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Abstract: This study investigates the soil chemical changes and crop growth characteristics after treat-
ment with carbonized tangerines prepared using plasma. To determine the effect of the carbonized
tangerines on crop, four test plots were treated with chaff charcoal or different ratios of coco peat and
carbonized tangerines. Lettuce was grown on the plots, and the chemical changes in soil and physical
changes in the lettuce were observed. Chemical changes in the soil before and after the carbonized
tangerine treatments were very similar to those before and after chaff charcoal treatment. Lettuce leaf
length, width, weight, and count in carbonized tangerine-treated plots significantly increased than
those in the untreated plot. Our results found that the carbonization of tangerines using plasma can
be a good alternative for processing many by-products generated during cultivation. In addition, the
possibility of using carbonized tangerines as biochar has been explored.

Keywords: biochar; by-product utilization; carbonized tangerines; plasma technology

1. Introduction

Following the ban on the oceanic discharge of waste, such as food waste, sludge,
and drinking water, in 2013 [1], food waste disposal and resource conversion has become
an important national topic. It was selected as one of the Korean government’s top 10
multi-ministerial tasks for resolving social issues in 2014. Currently, operating landfills
are exceeding the food waste capacity and finding new landfill sites is difficult due to the
NIMBY (Not in My Back Yard) phenomenon. Accordingly, waste needs to be recycled as a
resource. Food waste is often generated in houses and restaurants, whereas skins, seeds,
and stems are generated while processing agricultural products in farms or food factories.
This is one of the issues that require attention for disposal, for example, by incineration and
landfill. In particular, crops with high acidities, such as tangerines, can place a significant
burden on the processing machinery because of corrosion. Therefore, this is a very critical
issue in a general food waste disposal plan.

There are several useful aspects of treating food wastes by carbonization. First, it
is possible to reduce the odor and secondary pollution caused by spoilage because large
amounts are processed in a short time. Moreover, since the by-products after carbonization
are carbon crystals, it has many uses through further processing.

In general, two problems arise during food waste processing and recycling. Food
contains a high amount of salt, which must be removed to utilize food waste as a fertilizer.
Moreover, since various types of food are mixed and discarded, it is difficult to obtain
by-products with the same composition because the basic properties are not constant even
after processing. Thus, the carbonized material has the same composition and uniform
quality when the waste is generated from a single crop; therefore, it is convenient to use it
as barbecue charcoal or in beauty products.
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The purpose of this study is to explore ways of utilizing carbonized tangerines pre-
pared using plasma as biochar. We examined the changes in the chemical composition
of the soil after adding carbonized tangerines and its effect on crop growth to determine
whether carbonized tangerines can be used as mixed soil similar to biochar, or as a soil
improvement additive, in an attempt to present a method of utilizing the organic waste
generated in farms and food processing plants as a resource. The objectives of this study
are to determine if carbonized tangerines are toxic, confirm the physical elements present
in the carbonized tangerines to verify their utility for plant growth, and analyze the chemi-
cal composition of soil treated with carbonized tangerines as an input to see if they help
improve soil performance during agriculture.

2. Literature Review

Previous studies using carbonization technology have primarily focused on biochar
production and application, the effects of using biochar carbonized from specific indi-
viduals, and the environmental impact of biochar. These studies have been performed
since early 2000s, when biochar research began and have gradually developed in several
directions.

2.1. Biochar Production and Use

Biochar is a material obtained from biomass carbonization, which reduces green-
house gas by fixing carbon released from decomposing biomass and is mainly used as an
adsorbent or soil conditioner as porous media. Biochar is made by biomass pyrolysis. The
carbon fixation capacity increases with the increased pyrolysis temperature, thus producing
less biochar [2].

During biochar production, specific chemicals may be added to improve the biochar
to maximize the realization of the performance for a specific purpose. The heavy metal
adsorbing capacity of hydrogen peroxide-enhanced biochar is about 20 times higher than
that of unimproved biochar and activated carbon [3,4]. One study also showed that coating
the biochar surface with chitosan is effective in heavy metal adsorption and as a soil
conditioner [5]. Urea-modified biochar adsorbs phenol [6] and can be used for removing
organic pollutants after transformation using methanol [7]. Some studies have shown that
the methylene blue adsorption capacity of graphene-coupled biochar was improved by
more than 20 times [8,9].

In some cases, clay-based materials are added to improve the biochar. Distributing
clay particles in the biochar [10] or modifying it with manganese oxide [11] increases heat
resistance. Additionally, when biochar is combined with magnesium, the phosphorus
adsorption rate is superior to that of other adsorbents [12]. Studies have also shown that
the copper adsorption rate increases by more than eight times after manganese oxide
addition [13].

2.2. Verification of the Effectiveness of Biochar Made with Specific Materials

Various studies on the possibility of carbonized by-products for agricultural applica-
tion have also been undertaken. For example, a study observed the chemical characteristics
of tomatoes grown on a different medium after sowing and germinating tomato seeds in
a medium developed using carbonized chestnut chips [14]. The changes in growth and
yield of potatoes and cabbages using biochar have been studied [15]. These studies found a
significant increase in the yield of certain plants, for example, potatoes, when using biochar.
Carbon sequestration calculated according to the change in biochar reported the optimal
biochar application rate for tomato yield to be 0.05% [16].

