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Biochar addition influences C

and N dynamics during biochar
co-composting and the nutrient
content of the biochar co-compost

Emmanuel Abban-Baidoo?, Delphine Manka’abusi?, Lenin Apuri!, Bernd Marschner? &
Kwame Agyei Frimpong**

This study investigated the effects of corn cob biochar (CCB) and rice husk biochar (RHB) additions
(at 0%, 5%, and 10% w/w) on nitrogen and carbon dynamics during co-composting with poultry
litter, rice straw, and domestic bio-waste. The study further assessed the temperature, moisture,

pH, and nutrient contents of the mature biochar co-composts, and their potential phytotoxicity
effects on amaranth, cucumber, cowpea, and tomato. Biochar additions decreased NH,*-N and NO;-
contents, but bacteria and fungi populations increased during the composting process. The mature
biochar co-composts showed higher pH (9.0-9.7), and increased total carbon (24.7-37.6%), nitrogen
(1.8-2.4%), phosphorus (6.5-8.1 g kg™!), potassium (26.8-42.5 g kg™), calcium (25.1-49.5 g kg™), and
magnesium (4.8-7.2 g kg™!) contents compared to the compost without biochar. Germination indices
(GI) recorded in all the plants tested with the different composts were greater than 60%. Regardless
of the biochar additions, all composts treatments showed no or very minimal phytotoxic effects on
cucumber, amaranth and cowpea seeds. We conclude that rice husk and corn cob biochar co-composts
are nutrient-rich and safe soil amendment for crop production.
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Waste management is a significant challenge in many sub-Saharan African (SSA) countries. Sustainable waste
management in SSA is constrained by inadequate infrastructure, limited financial resources, and a lack of
awareness.'™ SSA countries adopt different waste management approaches based on their socio-economic
development, population density, and national policies.* In Ghana, waste management is problematic due to
rapid urbanization and improvements in standards of living, particularly in the urban areas, which has resulted
in large amounts of domestic and market wastes.>” Odonkor and Sallar’ reported that in Ghana, waste materials
are often dumped in open areas, wetlands, landfills, and uncontrolled dumpsites or incinerated in the open
air. Studies have shown that the poor wate management systems have health-related consequences including
intestinal worm infestation, acute eye infections, cholera and typhoid fever.®’

Research findings indicated that domestic solid waste and industrial waste, which are the dominant types
of waste in Ghana contain over 60% of organic and decomposable waste.'®!! Miezah et al.'? estimated that the
average waste generated in Ghana is 0.47 kg per person per day, equivalent to approximately 12,710 tons of waste
per day. Miezah et al.!? estimated that two Ghanaian cities, Accra and Kumasi, alone generate approximately
4,000 tons of waste daily. Adanu et al.’> opined the revenue and energy potentials of these wastes can be tapped
through their use as a resource by industries to improvethe quality of life of many Ghanaians. Composting has
been considered as a sustianble way to manage organic waste materials 1 in that compost offers the potential
to divert organic waste from landfills. Compost produced from organic waste materials can be used as a soil
amendment to improve soil structure, enhance moisture retention, and supply nutrients for improved crop
production.**!* However, improper organic waste composting can lead to nutrients loss through volatilization,
leaching, and greenhouse gas emissions"!>'¢ with negative environmental implications.

Significant N losses occur during composting of organic materials, especially nutrient-rich feedstock such
as animal manure.!”"'® N losses during composting represent a major problem as it significantly influences the
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agronomic value of the final compost product.?’ N losses during composting are reported to occur through
N,O and NH; emissions, which produce unpleasant odour with potential environmental health implications."'
Sanchez-Monedero et al.*® reported that reduced N losses due to biochar addition range from 6-86.4% with
biochar application rates of 3-25%. They further explained that during composting, the reactivity of biochar
increases due to surface ageing, which involves the development of acid and basic functional groups through
the oxidation of the biochar matrix and the formation of organic coating.

