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The transportation and consumption of kitchen food waste is a major
contribution to greenhouse gas (GHG) emissions in global warming. To
reduce this risk, it is important to recycle food waste into energy production
and agricultural byproduct for nutrient management. Dark fermentation is one of
the most suitable nutrient recovery techniques for generating hydrogen (H2) gas
and serves as a clean energy carrier for a sustainable environment. Potatoes
(Solanum tuberosum L.) and watermelon (Citrullus lanatus) are an important
vegetable and fruit in demand in markets worldwide. Each year, almost
8,000 kilotons of potato peel is generated, with a GHG emission of 5 million
tons of carbon dioxide (CO2) equivalent. More than 90% of watermelon rind is
considered waste and is discarded. A small-scale preliminary study was
conducted on these two waste products to produce H2 gas from potato peel,
watermelon rind, and amixture of peel and rind by the dark fermentation process.
After volume analysis of the H2 gas produced, the remaining residue was used to
produce biochar. The highest volume of 149 mL H2 gas was achieved from the
peel, followed by 140 mL and 135 mL of H2 gas from the rind and the mixture of
peel and rind, respectively, with a biomass pH of 4.7–5.6 and volatile solids (VS) of
77%–88%. The biochar produced from all the sample types was alkaline in nature
with a pH of 7.88 ± 0.33, electrical conductivity of 0.38 ± 0.03 mS/cm, zeta
potential of −25.12 ± 0.32mV, and had a nutrient richness that could be beneficial
for soil quality improvement and plant growth. However, the outcomes of this
small-scale analysis cycle requires additional analytical outcomes with field
application that targets the future scope of research on sustainable H2

production and agricultural application.
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Highlights

• Dark fermentation technique was used to generate H2 gas from kitchen waste.
• A higher volume of H2 gas was produced from potato peel than watermelon rind.
• The biochar produced from fermented residue has favorable agriculture
properties.

• The biochar is nutrient-rich and appropriate for agriculture application.
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1 Introduction

Over the past decade, food waste, including production,
transportation, consumption, and landfill, released greenhouse
gases (GHGs), which are a significant contributor to global
warming. To reduce the risk, the valorization of food waste to
clean energy production and sustainable agricultural byproducts is a
major concern (Foong et al., 2021). According to the Food and
Agriculture Organization (FAO), approximately 1.3 billion tons of
food per year are wasted globally (Seberini, 2020). Every year, the
largest quantity of food, almost 361 kg per capita, is wasted in
Australia (Srivastava et al., 2021), while 200 kg of food per capita is
wasted in Sweden, 287 kg in the United States, 56 kg in Russia, 44 kg
in China, and 51 kg of food per capita is wasted in India. Food waste
is a promising resource for producing bioenergy because of its high
content of organics, cellulose, starch, protein, and fat, which are the
best carbon sources for dark fermentation to produce hydrogen (H2)
gas (Srivastava et al., 2021; Talapko et al., 2023). Fermentative
acetogenic bacteria hydrolyze and ferment carbohydrates,
proteins, and lipids to volatile fatty acids (VFAs) to produce H2

gas (Sanchez-Ledesma et al., 2024). Of all food waste, fruit and
vegetable waste, especially peel, is generated the most from kitchens
and could be a potential source for generating H2 gas.

Potatoes (Solanum tuberosum L.) are the world’s fourth most
important starchy tuberous vegetable; according to FAOUN (Food
and Agricultural Organization of the United Nations), 376 million
metric tons (mMT) of potatoes were produced worldwide in 2021
(Khanal et al., 2023). It is anticipated that approximately
8,000 kilotons of potato peel waste is generated annually with
GHG emissions of 5 million tons of carbon dioxide (CO2) gas
(Khanal et al., 2023). Another food waste, watermelon (Citrullus
lanatus), is a major global economy fruit that is cultivated in almost
122 countries across many continents at a rate of 101 million tons
(mT) per annum (Mamiru and Gonfa, 2023). Watermelon consists
of approximately 2% seeds, 30% rind, and flesh. More than 90% of
watermelon rind is dumped as waste into the environment, which
constitutes an environmental challenge because of its rapid
degradation (Bellary et al., 2016). Although there are many
reports on the potential use of watermelon rind, the waste is not
used on an industrial scale. The utilization of watermelon rind is
economically very important as it contains carbohydrates, proteins,
fats, minerals, and vitamins (Petkowicz et al., 2017). There are
various social, economic, and environmental concerns associated
with the management of potato peel and watermelon rind, especially
in terms of GHG emissions and leachate generated from landfills
(Abubakar et al., 2022). Currently, the major barrier to producing
H2 by the dark fermentation process is the high cost of feedstock,
which could be fulfilled by recycling waste biomass to minimize the
ecological footprint. Dark fermentation is a promising technique to
valorize food waste biomass as a substrate by considering different
operational conditions such as pH, hydraulic retention time (HRT),
and organic loading rate (Kim et al., 2009). Dark fermentation is
capable of valorizing a wide range of waste biomass with a simple
reactor design and a high production rate of bacterial degradation
under anaerobic conditions in the absence of light (Bundhoo and
Mohee, 2016; Mohanakrishna et al., 2023).