Several studies have also focused on the physicochemical properties of carbonized
samples. These investigations provided an appropriate carbonization temperature for
agricultural use by evaluating soil productivity and fertility when using carbide or removed
odor using carbonized chaff [15]. Carbonized chaff has superior impregnation properties for
alkaline substances than activated carbon, and chemical adsorption improved after reaction
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with hydrogen sulfide, thus improving the removal performance [17]. Furthermore, coir
and bottom ash were mixed in various ratios, and the differences in physical and chemical
performance were identified to explore whether the bottom ash of coal ash, which is
generated as a by-product in thermal power plants, can be used as a topsoil material [18].

Moreover, the changes in soil chemical properties after using biochar in corn culti-
vation have been monitored, and the amount of carbon sequestration by reducing the
nitro-gen content when using biochar pallet has been calculated [19]. Nitrogen reduced by
approximately 60% when growing corn, which is a positive result because it contributes to
the reduction of CO, when carbonizing waste.

In addition to these studies on the effects of biochar on a single crop, various studies
have focused on the effects of carbonizing various by-products (particularly manure)
discharged from raising livestock, such as cows and chickens, and using them as biochar
on sandy soil [20-22].

2.3. Environmental Impact of Biochar

With the development of carbonization technology and increasing interest in biochar,
studies have regularly examined whether carbonized by-products perform well when used
in agriculture and fuel. Since the early 2000s, several studies have focused on the effects of
biochar on grain cropping and soil change [23-27].

Biochar, unlike carbon-neutral biomass, is known for its substantial carbon-negative
carbon sequestration, which helps to fix atmospheric carbon in the soil. In addition, biochar
may exist for a long period without emitting carbon into the atmosphere because of little
microbial decomposition and conversion [28]. The carbon fixation effect of biochar is
significantly higher than that of other methods as it can fix 420450 kg carbon per ton
carbonization [29].

According to a study that quantitatively analyzed the sustainability of biochar under
a global carbon-reduction scenario, the carbon sequestration effect is about 10% higher
during biochar production using degradation by-products (e.g., biogas) as an energy source
than that using biomass as a direct energy source [30]. Another study found that the effect
of carbon sequestration was 33.2% higher when tree branches and other materials discarded
from farms were carbonized than that when forests were left unattended [31].

Some studies have shown that biochar treatment on agricultural land reduces the
amount of N20O emitted from the soil by about 15% [32]. A review of the various existing
literature on biochar has provided a comprehensive insight into how biochar affects N20
and CH4 [33]. Discussions on the impact of biochar in the environment have been ongoing
for a long time, and many studies have aimed to determine their effectiveness in reducing
greenhouse gas emission. A greenhouse experiment reported significant N2O emission re-
duction [34]. Moreover, 1-2% (w/w) biochar application also reduces N20 emission [35,36].
However, in some studies, no differences were observed or N20O emissions increased from
biochar amended soils [37—42]. Various studies focusing on the effect of biochar on CH4
absorption reported both positive and negative outcomes. Biochar implementation may
also reduce the Greenhouse Gas (GHG) intensity per unit of agricultural product by re-
ducing N-fertilizer and labile-C inputs at unaltered or increased yields [43]. Moreover, it
may considerably reduce the GHG intensity of rice crop production, particularly in acidic
soils [44]. They also increased crop growth by up to 24-28%, although the effect of CH4
absorption after biochar application to soil was questionable [45]. Some studies have shown
that biochar can replace antibiotic treatment when mixed with 0.3-1% chicken and duck
feed, and biochar plus Lactobacilli can reduce the use of antibiotics and indirectly help
reduce greenhouse gas emissions [46,47].

Studies have shown that biochar is also conducive to the growth of soil microorganisms
due to the micro pores and inorganic supply capacity in biochar, which helps the growth
of soil microorganisms and plays the role of microbial habitat, eventually increasing crop
productivity [28]. Glaser et al. have reported that injecting biochar into the soil can increase
agricultural productivity by a factor of two [48].
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2.4. Application of Plasma for Production of Biochar

Since the late 2010s, various cases of using plasma to make biochar have appeared.
Various applications are being made from the case of treating biomass and effluent sludge
waste [49,50] to use it as a fertilizer to the case of using it to remove specific elements
such as mercury [51]. When biochar is produced using plasma, research is mainly focused
on using it as a fertilizer through rapid processing of organic waste. In the case of raw
biochar, the efficiency is very low, so biochar is produced as a high-efficiency product using
various technologies, and one of them is to use plasma to produce biochar [52]. Using slow
pyrolysis and thermal plasma, it was possible to produce high value-added Biochar rich
in potassium (K) and phosphorus (P) [49]. In addition, if plasma is used, more than 95%
of bio hydrogen can be generated, which is very efficient and can bring a new aspect to
biomass and waste treatment [53].

3. Materials and Methods
3.1. Research Limitations

In Korea, while the fertilizing function is important when developing fertilizers, their
performance is evaluated mainly based on the fact that its use will not cause soil and
groundwater contamination [54,55]. Therefore, whether the fertilizers contain heavy metals
must be evaluated, despite their outstanding fertilizing performance. In the case of fuel
development using waste, there is a regulation that the lower calorific value must always
be measured and approved for use before the fuel is used [56]. Moreover, using food waste
as fuel is prohibited by law (Waste Management Act) in Korea; therefore, this study focused
on utilizing the carbonized tangerines as a fertilizer.