Co-composting, the process of composting organic waste with biochar, can be explored as an innovative and
sustainable waste management solution to mitigate the adverse environmental impacts of improper organic waste
management approaches. Addition of biochar to organic waste during composting can minimise carbon and
nitrogen substrate availability for greenhouse gas (GHG) production. GHG emissions from biochar or biochar
co-compost amended soils is likely to be low due to biochar’s high internal surface area and sorption capacity,
which promotes complex interactions between biochar and soil components.?! These reactions increased soil
pH,**? reduced soil bulk density,**** reduced losses of nutrients*>?” and greenhouse gas emissions from the
amended soils.!”?*? Similar interactions are also reported to occur during composting when biochar is used as
part of the composting material.*°

The addition of biochar during composting accelerates the composting process by increasing the temperature
of the compost mixture and providing a large surface area for microbes that mediate the decomposition
process®*2, Biochar’s micropores and macropores, which are comparable in size to bacteria, provide shelter for
microorganisms, allowing them to proliferate with limited stresses from inhibitory compounds, competitors,
and environmental factors such as pH, leaching, and desiccation.?’ Biochar addition during composting has been
reported to minimize C and N losses®*** and decrease N,O and CH, emissions**~*” compared to composting
without biochar.

According to Zucconi,® phytotoxicity effects of compost are attributable to a combination of factors including
the presence of heavy metals, ammonia, soluble salts and low molecular weight organic acids. To guarantee
the safe use of composts, simple methods are often used to assess their toxicity to growing plants.** These
methods include seed germination and plant growth tests using compost extract.’®*° The phytotoxicity test
result is indicative of whether co-composting biochar with organic materials yields well-matured compost free
of phytotoxins that inhibit seed germination and seedling development or not. This biological testing method is
used to screen organic waste composts for their suitability for soil application.*' Many studies have investigated
compost phytotoxicity using different plant species such as cucumber, radish and tomato,*® Maize,** chickpea
and soybean*’ and garden cress.*

The specific objectives of this study were to (i) investigate the effects of corn cob biochar and rice husk
biochar additions on nutrient (N and C) dynamics during composting with organic waste materials such as
poultry litter, rice straw and domestic bio-waste, (ii) assess the effect of biochar addition on bacterial and fungal
populations during composting of organic waste materials, (iii) examine the phytotoxicity effects of biochar
and compost on germination parameters of amaranth, cowpea, tomato and cucumber. We hypothesized that
biochar co-composting with organic waste materials does not increase carbon stabilization or reduce nitrogen
mineralization, does not increase bacterial and fungal populations, and does not impose phytotoxicity effects on
seed germination and seedling development of amaranth, cucumber, tomato, and cowpea.

The novelty of this study is that biochar addition at the time of composting is a sustainable way of recycling
organic waste for biochar co-compost production. Biochar co-compost can be added to soil to improve soil
quality, increased crop yields and enhance livelihoods of farmers and their households. Additionally, this study
contributes knowledge on sustainable organic waste management practices in SSA, showcasing the potential of
biochar co-composting to enhance compost quality and improve soil health.

Materials and methods
Study area and experimental setup.
The composting was done at the A. G. Carson Technology Center of the University of Cape Coast (5° 07’ 45.64"
N; 1°17' 09.94"” W), Ghana. The basic feedstocks used for composting were poultry litter (PL), rice straw (RS),
domestic bio-waste (DBW), and biochars-rice husk biochar (RHB) and corn cob biochar (CCB). The DBW, PL
and RS were composted with either RHB or CCB in 1 m? wooden bins. The experimental set-up comprised a
factorial design involving five treatments with four replications each. The amounts of DBW, PL, and RS in each
compost treatment mixture were 100 kg, 35 kg, and 30 kg, respectively (dry weight basis), with 0%, 5% or 10%
of either RHB or CCB added. Thus, the treatments were 0%B (DBW, PL and RS mixtures without biochar),
5%RHB (DBW, PL and RS mixtures containing 5% rice husk biochar), 10%RHB (DBW, PL and RS mixtures
containing 10% rice husk biochar), 5%CCB (DBW, PL and RS mixtures containing 5% corn cob biochar) and
10%CCB (DBW, PL and RS mixtures containing 10% corn cob biochar). To ensure homogeneity, each treatment
components were mixed thoroughly in a concrete mixer machine for 15 min before being poured into the 1 m?
compost bin. The composting lasted for 60 days, with periodic manual mixing in every 3 days in the first 2 weeks
and weekly in the subsequent weeks. Water was added periodically to maintain moisture content of the compost
mixes at approximately 60% throughout the composting process to ensure adequate moisture availability while
enabling oxygen supply for optimal microbial activities.*®