Therefore, the techno-economic feasibility of the conversion of
these two food wastes must be considered to produce important

byproducts—mostly VFAs from dark fermentation (Strazzera et al.,
2018). Volatile fatty acids are the byproduct produced from dark
fermentation and have important carbon compounds such as formic
acid, acetic acid, propionic acid, butyric acid, and valeric and caproic
acids, which play a crucial role in chemical industries. VFAs have
been used greatly to generate paraffins, carbonyl derivatives, and
alcohols (Dahiya et al., 2018) in chemical industries and as a
potential substrate for biopolymer production through
polyhydroxyalkanoates (Chalima et al., 2017). Osman et al.
(2024), (Osman et al., 2023) reported in a recent advanced study
innovations of low-energy processes for organic biomass synthesis
which could offer valuable insights to improve conversion processes.
Dark fermentation is recommended as an excellent alternative for
synthesizing bioproducts and extracting bioactive compounds with
high industrial-added product that could expand the circular
bioeconomy (Mu et al., 2018).

At present, the food market faces direct or indirect problems
due to the drastic increase in fertilizer prices (Grzebisz and
Łukowiak, 2021; Khan et al., 2024). To overcome this situation
in the food production sector, farmers should pay more attention
to using byproducts which are nutrient-rich and generated from
waste biomass (Stepaniuk and Głowacka, 2022). Agricultural
production is directly affected by climate variables such as
temperature and precipitation which control crop growth and
yield. Water deficit resulting from drought reduces plant growth
and crop yield because of its negative impacts on plant growth
(Karl et al., 2009). Agricultural crops have different water needs
because some crops use water more efficiently than others. A
drought can reduce crop yields due to less water and soil
moisture. Biochar is a carbonaceous compound available from
various biomasses such as wood, sawdust, and rice husk
(Abdelaal et al., 2019) and is beneficial for both energy and
agricultural practices. Biochar has a high cation exchange
capacity (CEC), a high zeta potential, and a large surface area
(Pradhan et al., 2020) to improve soil quality, soil-water, and
nutrient retention and enhance plant growth (Lehmann and
Joseph, 2009; Danish et al., 2024).

Biochar is generated by the pyrolysis process from different
types of waste biomass in absence of oxygen at temperatures of
400–800°C (Tripathi et al., 2016; Khan et al., 2024). Of the advanced
techniques, the valorization of food waste by pyrolysis allows the
recovery of 80% of energy via pyrolyzed products such as biochar,
bio-oil, and syngas with high calorific values (Parthasarathy et al.,
2021; Rijo et al., 2023). The biochar has a massive impact on
satisfying energy supply in the form of heat and represents the
most practical real-world application for preventing global warming
by capturing and sequestering atmospheric carbon (Andrzejewski
et al., 2022). Osman et al. (2022) reported that biochar could be
effectively utilized to store carbon in different sinks and improve soil
physicochemical properties which are essential for a comprehensive
understanding of biochar’s role in carbon sequestration, certain
regulations, and the thresholds needed for biochar to be used
in agronomy.

This literature underscores the significance of several key
parameters in H2 production processes, but most research has
predominantly focused on maximizing H2 yield. Additionally, it
is also essential to keep attention on the reuse of the residue
generated after fermentation. Efforts in this field should not only
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prioritize maximizing H2 yield but also consider the
environmental implications of fermentation byproducts.
Addressing this residue and its potential environmental

impact aligns with broader sustainability goals and ensures a
comprehensive understanding of the overall ecological footprint
of H2 production processes. However, H2 production from

FIGURE 1
Detailed methodology of (A) feedstock preparation for dark fermentation process and (B) H2 gas and biochar production by dark fermentation and
pyrolysis process, respectively.
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starchy food waste such as potato peels and natural sugar fruit
waste like watermelon rinds and valorizing the discarded residue
to biochar is inadequately represented in the literature. The
selection of waste biomass for higher H2 production is also a
major factor.