3.2. Statistical Analysis

The experiment results were analyzed through the GLM process and ANOVA analysis
using SAS version 9.1 (Statistical Analysis System; SAS Institute Inc.; Cary, NC, USA)
and comparisons between means were made at the level of significance of p < 0.05, using
Duncan’s multiple range test (DMRT) method for statistical processing.

3.3. Plasma Use

Plasma, the fourth ionized state after solid, liquid, and gas, is the aggregate of neutral
gases, ions, and electrons that occupy 95% of the universe. Plasma technology, which
freely uses various desired temperatures from at least 120 °C to > 1000 °C, is now being
studied as a tool for the carbonization of waste such as food. The plasma temperature
used in this study was approximately 1300 °C (by which the incinerator containing the
waste was heated to 200-300 °C), and the fallen tangerines were rapidly pyrolyzed for
their carbonization. The carbonizer is a compact device that allows plasma to be used in
residential areas and treats food waste per day in units of 100 kg [57]. The reduction rate is
approximately 98%, and approximately 3 kg of by-products were generated by carbonizing
200 kg waste.

Existing food waste was collected and transported from the source to the treatment
plant and partially recycled and reprocessed and, subsequently, a major portion was
disposed on land or at sea. However, with the ban on waste dumping at sea since 2013,
efforts are being made to fundamentally reduce waste via methods such as volume-rate
garbage disposal systems, but there are limitations. In Korea, the food waste treatment
method, which was used as feed for livestock, has been banned since July 2019. The use of
food waste as wet/dry feed was legally discontinued in Korea in 2017 due to the risk of
avian influenza (AI) or pig foot and mouth disease, because the Ministry of Agriculture,
Food and Rural Affairs viewed that these diseases are caused by supplying livestock with
food and beverage leftovers as feed [58].

Therefore, it was necessary to re-examine the fundamental treatment method for
recycling food waste. In order to reduce food waste, the treatment was carried out by
methods such as heat-drying and microbial fermentation; however, very few processes
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recycled the by-products generated after treatment, so the by-products became secondary
waste. Accordingly, various methods are being devised for the treatment of wastes within
the source itself using advanced technologies. One of these technologies is food waste
carbonization, using plasma and studies using plasma to carbonize food waste for use
as fertilizer or fuel have attracted attention. Previously, plasma was used in large power
plant facilities to treat a large amount of municipal waste, sewage sludge, and livestock
manure. Using the gas and steam generated while treating a large amount of waste
with plasma, a gas engine and steam turbine were driven to generate highly efficient
electricity [59]. Currently, equipment miniaturization and stabilization are being studied
for use in residential complexes, hospitals, hotels, and commercialization [57].

One of the difficulties of using organic compost is that plant roots are damaged and soil
contaminants and leachate are generated when unripe compost is used. Therefore, using
organic compost is avoided in the field. However, there is little concern about carboniz-
ing unripe materials as the high-temperature flame (approximately 1300 °C, incinerator
temperature: 200-300 °C) removes all remaining elements and leaves only C, which is
expected to be used as compost and high-temperature fuel. A calorific value test on the
carbonized tangerine reported that 5050-5500 kcal kg™ was emitted when burned as fuel.
Considering that the calorific value standard for solid fuel is generally 3000 kcal kg™ or
more, the calorific value of carbonized tangerine was significantly high.

3.4. Methods
3.4.1. Experiment Process

This study investigated the chemical changes and growth characteristics of crops after
using 3 kg of carbonized tangerines, prepared by carbonizing 200 kg of fallen tangerines
using plasma, as a fertilizer. More than 200 kg of fallen tangerines were collected from
a tangerine farm on Jeju Island and after carbonized using high-temperature plasma to
produce 3 kg of carbonized by-products (Figure 1). Since the tangerines had various
contaminants such as soil, they were washed before carbonizing to remove the harmful
ingredients that may be present on the fallen tangerines.

Using Plasma : Temperature 1300 T

(the ambient temperature
- :200-300 C)
200 kg Fallen tangerines 3 kg Carbonized tangerines

Figure 1. Tangerine carbonization using plasma.

The purpose of the experiment was to verify the effectiveness of carbonized tangerines
as a by-product fertilizer. The soil was treated with 10:0, 7:3, 5:5, and 0:10 carbonized
tangerines: coco peat (ratio by volume ratio) and the plant growth changes in each soil
was observed (first step). Then, the chemical changes in the most efficient mix- and chaff
charcoal-treated soil were compared (second step; Figure 2).

The soil was collected before and after crop cultivation using carbonized tangerines,
and the chemical composition was analyzed according to the standard analysis methods,
including the standard method for soil chemical analysis by the Rural Development Ad-
ministration [60] and the standard method for examination of soil pollution by the Ministry
of Environment [54] in Korea. To determine the change in yield, a growth characteristics
survey was conducted following the Rural Development Administration standards [55].
To investigate the effects of carbonized tangerines on crop yield, four test plots were es-
tablished with different ratios of coco peat and carbonized tangerine mixture in the soil,



Sustainability 2022, 14, 243

6 of 18

treated with even fertility, and a control plot was treated with chaff charcoal. Lettuce was
used as the growing crop.