Samples of the compost was collected at specific time points to determine changes in temperature, moisture,
pH, and electrical conductivity (EC) during the composting process. The mesophilic, thermophilic, and
maturation phases of the composting was detected based on temperature values. Four replicates per treatment
were sampled on each specific date to ensure statistical robustness and representativeness of the sample.**
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Feedstock collection and characterization
The PL was collected from the University of Cape Coast Teaching and Research Farm, Ghana, and comprised
a mixture of droppings, beddings, and feeds of chickens under the deep litter subsystem of broiler and layer
production. The RS was collected from rice farmers’ fields at Wamaso and Kobina Anno towns in the Central
Region of Ghana and manually chopped into pieces (<10 cm). The DBW was collected from local markets
and food vendors within the Cape Coast metropolis of the Central Region of Ghana. The DBW was primarily
composed of vegetable waste, fruit peels (mostly pineapple, watermelon, and pawpaw), and peels from yam,
cassava, and plantains. To ensure that the feedstock was uniformly mixed prior to composting, all components
were shredded into smaller pieces and thoroughly mixed using a clean concrete mixer.

Corn cob biochar (CCB) and rice husk biochar (RHB) were purchased from Lucky Star Pure Charcoal
Limited, Kumasi, Ghana. The corn cobs were pyrolyzed at 400° C, while the rice husks were pyrolyzed at 550°
C. The chemical properties of the feedstocks are presented in Table 1.

Chemical properties, microbial analysis and phytotoxicity assessment

pH and electrical conductivity (EC) were measured in a 1:5(w/v) compost-deionized water ratio using a
combined pH and EC meter (HANNA instruments). The total carbon (TC) and total nitrogen (TN) contents
were measured using the loss of ignition method*® and the Kjeldahl method®, respectively. The C/N ratio was
calculated from the measured TN and TC. The total Phosphorus (P) content was extracted using the Calcium-
Acetate-Lactate extraction (P CAL) method and measured on a spectrophotometer at 720 nm. Total element (K,
Ca, Mg, Na, Al, Fe) concentrations were determined by nitric acid (HNO;) digestion at 120 °C using the MARS
6 Microwave Digestion System (from CEM corporation) and measured using the Inductively Coupled Plasma
Spectroscopy (Ciros CCD, SPECTRO Analytical Instruments GmbH, Kleve, Germany)®. Ammonium nitrogen
(NH,*-N) and nitrate nitrogen (NO;™-N) were extracted using the KClI extraction method. NH,*-N and NO;™-N
were measured with a spectrophotometer (UV-1600PC) at 636 nm and 410 nm respectively.

