37]. Given these facts, the addition of the clinker
in the composting of the tea leaves in this study may have contributed to the reduction in
the easily degradable organic matter in the early stages of composting through its effect on
microbial activity.
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4.2. Effect of Clinker Addition on Compost Quality of Tea Leaf Compost

The compost mixture of the tea leaves and clinker did not exhibit significant pH
fluctuations during the composting period. The EC with the clinker was approximately
half that with Clinker 0%. Sundberg et al. [58] reported that during the composting of
household waste, high temperatures and a pH below 6 reduced the respiration rate during
the early composting stage. In addition, the high salt concentrations in compost limit
microbial activity [59] and adversely affect plants [60,61]. Clinker-added compost was
found to be neutral to slightly acidic, preventing excessive salt supply. Therefore, this
study suggests that clinker addition not only does not limit microbial activity during the
composting process, but may also mitigate the adversely effects on the plant when applied
to the soil. Compared with the addition of the clinker, the NH4

+-N and NO3
−-N content

of Clinker 0% increased significantly after 1 and 3 months of composting, respectively.
This suggests that the nitrogenous organic matter in the compost was decomposed by
microorganisms into ammonia-form N, which was then converted into nitrate-form N by
supplying oxygen during the compost-turning process. This change in N morphology was
pronounced with Clinker 0% in this study, but no significant change was observed with the
addition of clinker. Clinkers and palm oil clinkers have been studied for N removal from
water because of their porous structure [62,63], and their adsorption effects on inorganic
N, such as NH4

+-N and NO3
−-N, are also known [35]. This suggests that inorganic N

adsorption onto the clinker was the reason for the relatively low abundance of inorganic N
when the clinker was added in this study.

4.3. Nitrogen and Carbon Balance

The compost C/N ratio was low from the beginning of composting because tea leaves
and clinker, which have relatively low C/N ratios, were used as materials in this study. The
C/N ratio is generally used as an indicator of compost maturity. However, in some cases,
the C/N ratio of the solid phase is not a valid parameter for evaluating maturity depending
on the compost material [64]. The slow decrease in the C/N ratio in all the treatments
made it inappropriate to use the C/N ratio as an indicator of the compost maturity in this
study. In any case, the C/N ratio after three months of composting was approximately
10, suggesting that compost made from tea leaves and clinker may have little effect on N
starvation when applied to the soil. Zhu [30] reported that a low C/N ratio in the early
stages of composting results in less N loss than a high C/N ratio. In contrast, Han et al. [61]
suggested that low C/N ratios may result in the volatilization and loss of NH3 and N2O
throughout the composting process. These contrasting views suggest that the composting
process depends on the properties of the compost material. In general, the composting
process inevitably releases gases containing N and C, resulting in N and C losses [65].

In this study, N and C balances were calculated at the beginning and end of composting.
The results showed that the loss rate of N and C in the case of clinker addition was 30–48%
and 39–67%, respectively, compared to Clinker 0%. Thus, the addition of clinker to tea
leaf composting is expected to effectively reduce nutrient loss during composting. Yılmaz
et al. [66] reported the lowest N and organic C losses for a 25% tea leaf combination
compared with tea leaves alone in their study on co-composting tea leaves and food waste,
suggesting that composting tea leaves alone may result in greater nutrient losses. There
have also been reports of reduced N loss during composting by mixing bagasse with filter
cake, a by-product of the sugar industry [67], and by mixing raw compost with aged
compost [68]. This may be due to the relatively low fraction of easily degradable organic
matter lost during composting. In this study, it was suggested that the clinker may have
contributed to the reduction in the N and C losses during composting by the adsorption of
inorganic N and easily degradable organic matter, and the microbial uptake of the N and C
fractions, in addition to having a high fraction that was not easily degraded. Additionally,
Yang et al. [68] reported a 44.8% and 73.6% reduction in the emissions of greenhouse gases,
such as CH4 and N2O, owing to lower N and C losses. In summary, the addition of clinker
in composting not only contributes to efficient compost production with less nutrient loss
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but is also expected to be effective in reducing environmental impacts such as nutrient and
greenhouse gas emissions into the atmosphere.

4.4. Practical Implications

The findings of this study have several important practical implications. Landfilling
clinker, a byproduct from coal-fired power plants, can lead to environmental problems [31].
However, large quantities of spent tea leaves generated by the beverage industry are often
disposed of in landfills, resulting in nutrient loss [3]. Therefore, combining these wastes for
composting not only reduces the amount of waste and thus the environmental impact, but
also has the advantage of returning nutrients to the agricultural soil as compost.

In this study, composting the tea leaves alone required at least three months of com-
posting time, but when clinker was added, the tea leaves matured to a plant-safe level in
approximately one month of composting time. Accelerated composting means the more
frequent and effective use of waste, thus reducing the percentage of waste in landfills while
simultaneously allowing for the more efficient recycling of tea nutrients. In addition, this
study found that the addition of clinker reduced nitrogen and carbon losses during tea leaf
composting. Lower nutrient loss means that more nutrients are retained in the final com-
post, which improves the quality of the product. The retention of nutrients in the compost
also reduces the nutrient contamination of air and water that can occur during composting.

Overall, the key finding that the addition of clinker to tea leaf compost enhances
composting and reduces nutrient losses suggests that there are environmental benefits from
the efficient use of the waste, as it reduces the amount of waste sent to landfills and the
amount of nutrients released into the environment during the composting process. The
practical application of this research could improve the sustainability of waste management
in the coal-fired power generation and beverage industries. Promoting nutrient recycling
and preventing pollution are consistent with circular economic principles.

5. Conclusions

In this study, composting tea leaves with clinker decreased the COD at the beginning
of composting by 52.0, 74.3, and 86.7% in Clinker 20, 40, and 60%, respectively, compared
to Clinker 0%. In the plant tests using juvenile komatsuna, the root elongation one month
after composting was inhibited by Clinker 0% (60.1% relative to distilled water) but not by
the addition of clinker (91.7–102.7% relative to distilled water). These findings suggest that
the addition of clinker in tea leaf composting may accelerate composting. In addition, the
addition of clinker reduced the amount of N and C loss during the composting process,
suggesting that the use of clinker as a composting material can contribute to the efficient
and environmentally friendly production of compost. The promotion of composting and
reduction in nutrient loss by the addition of clinker may be due to the adsorption of
inorganic N and xenobiotic organic matter on the clinker surface with its porous structure
and the improvement of microbial activity by the fixation of microorganisms. Therefore, in
future research, it is necessary to clarify the microbial activity in the compost when clinker
is added.
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