Mixing Ratio with Carbonized Tangerine and Cocopeat | | Fertilizer effect analysis test

Carbonized
tangerines
10

Carbonized
tangerines
7

Carbonized
tangerines
5

Carbonized
tangerines
0

Carbonized

tangerines
0

I coco peat
0

| Coco peat
3

10:0

73

— Cocopeat | 1a step

. 5
315 Plant Growth Changes

Coco peat Leaf length, leaf width, leaf — 2™ Step
No treatment 10 weight, leaf number, Soil Chemical Changes

chiorophyll, yield etc. pH, EC, OM, Avail P205,

| Chaff Charcoal K, Ca, Mg, CEC, T-N etc.

Treatment with Chaff Charcoal '°

Figure 2. Plant experiment process through plant growth analysis on soil fertilized with carbonized
tangerines blended with coco peat.

3.4.2. Analysis of the Properties of Carbonized Tangerine By-Product

Particle size analysis of carbonized tangerine by-product: A particle size analysis was
performed using sieves to determine the properties of the carbonized tangerines. Standard
sieves verified according to ISO 3310 and BS410 regulations were used, and the particle
size distribution according to the weight was analyzed using an electronic balance for the
particles filtered through each sieve. Particle size influences drainage when applied to the
soil. The particle size of the carbonized tangerines was determined to ensure no drainage
hindrance when applied to the soil.

Chemical properties of carbonized tangerines: The generation of heavy metals and
other substances during tangerine carbonization using plasma should be examined. The
changes in the chemical properties of the carbonized tangerines used in the study were
determined following the official standard required for the examination of commercial
fertilizer prior to the test. The strict standard for the ratio of salt, moisture, nitrogen, and
harmful components such as heavy metals must be requirement. when commercializing
fertilizers in Korea [20].

3.4.3. Test for Fertilizer Effect

Test for chemical effect: To explore the agricultural use of carbonized tangerines,
an experimental plot was established to determine the possibility of mixed soil or soil
conditioner. A fertilizer injury/fertilizer efficiency experiment was conducted on the
experimental plot by mixing carbonized tangerines with coco peat in different ratios,
which is most easily obtained in Asia. Water content, water loss, heavy metal ratio, and
plant growth were tested. The comparative experiment with chaff charcoal, which is a
commercialized product estimated to exhibit similar performance to an organic by-product,
was conducted using the same process.

To investigate the change in soil chemical properties after applying the carbonized
tangerine by-product, the soil composition was analyzed before and after cultivation. After
collecting and mixing the soil at more than three points for each treatment plot, it was dried
in shade and the pH (acidity), electrical conductivity (EC), available phosphorus, organic
matter (OM), exchangeable cation, soil texture, total nitrogen (T-N), and cati-on-exchange
capacity (CEC) were analyzed (Table 1).
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Table 1. Chemical properties of the analysis and equipment used.
Item Method Equipment
pH (1:5) 1:5 Distilled water extraction pH meter
EC (dSm™1) 1:5 Distilled water extraction EC meter
Available phosphorus (mg kg~ 1) Lancaster UV /Vis spectrometer
OM (gkg™ 1) Tyurin Automatic titrator
K, Ca, Mg (cmol(+) kg~ 1) 1IN-NH;OAc ICP-OES
Soil texture Hydrometric method Hydrometer
T-N Total analysis Elemental analyzer
CEC (cmol(+) kg™ 1) Brown ICP-OES

CEC: cation-exchange capacity, EC: electrical conductivity, OM: organic matter, T-N: total nitro-gen., ICP-OES:
Inductively coupled plasma-optical emission spectrometry.

Test for change in plant growth: To determine the crop yield, a growth characteristics
survey was conducted following the Korean Government Standard [56]. The growth
survey for leaf length, leaf width, weight (yield amount), count, fertilizer-injury ((O-5)z)and
chlorophyll content was conducted once after harvesting.

Various factors, such as climatic conditions, soil type, and land fertility that affect the
growth of crops, can be reflected in plant growth. Since these factors are variables that can
have several effects on studies attempting to validate fertilizer performance, we attempted
to eliminate these variables to the greatest extent possible. Therefore, soil that has a flat
topography, neat shape, uniform soil fertility, and guarantees harvest even in flood or
drought, was selected. In particular, a difference in soil fertility was prevented by avoiding
areas previously used as a road or compost area. Therefore, for this study, a greenhouse
located in Jincheon-ga, Sinbuk-eup, Chuncheon-si, Gangwon-do was selected to control
the variables mentioned earlier. The greenhouse for this test was selected following the
fertilizer prescription standard for each crop by the Korean Government Standard [50]; the
topography is flat, and the soil is uniform and unaffected by flood or drought. Red leaf
lettuce was used as a test crop. A randomized block design method was used for the batch
method, repeated thrice, and the surveyed values were averaged.

The main survey item of the test was growth survey by treatment plot. The growth
characteristics of the lettuce were investigated considering leaf length (cm), width (cm),
weight (g), count (no./plant), fertilizer-injury ((O-5)z) and chlorophyll content (SPAD).