Culturable bacteria and fungi population counts were performed using the pour plate count method.*! This
method was chosen because it provides a direct measure of the viable microbial populations present in the
compost samples. Although molecular techniques such as qPCR and next-generation sequencing (NGS) are
increasingly used, the pour plate method remains a valuable first step approach for assessing the overall microbial
activity and health of compost, especially in resource-limited situations. Nutrient agar (NA) was used to culture
bacteria, and Potato Dextrose Agar (PDA) was used to culture fungi. Germination tests were performed to assess
the phytotoxicity effects of the matured compost on the germination parameters of cucumber, cowpea, amaranths
and tomatoes. The relative seed germination (RSG), relative root elongation (RRE) and germination index (GI)
were calculated as described by Pena et al.**

Statistical analyses

Statistical analyses were performed using R software version 4.0.5. The Shapiro-Wilk Test for normality was
conducted to check the normal distribution of the data. The General Linear Model (Im function in R) was used
to test for differences in treatment effects on the measured variables. Data comparison was made using the
multivariate Analysis of Variance under the General Linear Model with multiple range Post Hoc tests using
Tukey’s Honestly Significant Difference (HSD) test to deduce treatment differences at P <0.05. Correlation
analyses were performed to compare the strengths of relationships among some of the measured parameters.
Principal component analysis (PCA) was done to assess the contribution of each independent variable to the
measured parameters. Germination parameters were calculated using an Excel sheet developed by Dr. Farhan
Khalid, Department of Agronomy, The Islamia University of Bahawalpur, Pakistan. Figures were prepared and
presented using OriginPro 2021b (OriginLab Corporation, Northampton, USA) software.

Parameter | Unit DBW | PL RS RHB | CCB

pH (H,0) 5.9 7.5 7.3 10.1 9.8

EC mScm™ | 9.69 4.61 4.06 | 0.56 3.23
N % 1.58 2.78 | 0.79 | 051 0.64
C % 34.66 |32.54 |36.27 |41.43 | 71.98
C/N 21.93 11.71 | 4591 |81.23 |112.47
P g kg’1 2.02 8.29 0.43 1.31 1.38
K gkg™! 49.14 |16.14 |16.82 |17.62 18.17
Ca gkg! 10.52 | 62.3 2.78 | 253 0.68
Mg gkg! 216 | 518 | L3 1.02 0.73
Na gkg™! 0.89 345 | 057 | 05 0.49

Table 1. Chemical properties of feedstocks used for composting. DBW domestic bio-waste, PL poultry litter,
RS rice straw, RHB rice husk biochar, CCB corn cob biochar.
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Results and discussion

Dynamics of temperature, moisture, pH and EC during biochar co-composting

The initial temperature (6 h after the start of composting) of the compost mixtures ranged from 33 to 35 °C
(Fig. 1a). All compost treatment mixtures entered the thermophilic phase (> 40 °C) one day after the beginning
of the composting, lasting for nearly 20 days. Within the thermophilic phase, temperatures fluctuated between
55 and 68 °C, with the highest temperature of 68 °C being recorded in the 10%RHB treatment (Fig. 1a).

Biochar co-composts (RHBs and CCBs) showed higher temperatures and more prolonged thermophilic
phases than composts without biochar (0%B). Biochar possibly stimulated microbial activity, which resulted in
a greater primary fermentation intensity in biochar co-composts in agreement with Tibu et al.*> and Yu et al.>®
Although biochar produced at higher temperatures (400 °C and 550 °C) typically contains more recalcitrant
carbon, at the initial stages following its addition, labile carbon released from biochar decomposition into the
compost mixture provide carbon and energy sources and potentially prime carbon release from other feedstocks.!
Jagadabhi et al.*’ and Lim et al.* reported that the optimal temperature range for optimum decomposition
of lignocellulosic biomass is around 50-60 °C. The high temperatures observed in biochar co-composts are
attributable to rapid decomposition of organic compounds and increased microbial activities.”* The high
temperatures possibly contributed to disinfecting the compost materials, particularly the DBW and PL, which
have been reported to contain high amounts of pathogens and contaminants.**>>

The pH of all the composts progressively increased from day 0 to day 35, and subsequently and gradually
declined with time until day 60 (Fig. 1b). Biochar co-composts showed higher pH values than composts
without biochar, with the CCB co-composts having higher pH than RHB co-composts. Biochar addition during
composting potentially created a conducive environment that stimulated microbial activities and the subsequent
release of alkali and alkali earth metals bound in the organic matter. The presence of base cations such as Ca,
K, and Mg, as well as the direct release of carbonates, hydroxides, or oxides formed during biochar production,
would have reacted with H" and monomeric Al species in the compost mixtures, thereby increasing their pH.*
The initial pH values of all feedstocks used for compost preparation were greater than 7, except for DBW (pH
5.9). RHB and CCB had pH values of 10.1 and 9.8, respectively (Table 1), which is indicative that the observed
pH increase in biochar co-compost treatments can be directly attributed to the high pH of the biochars.””