Therefore, this study aims to generate H2 gas from potato peel,
watermelon rind, and a mixture of these by dark fermentation and
produce biochar from the leftover fermented residue by pyrolysis.
This study aims to conduct a comparative analysis to pick a suitable
waste biomass for higher H2 production from solitary and mixed
feedstocks. This work attempts a preliminary investigation to
produce biochar from the discarded residue and analyze various
properties from an agricultural point of view.

2 Materials and methods

2.1 Collection of waste and preparation
of feedstock

Food waste was collected from the Hamad Bin Khalifa
University food court kitchen waste bin and potato peel and
watermelon rind segregated. These were chopped into small
pieces (Figures 1A, B). The solid-state dark fermentation (SSF)
process has been employed for the production of H2 gas using
potato peel, watermelon rind, and mixed feedstock at a 1:1 ratio to
produce H2 gas. The primary benefit of these approaches lies in their
ability to minimize waste and liquid effluent, thereby creating
minimal environmental impact. SSF utilizes uncomplicated
natural solids as the medium, offering a low-technology solution
to reducing energy requirements and a lower demand for capital
investment. A detailed methodology of H2 gas production from
kitchen wastes and the recycling of leftover residue to produce
biochar is shown in Figures 1A, B, and a list of samples is reported
in Table 1.

Before proceeding with the H2 gas and biochar production,
the initial pH, EC, total solids (TS), volatile solids (VS), and
moisture content (MC) were measured following standard
procedures (Turhal et al., 2019). Additionally, the pH and EC
of the initial biomass of each source were measured before
fermentation.

2.2 H2 gas production

After the preparation of feedstock, 150 g of each (potato peel,
watermelon rind, and their mixture) was poured into 500-mL Schott
bottles covered with aluminum foil (Figure 1) in triplicate.
Anaerobic sludge was employed as an inoculum and subjected to
heating at 100°C for 1 h to eliminate methanogenic bacteria. The
pretreated sludge was allowed to cool at room temperature before
being used in the experiments. The seed sludge was then grown in
molasses for 20 h before inoculation, as per Turhal et al. (2019).
Thereafter, 1 L of treated sludge was mixed with 0.5 g of baker’s yeast
(Saccharomyces cerevisiae) to enhance H2 production by breaking
down complex organic compounds into simpler sugars and organic
acids, which are more easily fermentable by hydrogen-producing
bacteria. Subsequently, 15 mL and 30 mL of the prepared inoculum
were added to separate sets of triple bottles. No yeast was added to
one set to serve as a blank for comparison of the yeast effect. Then,
nitrogen (N2) gas was flushed for 5 min to supply anaerobic
conditions before the bottles were tightly sealed with a rubber
stopper. Following inoculation, the samples underwent agitation
at 100 rpm within a dark shaker, maintaining a temperature of 35°C
for two intervals of 24 and 48 h. The amount of H2 gas produced in
the bottle was collected by a syringe after 24 and 48 h and measured.
H2 yield was calculated as the cumulative volume of H2 produced
per gram of volatile solids (mL H₂/g VS). Thereafter, the leftover
residue was placed in a Fisher Scientific Isotemp mechanical
convection laboratory oven at 105°C for 24 h for complete drying.

2.3 Biochar production

The dried biomass was used to produce biochar at 400°C by
pyrolyzing in the absence of oxygen using a muffle furnace
(Lindberg Blue M-3504) at a supply of 0.5 L/min N2 gas
(Pradhan et al., 2020). This pyrolysis temperature was based
upon previous research outcomes of the biochar properties for
agriculture practice (Pradhan et al., 2020). The biomass and
biochar were ground to finer particles to measure the pH, EC,
and zeta (ζ) potential as per Pradhan et al. (2022) and Parthasarathy
et al. (2021). After producing biochar at each temperature, the yield
was determined using Equation 1:

TABLE 1 Sample notation and sample type.