For cultivation test, lettuce saplings grown equally under the same conditions in a
greenhouse for the experiment were used. To determine the measurement results for each
condition, the mean and standard deviation were calculated using the IBM SPSS statistics
program version 19, and a one-way ANOVA was performed. The significance was tested
using DMRT. Additional statistical processing was performed using the Microsoft Excel
2017 program.

The treatment area for this test was a rectangular per test plot. Planting was carried
out at 30 cm intervals in a row per treatment plot, with three repetition plots with 1.6 m
widths and 4.3 m lengths (20.64 m?, a section of 2.68 width to length ratio). The distance
between treatment plots was 50 cm.

A chlorophyll meter (SPAD-502 plus, Konica Minolta; Japan) was used to measure
the chlorophyll content of leaf non-destructively. The lettuce leaf width was measured
uniformly using a ruler, and the leaf weight was measured using a scale.

4. Results

More than half the particles were 2 mm or more and most were greater than 0.85 mm
(Table 2), which are not identified as fine dust.
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Table 2. Particle size distribution of carbonized tangerines.

Sieve Distribution (%)

19 mm or more 0.00
2 mm or more 52.8
2-1.7 mm 7.93
1.7-0.85 mm 33.42
0.85-560 pm 0.05
560-250 um 0.04
250-212 um 0.06
212-106 um 5.67
106 um or less 0.03

The results of the analysis are shown in Table 3. More than half the carbonized
tangerines comprised carbon and 2.25% moisture, which was distributed minutely. The pH
was approximately 7 (neutral) and most harmful ingredients were not detected.

Table 3. Analysis of the components of the carbonized tangerines.

Components Distribution Baseline
pH (1:5) (1:10) 7.01 70 or less
Organics to Nitrogen Ratio 2.29 70 or less
Carbon 57.48
Sulfur 0.52 55 or less
Moisture 2.25 55 or less
H Phosphoric acid 0.077 -
armless . -
ingredients Potassmm (Kalium) 0.96 -
(%) Lime 0.046 -
Magnesia 0.022
Boron 0.0082
Iron 0.025
Manganese 0.0021
Silicic acid 0.47
Molybdenum 0.00016 2 or less
As (mgkg™!) Not detected 45 or less
Cd (mgkg™1) 0.29 5 or less
Harmful Hg (mg kg:ll) Not detected 2 or less 130 or less
ingredients Pb (mg kgil) Not detected 130 or less 250 or less
(mg kgfl) Cr (mgkg™") 5.64 250 or less 360 or less
Cu (mgkg™) 285.88 360 or less 45 or less
Ni (mg kg~ 1) 2.20 45 or less 1000 or less
Zn (mg kg~ 1) 23.60 1000 or less

The soil chemical change and plant growth change were comparatively analyzed
among the untreated, different mix-treated, and chaff charcoal-treated (control) plots. The
change between the untreated and 10:0 mix-treated plots is a comparison of changes
depending on the presence or absence of carbonized material. Moreover, the changes
among different mix-treated plots were also analyzed to verify whether they were mixing
ratio-dependent. A comparison with the best performing plot allows the observation of
the effect of commercially available chaff charcoal compared to no treatment. Accordingly,
performance comparison with the carbonized material should be conducted in the future.

4.1. Growth Characteristics and Lettuce Yield
4.1.1. Growth Characteristics in Different Mix-Treated Plots

The leaf length, leaf width, leaf weight, and yield were the highest in the 10:0 mix-
treated plot, while the chlorophyll content and leaf count in the 7:3 mix-treated plot were
15% higher than those in the 10:0 mix-treated plot (Figure 3).
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Figure 3. Growth characteristics and yield according to the mixing ratio. zMean Separation Within
Columns by Duncan’s Multiple Range Test at 5% Level.

Figure 3 also shows that the growth was amplified visibly in terms of the leaf length,
width, weight, and count. The leaf counts in 10:0 mix-treated and untreated plots were
similar, while the length, width, and weight in the 10:0 mix-treated plots were higher by
7%, 14.7%, and 12.3%, respectively, than those in the untreated plots. This was similar to
previously reported results that biochar increased crop growth by up to 25% [45].

Similarly, none of the treatments showed fertilizer injury (O-5)z, indicating that car-
bonized tangerine is not harmful for plants. Similar to the results of the previous assessment,
carbonized tangerines favored plant root and leaf growth, overall increasing the product
yield. However, the leaf weight, count, chlorophyll content, and yield were slightly higher
in the 5:5 mix-treated plot than those in the 7:3 mix-treated plot. Considering this, an
in-depth analysis is required.

Biomass is necessary to measure plant growth and harvesting a certain number of
plant bodies and measuring their fresh or dry weight is a non-destructive way to measure
biomass [61]. The fresh weight of lettuce grown on 10:0 mix-treated soil was more than
15% higher than that grown on the untreated soil. Thus, 10:0 mix-treated soil was the
best. Accordingly, the chemical components of this soil were compared with those of the
un-treated and chaff charcoal-treated soils.