The initial moisture content (%MC) of the compost mixture ranged from 58 to 63% (Fig. 1c). On day 5 of
composting, the 10%CCB treatment recorded the highest %MC, while on day 60, the RHB co-composts recorded
the highest %MC, followed by CCB co-composts, with 0%B recording the lowest %MC. Adequate moisture
content is crucial during composting as moisture influences the physiological characteristics of microorganisms
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Figure 1. (a) Changes in temperature, (b) pH, (c) moisture and (d) EC during composting of organic wastes.
Error bars represent + standard deviation of triplicate samples.
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and the physical structure of compost matrices.’! Thus, a well-maintained moisture content encourages active
oxygen consumption and increased activity of aerobic microorganisms.*®

Electrical conductivity (EC) in the 0%B treatment was significantly higher than in biochar co-composts.
The 0%B treatment showed a progressive increase in EC from 9.1 mS cm™ (day 0) to 11.4 mS cm™" (day 40),
decreasing to 10.7 mS cm™ at day 60 (Fig. 1d). During composting, weight loss occurs due to the mineralization
of organic matter which is associated with moisture use and CO, emission, and a concentrated and drier compost.
The drying process promotes the accumulation of mineral salts raising the EC of the compost mixture.* High
EC (>4 dS m™) has been reported to inhibit seed germination and seedling development.***

Changes in total C, NH,*-N and NO;™ -N contents during biochar co-composting
Figure 2 shows changes in ammonium nitrogen (NH,*-N), nitrate nitrogen (NO;™-N) and total carbon content
(TC) during organic waste composting with biochar. TC in all compost treatments decreased over time (Fig. 2¢)
as the pool size of easily decomposable C decreased.'® The decline in TC suggests the mineralization of organic
matter and loss of carbon through the release of CO, due to fermentation during the composting process.”*>*!
The relatively lower TC of the 0%B treatment reflects higher C mineralization when composting without
biochar.” Biochar addition during composting can reduce C loss by increasing the C/N ratio, which is likely to
lower C mineralization. Biochar is known to contribute more recalcitrant carbon in compost-biochar mixes,
which helps stabilize the organic matter and reduce carbon loss.>

The concentrations of NH,"-N and NO,™-N in all treatments were higher in the earlier stages of composting
but decreased over time (Fig. 2a and 2b). The decline in NH,*-N content with time during composting could
suggest N losses through ammonia volatilization, microbial or capture on biochar surface, microbial NH,*
immobilization, nitrification or their combination.®> The NH,*-N in the biochar co-compost treatments were
significantly higher than the compost without biochar (0%B). In the 0%B treatment, decreased NH,*-N content
reflected in an increased NO;™-N content (Figs. 2a and 2b), indicating a relatively greater nitrification rate
when composting without biochar.®? Biochar addition promoted NH,*-N fixation during the thermophilic phase
(around day 21) of the composting process. This was evidenced by the low NO;™ -N contents even as the NH,*-N
decreased with time during the composting period. This suggests that biochar helped to stabilize ammonium,
reducing its conversion to nitrate and thereby minimizing nitrogen losses during the composting process.