Sample notation Sample type

(WR)B Watermelon rind blank

(PP)B Potato peel blank

(WR + PP)B Mixture of watermelon rind and potato peel blank

(WR)15 Watermelon rind in addition to 15 mL inoculum solution with a concentration of 500 mg/L

(PP)15 Potato peel in addition to 15 mL inoculum solution with a concentration of 500 mg/L

(WR + PP)15 Mixture of watermelon and potato peel in addition to 15 mL inoculum solution with a concentration of 500 mg/L

(WR)30 Watermelon rind in addition to 30 mL inoculum solution with a concentration of 500 mg/L

(PP)30 Potato peel in addition to 30 mL inoculum solution with a concentration of 500 mg/L

(WR + PP)30 Mixture of watermelon rind and potato peel in addition to 30 mL inoculum solution with a concentration of 500 mg/L
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Yield of biochar � weight of biochar g( )
weight of biomass g( )

× 100. (1)

The pH, EC, and zeta potential of biomass after fermentation
and biochar produced from biomass were determined using an
Orion Star A121 pH meter, A329 Thermo Scientific conductivity
meter, and Zetasizer Nano-ZS (Malvern) meter, respectively.
Samples were prepared by mixing media and water at a 1:
10 ratio in a shaker for 1 h at 150 rpm before measurement of
pH and EC (Dai et al., 2017; Pradhan et al., 2020). To standardize the

pH levels, samples with lower pH were adjusted to 5.5 using a
KOH solution.

The nutrient content of biomass and biochar was measured by
an Agilent 5110 ICP-OES (inductively coupled plasma optical
emission spectroscopy). Prior to sample analysis, the biomass and
biochar samples were digested by microwave acid digestion. A
sample weight of 200 mg was digested by 8 mL nitric acid
(HNO3) and 2 mL hydrogen peroxide (H2O2) in an Ethos UP
microwave digestion system (Milestone). After digestion,
the samples were diluted with deionized water and filtered with

FIGURE 2
(A) TS (total solid), VS (volatile solid), and MC (moisture content) of the prepared feedstocks; (B) pH and EC (electrical conductivity) values of the
feedstocks.
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0.45-µm filter paper. A segmented flow analyzer (Sans+, Skalar) was
used to measure the phosphorus concentration.

2.4 Statistical analysis

Statistical significance was determined using analysis of
variance (ANOVA) with Fisher’s lowest significant difference
test (LSD) at p < 0.05. The significance of variation was analyzed
using a one-way and multivariate linear model in the Statistical
Package for the Social Sciences (SPSS). All experiments were
conducted in triplicate, and the results were presented as mean ±
standard deviation.

3 Results and discussion

3.1 Characteristics of waste

The watermelon rind, potato peel, and their mixture exhibit
approximately 6.8%–12% TS, 88%–95% MC, and 76%–88% VS
(Figure 2A). Notably, the VS concentration in potato peel is
higher than in watermelon rind, attributed to the elevated water
content in watermelon. The initial pH values of the prepared
samples ranged from 4.3 to 5.1, while the EC values were
approximately 2 mS/cm (Figure 2B).

3.2 Quantification of H2 gas production

Many studies report that the H2 production rate remains stable
beyond the 48-h mark by the dark fermentation process (Turhal
et al., 2019; Dao et al., 2023). Consequently, H2 production yields
were assessed at 24 and 48 h, and the volumes of generated H2 gas
are illustrated in Figure 3A. Additionally, Figure 3B displays H2

production rates relative to the amount of VS removal rate. The
calculated H2 production rate stands at approximately 50 mL/g VS

removed. It is noteworthy that due to the higher water and sugar
content in watermelon, an H2 production rate exceeding 50.5 mL/g
VS removed was achieved. On the other hand, a greater volume of
H2 was obtained with potato peel (p = 0.007); however, its
production rate was observed to be lower than watermelon rind
(p = 0.001). Notably, the application of yeast to the inoculum does
not confer any advantages to H2 production. Cao et al. (2022)
indicated a peak hydrogen yield of 71 mL/g of VS when utilizing
aeration-enriched inoculum coupled with a notable achievement of
29% VS removal with an H2 yield of 71 mL/g from potato peel.