4.1.2. Comparison among Untreated, 10:0 Mix-Treated, and Chaff Charcoal-Treated Plots

Similar to the previous experiment, this experiment compared the untreated, 10:0
mix-treated, and chaff charcoal-treated (control) plots. Fertilizer injury (O-5)z was not
generally observed in any plot, which indicated that carbonized tangerine is not harmful
for plants. Figure 4 shows that the growth parameters and yield were higher in the 10:0
mix-treated plot than those in the untreated plot. However, the chlorophyll content of the
10:0 mix-treat plot was slightly lower than the untreated plot and the control plot only for
chlorophyll.

The growth parameters and yield in both treated and control plots were significantly
higher than those in the untreated plot, reflecting a visible difference, with the values in the
treated plot being slightly higher than those in the control plot. A statistical significance
was observed, and growth increased as the average growth value tended to increase in all
treated plots than that in the untreated plot. Particularly, the yield was the highest in the
treated and control plots. Figure 4 also shows that the yield in the 10:0 mix-treated plot is
about 15% higher than that in the untreated plot and suggests that the properties of 10:0
mix and chaff charcoal are similar. Leaf growth was favored in the treated plot than the
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Figure 4. Growth characteristics and yield of untreated, 10:0 mix-treated, and chaff charcoal -treated
plots. zMean Separation Within Columns by Duncan’s Multiple Range Test at 5% Level.

4.2. Chemical Properties of Soil before and after Treatment

The chemical properties of the soil used for testing were investigated (Table 1). To
deter-mine the suitability of the chemical properties of the soil, standards for paddy soil
and a cultivation facility in Korea [61] were reviewed. The results indicated that suitability
varied by crop. When the present experiment was conducted in a small green house, the
appropriate chemical composition range of the soil of the untreated, different mix-treated,
and chaff-charcoal-treated plots was analyzed and compared. After growing the lettuce
using carbonized tangerines, the chemical properties of the soil were analyzed. However,
the soil quality improved or the difference was small in the treated plot than that in the
untreated plot (Tables 4 and 5).

Table 4. Chemical properties of the soil before treatment.

Test Soil (Silent Loam)

Items Unit 10:00 7:03 5:05 Chaff
Untreated Mix- Mix- Mix- Charcoal-

Treated Treated Treated Treated
pH (1:5) - 6.66 6.55 6.75 6.35 6.72
EC (1:5) dSm™! 1.18 1.11 1.21 1.28 1.11
oM g 1<g‘1 25.85 28.59 29.95 30.77 29.33
P,0s5 mg kg 789 816 805 823 769
K cmol(+) kg~ 1 0.55 0.69 0.57 0.61 0.68
Ca cmol(+) kg~ 1 7.5 7.68 7.65 7.55 7.35
Mg cmol(+) kg™ 1 1.55 1.65 1.46 1.55 1.85
CEC crnol(+) kg™! 12.19 12.89 12.59 13.06 12.31
T-N 0.11 0.11 0.12 0.1 0.09

CEC: cation-exchange capacity, EC: electrical conductivity, OM: organic matter, T-N: total nitrogen.

Each item was analyzed before and after treatment as a graph as described in
Sections 4.2.1 and 4.2.2.
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Table 5. Chemical properties of the soil after treatment.
Ttems Unit Test Soil (Silent Loam)
10:00 7:03 5:05 Chaff
Untreated Mix- Mix- Mix- Charcoal-
Treated Treated Treated Treated
pH (1:5) - 6.75 6.63 6.79 6.55 6.68
EC (1:5) dSm™! 0.88 0.95 1.02 1.11 1.05
oM gkg! 26.56 27.89 28.85 29.95 28.58
P,05 mg kg’1 689 765 767 725 715
K cmol(+) kg™! 048 0.56 0.5 0.59 0.65
Ca cmol(+) kg ™! 6.47 6.66 6.96 6.95 7.28
Mg cmol(+) kg1 1.32 1.44 1.4 1.38 1.75
CEC cmol(+) kg’l 11.2 13.01 12.55 12.89 12.85
T-N Y% 0.08 0.1 0.09 0.09 0.1

6.556.63

10:00

CEC: cation-exchange capacity, EC: electrical conductivity, OM: organic matter, T-N: total nitrogen.

4.2.1. Chemical Properties of Soil in Different Mix-Treated Plots

The pH (1:5) and EC (1:5) did not change significantly, even after the experiment
within the appropriate range (Figure 5). The pH gradually increased after the experiment
and was closer to 7 (neutral). EC tended to decrease by about 0.1-0.2 dS m™! after the
experiment.

pH(1:5) EC(1:5) (unit: dS/m)

6.756.79 6.666.75

1.28
6.55 123 =
6.35 12 1.11 1.11
1.02
0.95

1 0.88
08
0.6
0.4
0.2

0

7:3 5:5 7:3 5:5

No treatment
mBefore mAfter m Before mAfter

(a) pH (1:5) (b) EC (1:5)

No treatment 10:00

Figure 5. Chemical properties of soil in different mix-treated plots. (a) pH (1:5) and (b) EC: electrical
conductivity (EC; 1:5).