Reduced nitrification following biochar additions could be due to the high temperatures, especially at the
thermophilic stage, which inhibited the growth and activities of nitrifying bacteria.*® Biochar’s large surface
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Figure 2. (a) NH,"—N, (b) NO;~ —N and (c) carbon dynamics during composting of organic wastes. Error
bars represent + standard deviation of triplicate samples.
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area and high sorption capacity could stimulate microbial and surface NH,* absorption leading to a net N
immobilization.® In contrast to our findings, Zhang and Sun® found that spent mushroom waste co-composted
with biochar (35% SMC and 20% biochar) had lower NH,"-N content but a higher NO; —N content. They
explained that the combined addition of spent mushroom waste and biochar created a favourable environment
for nitrifying bacteria to convert NH,* to NO;™ leading to high NO;™-N content in the biochar co-compost.

Bacteria and fungi populations during co-composting

Culturable bacteria and fungi populations during composting of organic materials with biochar are illustrated
in Fig. 3. By day 18 of composting, the bacteria count (Fig. 3a) and fungi count (Fig. 3b) were similar in all the
composts. Significant variations in bacteria and fungi count occurred in all the composts from day 25 to day 60.
These variations are attributable to fluctuations in the temperature of the compost mixtures, which significantly
influenced the types and activities of microorganisms.®' Both bacteria and fungi populations in the biochar
co-compost treatments were significantly (P <0.05) higher compared to the 0%B treatment. Among the biochar
co-compost treatments, bacteria and fungi count increased with increased biochar addition.

Microorganisms play a key role during composting of organic materials. They are responsible for the
decomposition of organic matter, nutrient cycling, immobilization, and production and release of GHGs.*
However, during composting, their abundance and activities are affected by substrate availability and conditions
such as temperature, aeration and moisture.®® Also, the regular turning and watering of the compost mixture
can alter the temperature and moisture levels within the compost matrix, creating favourable conditions and
supplying enough oxygen for the microorganisms.

The result of this study agrees with the findings of Malinowski et al.®! who reported a significant increase in
the abundance of bacteria with increasing biochar addition. They attributed their result to the biochar’s effects
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Figure 3. (a) Bacteria and (b) fungi count during composting of organic wastes. Error bars represent + standard
deviation of triplicate samples.
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on the compost pH, which they found to correlate positively with the abundance of microorganisms. Similar
findings have been reported by Awasthi et al.*® and Du et al.® Both studies reported an increase in bacteria and
fungi count and activities following the addition of biochar during composting of organic waste. They concluded
that biochar’s large surface area and pore size provided a suitable habitat for bacteria to colonize and proliferate,
protecting them from predation and desiccation.

Biochar’s porous nature and high internal surface area make it preferable for microorganisms to colonize.*’
However, the kind of microorganisms colonizing the surfaces of biochar depends on the physical and chemical
characteristics of the biochar. Biochar produced at high temperatures has a higher porosity than does produced
at low temperatures.®”% The size of the pores determines which kind of microbes will have access to the internal
surface area and are protected from grazing.” High porosity biochar has high nutrient and water retention
capacity, providing substrates for colonizing microbes. Although biochar contains a high amount of recalcitrant
C, biochar addition during composting can also release the labile C fraction into the compost mixture as a
substrate for microbial synthesis,* especially at the initial stages of the decomposition process.

Effects of biochar addition on the matured compost quality

Table 2 shows the effects of biochar addition on the matured compost’s chemical properties. The result shows that
biochar addition increased pH by 0.1 to 0.6 units. The increase in pH follows the order 10%CCB >5%CCB > 1
0%RHB >5%RHB >0%B. Due to the high pH of the RHB (10.1) and CCB (9.8) used in the study, pH increases
found in the biochar co-composts were not unexpected. It is also possible that the continuous mineralization
of organic matter produced organic acids and phenolic compounds, which could have increased the buffering
effects of the compost mixture.”