Turhal et al. (2019) used a mixture of melon and watermelon to
produce H2 gas and observed that H2 production increased with
increasing the substrate concentration because of higher initial sugar
content at an elevated TS concentration. H2 production for natural
microflora was 80.62 mLH2/Lreactor.h at 37 g TS/L, while it
significantly increased to 351.12 mLH2/Lreactor.h at the same
mixture concentration by external inoculation. This study
reported that the most favorable nutrient and inoculum
composition for H2 gas production was at 37 g TS/L.
Vijayaraghavan et al. (2007) reported a mixed fruit peel waste of
46–84 g/L of VS produced 63% ± 2%H2 gas, while the average biogas
generation was found to be 0.73 m3/kgVS. A maximum 932 mLH2/
L.d of H2 could be generated with a 1-day HRT and a substrate
loading rate of 90 g TOC/L.d from peach pulp (Dao et al., 2023). Our
findings and its validation by previous research demonstrates that
dark fermentation is as a great alternative for clean energy
production.

3.3 Yield of biochar

After H2 production at two intervals (24 h and 48 h), the leftover
residue was used to produce biochar, and the biochar yield was
calculated. The yield of biochar for different feedstocks is shown in
Figure 4A. The yield produced from watermelon rind was less than
for potato peel and blended rind and peel (p = 0.001). A slight
reduction in the yield of potato peel biochar was observed at 48 h in

FIGURE 3
(A) Volume of H2 gas generation; (B) H2 gas production rate.
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comparison to 24 h, whereas in the case of watermelon rind, biochar,
and mixed biochar, the yield is almost identical (p = 0.88).

3.4 pH, EC, and zeta-potential

In each type of feedstock biomass, the pH was found <5 after 24 h of
samples, while a slight reduction in pHwas noticed after 48 h (Figure 4B).
Compared to watermelon rind and mixed biomass samples, potato peel
showed lower pH values (p = 0.02). It demonstrated more acidic
compound formation that reflects the highest volume of H2 gas
production. After biochar production from 24 h to 48 h feedstocks,
the samples were alkaline in nature with a pH more than 7.5 in each
feedstock type. A less significant variation was noticed in the pH of
biochar produced at the 24 h and 48 h time spans (p = 0.53). Ding et al.
(2016) reported that the application of higher alkaline biochar produced
from agricultural waste could improve soil quality by reducing soil acidity
and enhancing soil cation exchange capacity.

It was noticed that the application of the inoculum solution does
not affect the EC of feedstock; therefore in each feedstock type, the blank
(no yeast application) and fermented samples with inoculum solution
showed equal EC (Figure 4C). It was observed that the potato peels had

the highest EC values, and all other feedstock biomass had EC more
than 1.5mS/cm (p= 0.01). However, a tremendous reduction in ECwas
noticed in biochar for each feedstock type and was found to be less than
0.5 mS/cm (p = 0.001). A large variation was also noticed for zeta
potential in biochar and biomass samples (Figure 4D). In each feedstock
biomass type, the zeta potential tends to have less electronegativity
strength, while after biochar production, the zeta potential increased
and tended to have more electronegativity strength (>-15 mV), which
could be beneficial for water and nutrient uptake after amending
biochar with soil (Farhangi-Abriz and Ghassemi-Golezani, 2023).
The more negative zeta potential of biochar enhanced cation
exchange groups, which improves root cell walls and enhances
maximum nutrient and the water sorption of plant roots (Farhangi-
Abriz and Ghassemi-Golezani, 2023). This will also be more favorable
for hydroponic agricultural production, with good crop yield and plant
biomass (Wang et al., 2022).

3.5 Nutrient content of biomass and biochar

Considering these results, the nutrient content was measured for
watermelon rind, potato peel, and their mixture for the blank

FIGURE 4
(A) Yield of biochar, (B) pH, (C) EC (electrical conductivity), and (D) zeta potential of biomass and biochar.
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samples only. The nutrient content in watermelon rind biomass is
comparatively greater than potato peel biomass (Table 2). Biochar
produced from all three types of feedstock had comparatively more
nutrient concentration than biomass. Compared to individual
potato peels and mixed biochar samples, watermelon rind
biochar showed more nutrient content (p = 0.002). It was
noticed that calcium (Ca), potassium (K), magnesium (Mg), and
phosphorous (P) in watermelon rind biochar is higher than potato
peel biochar (p < 0.03) compared to other nutrients. However, in
each type of feedstock, biochar production was found to enhance
nutrient content, which is appropriate to apply as an amendment to
agricultural practices. Masto et al. (2013) reported that biochar
generated from Lantana camara at 300°C was rich in nutrients
such as P (0.64 mg/kg), K (711 mg/kg), Ca (5,880 mg/kg), and Mg
(1,010 mg/kg). Similarly, biochar produced from other organic
wastes had potential nutrient availability and could release large
amounts of nutrient after addition to the soil (Mukherjee and
Zimmerman, 2013; Zheng et al., 2013).