P205, K, Ca, and Mg had reactions such as upward or downward movement to the
standard of suitable ingredient of soil (Figure 6). P205 is an available phosphorus form
responsible for strengthening the roots and stems. The available phosphorus of the soil is
analyzed to determine the amount of phosphorus fertilizer applied. Available phosphorus
refers to the phosphorus forms that can be absorbed by crops; however, the amount of
phosphorus that plants can absorb may be insufficient even if the amount of available phos-
phorus is high, thus phosphorus fertilizer is added. A large amount of available phosphorus
in the soil does not have a significant effect on the crop. However, the phosphorus can dis-
solve in the water during rain and flow into rivers, causing eutrophication and groundwater
pollution, or binding with and insolubilizing trace elements, thus causing trace element
deficiencies in crops. In general, the phosphorus content of Korean soils is almost five times
higher than the ideal value (mean: 986 mg kg~ !, maximum: 2510 mg kg~!) [62], which
is due to sustained fertilizer use. The P205 content indicated in Figure 6 is significantly
lower than that of the Korean facility cultivation (mean: 986 mg kg~!), but still exceeded
the threshold by up to two times. K content affects moisture content and cell size, which
decrease due to low K concentration. Figure 6 shows that the 10:0 mix-treated plot had the
most appropriate K content before the experiment. Moreover, the K content in all plots
were lower than the threshold.
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Figure 6. Chemical properties of soil in different mix-treated plots. (a) P205, (b) K, (c) Ca, and (d) Mg.

Ca prevents soil acidification. According to some studies, Jeju Island soil has high
K and low Ca contents [63]. Due to the lack of Ca in Jeju soil, carbonized tangerines
are likely appropriate for improving the soil quality in Jeju. Additionally, considering
the experimental results for Ca content, the value higher than the standard before the
experiment was adjusted to within the normal range after the experiment. Residual Ca
was higher in coco peat-treated plots than that in untreated plots. Mg is involved in the
overall crop growth and Mg deficiency causes yellowing and browning necrosis in plants.
Mg content was similar before and after the experiment, but the content in plots treated
with high carbonized material was close to the threshold.

The changes in OM, CEC, and T-N were mixed (Figure 7). The OM of all treated plots
tended to decrease after the experiment, but only that of the untreated plot increased. The
nutrient retention capacity increases with the increase in CEC and the CEC of all coco
peat-treated plots tended to decrease after the experiment even in minor amounts; however,
it tended to increase in other plots. In other words, CEC showed a tendency to increase
only in the 10:0 mix-treated plots after the experiment. All T-N values tended to decrease
after the experiment.

4.2.2. Comparison among Untreated, 10:0 Mix-Treated, and Chaff Charcoal-Treated Plots

The pH (1:5) was in the appropriate range for the untreated, mix-treated, and control
plots (Figure 8) and was no significant change after treatment. EC (1:5) also did not change
significantly within the normal range in all plots.

P205, K, Ca, and Mg exhibited reactions such as upward or downward movement to
the standard of suitable ingredients of soil (Figure 9). P205 content, which is the available
phosphorus, was significantly lower than that of the Korean facility cultivation as indicated
in Figure 10 but exceeded the threshold by up to two times.

K content was lower than the threshold similar to Figure 10 in the experimental results.
However, it was higher in the treated and control plots than that in the untreated plot. K
content affected lettuce weight, which was higher in the treated and control plots than that
in the untreated plot.



Sustainability 2022, 14, 243 13 of 18

OM(unit: g kg™) CEC (unit: cmol({+) kg™")

-
™~

35 12.89 13.01 4359 1255 13.06 12.89

30.7 12.19

% 28597 80 29.99g g5 %9.95 ;j 3
25.846.56 11
25 10
9
20 8
7
15 6
5
10 4
i 3
5 2
1
o 0

10:00 7:3 5:5 No treatment 10:00 73 55 Mo treatment
mBefore m After m Before = After
(a) OM (b) CEC

T-N(%)

0.12

0.12
0.11 011
0.1 0.1
0.09 0.09

0.09 0.08
0.06
0.03

4]

7:3 5:5

10:00 No treatment

= Before W After
(¢) T-N

Figure 7. Chemical properties of soil in different mix-treated plots. (a) organic matter (OM), (b) cation-
exchange capacity (CEC), and (c) total nitrogen (T-N).
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Figure 8. Chemical properties of soil in untreated, 10:0 mix-treated, and chaff charcoal-treated plots.
(a) pH (1:5) and (b) electric conductivity (EC; 1:5).

According to the current results, the Ca content, which was higher than the threshold
before the experiment, was adjusted to within the normal range after the experiment in the
untreated and treated plots. In the control plot, Ca content tended to decrease; consequently,
it is desirable to use chaff charcoal as a control method in soil lacking Ca. Mg contents
before and after the experiment are similar. Maintaining the appropriate range after the
experiment was determined as a control.

The OM and CEC changes in the untreated, 10:0 mix-treated, and chaff char-coal-
treated plots differed. OM increase in the treated plots was more than that in the un-treated
plot even after the experiment, and the trends of OM in the chaff charcoal-treated plot were
reversed. Increased CEC is associated with high nutrient retention capacity. Even after the
experiment, the CEC of the treated and control plots were high, indicating a high level of
nutrient retention capacity of the soil.