Carbon contents of the biochar co-compost treatments were higher than the 0%B treatment. This observation
can be attributed directly to the high C content of the RHB and CCB (41% and 71% respectively). The C/N ratio
can be used to determine the maturity of compost. Compost is considered matured if the C/N ratio is < 15!
or<21.%! The lowest C/N ratio was recorded in the 0%B treatment (10.53) and the highest in the 10%CCB
treatment (18.93), indicating that all compost treatments have matured. In some cases, due to the high C content
of biochar, C/N ratios of > 20 in biochar co-compost treatments can be observed.”? A similar result was reported
by Jindo”® when co-composting apple pomace, rice straw and rice bran biochar with poultry and cattle manure.
They found that the C/N ratio in the biochar co-compost was increased by 44.4-70.1% compared to composting
without biochar. Zhang and Sun® attributed this observation to the high recalcitrant C content of the biochar,
which resisted degradation throughout the composting period.

The 0%B treatment recorded significant (P <0.05) higher values for EC, N, K, Mg, and Na compared to
the biochar co-composts. This is likely due to the higher nutrient contents of the DBW, PL and RS used in the
composting process (Table 1). Given that each treatment received the same quantities of DBW, PL, and RS, it
is possible that the biochar, which had low nutrient content, diluted the overall nutrient concentration in the
biochar co-compost treatments.

Assessing phytotoxicity effects of biochar and co-compost using seed germination bioassays
The effects of the compost extracts on relative seed germination (RSG), relative root elongation (RRE), and
germination index (GI) on cucumber, amaranth, tomato and cowpea are summarised in Table 3.

Phytotoxicity effects of compost on germination parameters varied with the crop type. The result showed
that RSG in cucumber and cowpea were similar for all the treatments, but these were higher (>90%) than those
found in the tomato and amaranth (<90%). Siles-Castellano et al.* and Bustamante et al.”* identified GI as the
most important variable for assessing compost quality as it correlated negatively with EC and heavy metals. GI
values of < 50% indicate high phytotoxicity, between 50-80% indicate moderate phytotoxicity, and >80% show
no phytotoxic effects.* In this study, the GI of tomatoes recorded values below 50% in all treatments, indicating

Treatments 0%B 5%RHB 10%RHB 5%CCB 10%CCB

pH 9.0+0.68 9.2+0.72 9.3+0.81 9.5+0.93 9.7+0.64

EC (mScm™) 6.61+0.19 4.90+0.31 4.13+0.17 4.41+0.23 4.51+£0.63
N (%) 2.35+0.05 2.04+0.02 1.99+0.20 1.90+0.14 1.84+0.09
C (%) 24.76+0.77 | 26.77+2.95 |27.30+1.26 |34.67+3.27 |37.58+0.24
C/N 10.53+0.45 |14.14+0.67 |14.28+0.27 |17.03+0.58 | 18.93+0.28
P(gkg™) 8.14+0.18 6.51+£0.26 6.97+0.88 7.61+0.74 7.02+0.41
Ca(gkg™) 25.06+4.0 3573£1.69 |36.23+10.9 |43.61+£8.38 |49.46+7.58
K (gkg™) 42.52+0.32 |28.63+1.40 |26.80+0.45 |29.43+2.15 |29.74+2.12
Mg (gkg™) 7.23+0.09 521+0.24 4.81+0.07 5.16+0.27 5.08+0.26
Na (gkg™) 3.30+0.04 2.51+0.13 2.38+0.09 2.33+0.29 2.24+0.18
Al (gkg™) 0.88+0.07 1.08£0.05 1.44+0.20 1.01£0.06 0.95+0.12
Fe (gkg™) 2.39+0.04 2.80+0.52 3.47+0.76 2.53+0.13 3.84+0.57
Mn (gkg™) 0.87+0.02 0.73+0.06 0.76£0.01 0.67+0.10 0.63+0.04