The business models for market value and economic potential
demonstrate that biochar is a cost-effective amendment and
carbon sequester with a wide range of environmental benefits
associated with biochar application in agriculture production.
The production cost of biochar is higher than the production cost
of charcoal, but the return on investment is greater by reducing
fertilizer cost, water demand cost, crop yield, and carbon value.
Over the last decade, biochar production has established itself as
a reliable way of valorizing food waste and fermented residue
(Chen et al., 2014; Fawzy et al., 2022). Fawzy et al. (2022)
confirmed that biochar production by pyrolysis is self-
sufficient with the availability of surplus energy and
represented 2.68 tCO2e per ton of biochar, whereas carbon
emission costs vary according to feedstock costs and project
strategy. Biochar achieved a return of 22.35% at a combined
cost of EUR 110/ton CO2e removal and EUR 350/ton biochar
with a feedstock cost of 45 EUR/ton, where service and product
pricing are both within the lower bound of market pricing.

The assessment of net carbon management for recycling
kitchen waste is an important pathway to reducing the

environmental burden of agricultural production.
Converting kitchen waste into biochar through pyrolysis is
an important management strategy for achieving a circular
carbon economy, generating both environmental and social
benefits. Therefore, this study supports our upcoming research
on the life cycle assessment (LCA) of the carbon footprint of the
entire process, from waste collection to end-product
biochar use.

4 Conclusion

This study is a preliminary laboratory-scale investigation on
H2 gas and biochar production from two kitchen wastes which
contain large amounts of starch, sugar, and cellulose. Dark
fermentation is found promising for producing H2 gas directly
from kitchen waste and the leftover residue for biochar
production by pyrolysis for sustainable energy and crop
production. A greater volume of H2 gas (150 mL) was
produced from potato peel and less in watermelon rind. After
fermentation, the biochar produced from fermented residue at
400°C was found to have the most beneficial properties for the
sustainable amendment of soil-based and hydroponic
agriculture. The suitable properties of biochar in comparison
to biomass encourage the valorization of fermented residue by
pyrolysis process as the best option for zero waste generation.
However, this short-term analysis highlights the future direction
of developing dark fermentation for long-term H2 gas production
and biochar application for the real conditions of crop
production. The novelty of this study encourages research on
biochar-blended nutrient source production and application as a
sustainable fertilizer solution for reducing traditional fertilizer
costs. Additionally, this study aids the optimization of biochar
production from fermented food residue by machine learning
and modeling to interpret the influence of biochar properties in
future agriculture production. This study encourages additional
research in computational chemistry to control nutrient
binding criteria.

TABLE 2 Nutrient content of each type of biomass and biochar.

Nutrient content (WRB)B (mg/kg) (PPB)B (mg/kg) (WR + PP)B (mg/kg)

BM BC BM BC BM BC

Ca 1,500 ± 14.8 1,640 ± 9.7 1.56 ± 0.11 1.73 ± 0.10 163 ± 9.02 185 ± 10.2

K 11,760 ± 20.0 12,150 ± 24.6 30.9 ± 0.25 53 ± 0.46 3,903 ± 17.6 4,004 ± 22.5

Fe 121 ± 4.7 225 ± 6.8 1,780 ± 13.4 1,940 ± 18.7 760 ± 10.4 894 ± 13.2

Mg 5,420 ± 17.5 5,860 ± 8.6 3,450 ± 12.4 3,730 ± 20.5 3,624 ± 7.6 3,785 ± 11.4

Mn 99 ± 0.5 135 ± 4.7 65 ± 0.8 82 ± 1.2 73 ± 0.8 97 ± 0.5

Zn 106 ± 6.3 154 ± 2.7 228 ± 3.6 306 ± 7.3 124 ± 1.8 156 ± 5.4

Cu 21 ± 0.5 46 ± 0.5 248 ± 1.8 305 ± 6.4 135 ± 3.7 147 ± 3.7

Na 330 ± 4.6 570 ± 5.7 0.41 ± 0.02 0.67 ± 0.008 136 ± 5.8 152 ± 2.6

P 12,790 ± 12.7 13,120 ± 13.6 18 ± 0.3 25 ± 0.5 1903 ± 9.7 2,031 ± 17.8

BM, biomass; BC, biochar.
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