Sustainability 2022, 14, 243

14 0f 18

P20S5 (unit: mg kg™)

K {unit: cmol({+) kg™")

08 ==

0.69 0.68

[,7 W S S . . O W . S
06
05
04
03
D2
01

0

No treatment 10:00 chaff charcoal

mBefore M After

(b)

Mg (unit: cmol{+) kg™)

1.85
175
165
1.55
1.32 1.44
....I_._........._ I...._. -

No treatment 10:00 chaff charcoal

m Before mAfter

(d)

Figure 9. Chemical properties of soil in untreated, 10:0 mix-treated, and chaff charcoal-treated plots.

1000
816
83 765 769
o 689 b
600
- - - -
400
200
[t}
No treatment 10:00 chatf charcoal
mBefore mAfter
(a)
Ca (unit: :mol[+] keg™)
8 75 735 728
6.47
7 - — - — - - -
g - - -
4
3
2
1
o
No treatment chaff charcoal
IBE!UrE lAf[el
(c)
(a) P205, (b) K, (¢) Ca, and (d) Mg.
OM{unit: g kg™)
35
ZB 59
30 6.5 77.89 2933 558
2585 L%
25
20
15
10
5
0
No treatment 10:00 chaff charcoal
mBefore W After
(a) OM
T~N[96',I
01z
0.1
o.08
0.06
0.04
o002
0
No treatment chaff charcoal
L Boforo l Afml
(c) T-N

CEC (unit: cmol(+) kg™)

14 12.89 13 O‘.l
12
10
8
3
4
2
o

No treatment 10:00 chaff charcoal
mBefore W After
(b) CEC

Figure 10. Chemical properties of soil in untreated, 10:0 mix-treated, and chaff charcoal-treated plots.
(a) organic matter (OM), (b) cation-exchange capacity (CEC), and (c) total nitrogen (T-N).

The T-N of the untreated and 10:0 mix-treated plots had a similar tendency to decrease
after the experiment. In contrast, it increased in the chaff charcoal-treated plot. The T-N
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of the 10:0 mix- and chaff charcoal-treated plots after the experiment were identical and
higher than that of the untreated plot.

The chemical properties of soil in untreated, 10:0 mix-treated, and chaff charcoal-
treated plots were not significantly different before and after the experiment. However,
some significant changes were observed in K content, which determines plant growth
quality, and Ca content, which prevents soil acidity. The OM index and CEC of the 10:0
mix- and chaff charcoal-treated plots had similar trends.

5. Discussion

When carbonized materials were mixed, the concentrations of some ions before the
experiment were above or below the optimal range, but there was a tendency to return to
an acceptable level throughout the experiment. Moreover, no salt was accumulated.

Considering the change in growth characteristics, the average value of leaf length
increased in all plots except the untreated plot. This increase in all treatment plots was
statistically significant, indicating increased growth. The leaf length increased the most
in the 10:0 mix-treated plot. Leaf width showed an evident tendency to increase in the
treated plots than that in the untreated plot, and the highest increase was observed in the
10:0 mix-treated plot.

Similar to leaf length and leaf width, leaf weight tended to increase in all treated plots
than that in the untreated plot, and the highest increase was observed in the 10:0 mix-treated
plot. However, the leaf counts in the untreated and 10:0 mix-treated plots were similar,
though it statistically increased in the remaining treated plots than that in the un-treated
plot. The chlorophyll content, measured thrice at the center of the longest lettuce leaf, was
the lowest in the 10:0 mix-treated plot and high in the other treated plots. How-ever, the
yield increased by 34.4 g in the 10:0 mix-treated plot than that in other treated plots, and
the growth increased in the carbonized tangerine- and chaff charcoal-treated plots.

The analysis of the chemical composition of the soil before and after the treatment
with carbonized tangerines and chaff charcoal indicated that the pH in the soil was not
significantly changed before and after the test, and the EC was similar to the pre-treatment
level or slightly decreased. In addition, the other parameters analyzed did not deviate
significantly from the optimal level. Thus, the chemical changes in the soil before and after
treatment was not significant.

These results indicate that the physical and chemical components of the carbonized
tangerine- and chaff charcoal-treated plots positively affect lettuce leaf growth. Conse-
quently, the yield was substantially higher than that in the untreated plot. However, the
value for some elements in the 5:5 mix-treated plot was higher than that in the 7:3 mix-
treated plot. Accordingly, an in-depth investigation is required in future studies. Herein, we
only considered the possibility of their application as a fertilizer. However, their economic
feasibility needs to be confirmed so that farmers can create additional profit by seeking
various ways to use carbonized tangerines as biochar in the future.

6. Conclusions

Treatment with carbonized tangerines and chaff charcoal during the growing period
favored leaf growth and enhanced crop growth by enhancing the mobility of nutrient prod-
ucts, thereby resulting in a healthy product and yield. Through this study, the carbonization
of fallen tangerines using plasma revealed the following results while treating numerous
by-products generated during tangerine cultivation and processing. First, the carbonization
of approximately 200 kg tangerines using plasma produced approximately 3 kg carbonized
by-products, with approximately 98% mass reduction rate. Second, the remaining by-
products can possibly be used as fertilizer instead of being treated as waste. Therefore, the
possibility of substantially reducing organic waste generated from harvesting a single crop
was demonstrated in this study. As a result, it was found that the by-product of tangerine
carbonization using plasma is helpful through the lettuce cultivation experiment, and the
by-products can be used in the level of fertilizer.
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