Table 2. Effects of biochar addition during composting of organic waste materials on the chemical properties

of the matured compost. Data shows Mean = SD (n=4).
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Cucumber Amaranth
Treatment | RSG (%) RRE (%) GI RSG (%) RRE (%) GI
0%B 949+6.4a 81.9+7.6b 834+16.2a 65.3+6.2b 724+4.8b 51.6+59b
5%RHB 94.3+49a 95.3+14.8ab | 85.9+14.9a 80.1+10.7ab | 90.7+6.3 a 72.9+8.2ab
10%RHB 924+25a |1051+152a |97.1+123a 87.0+4.5a 929+99a 81.2+7.6a
5%CCB 919+8.7a 96.3+6.0ab |90.7+16.8a 71.3+7.5ab |83.7+3.5ab |55.5+6.3ab

10%CCB 96.2+7.2a |101.3+20.3a |90.4+23.7a 853+9.1a 91.6+£6.3a 76.3+£6.6a

Tomato Cowpea
0%B 75.0+29a | 24.7+54c 185+9.1¢ [100.0+0.0a |70.6+22b |71.6+2.2b
5%RHB 824+48a | 433+35b |358+4.8b 96.7+33a |89.7+8.6a |867+92a
10%RHB 77.9+74a | 487+56a |51.0+7.8a 97.8+38a |91.8489a |89.8+85a
5%CCB 84.8+56a | 40.9+78b |359+79b 97.8+19a |86.1+57a |84.0+7.2ab

10%CCB 79.4+8.0a 473+£79b 36.7+6.1b 96.7+£33a 94.2+4.7a 91.1+6.7a

Table 3. Effects of compost extracts on the germination parameters of cucumber, amaranth, cowpea and
tomatoes. Data shows Mean £ SD (n=4). Different letters indicate treatment means significantly different for
each parameter at P<0.05.

that the composts produced are highly phytotoxic to tomatoes as a result of NH; and low molecular weight
organic acid released from the compost.*! In this study, biochar addition reduced EC by 25.8% to 39.4% in
RHB co-composts and 29.3% to 31.7% in CCB co-composts compared to the 0%B treatment. This observation
explains why the germination parameters of the biochar co-compost treatments were greater than the 0%B
treatments (Table 3).

Principal component analysis

The principal component analysis (PCA) was used to determine the relationships between the matured compost
chemical properties and expression of the germination parameters to define a small set of variables to separate
the groups based on their quality. PCA works by preserving the conforming Euclidean distances using a data
variances and covariances matrix. When any variable’s scale or unit of measurement is extremely large, the unreal
differences can be derived from the distances. The PCA correlation reveals a low correlation between variables
and the two PCA components (Table 4). The variability appears to represent the relationships between the
compost treatments and the measured compost chemical properties and germination variables with reliability.
The components are orthogonal, meaning they are not correlated and can be analyzed independently. According
to the resulting biplot generated by the correlation matrix, the two components (PC1, and PC2) accounted for
63.2% of variability, PC1 is the most important, accounting for 43.0% of total variability, with PC2 accounting
for 20.2% (Fig. 4).

The biplot shows that treatments and variables are far away from each other except for P and RSG of cowpea
which are in the same space with 0%B treatment (Fig. 4). When the treatments were projected perpendicularly on
PC1, three distinct scenarios were displayed: 5%RHB, 10%RHB, 5%CCB, and 10%CCB were found on the PC1
component’s positive side. Simultaneously, 5%CCB and 10%CCB are on the positive side of the PC2 component.
0%B on the other hand, is in the negative quadrant of both components. When the analysis was applied, and
variables with either positive or negative correlations were selected, the results showed that variables such as C,
C/N, Fe, Ca, Al and all germination parameters were concentrated on the positive side of PC1 (43.0%). Variables
such as pH, N, EC, K, Mg, Na, Mn and P are concentrated on the negative side. In PC2 (20.2%), pH, N, EC, K, Mg,
Mn, P, C, C/N, Fe and Ca were concentrated on the positive side, whereas Na, Mn, Al, GI and RRE of cucumber,
amaranth, cowpea and tomato were concentrated on the negative side. All variables were within the —30 to 30
range of the PC1 scale whereas the treatments were within the -5 to 5 range (Fig. 4).

In a study involving composting of sewage sludge, fruit processing waste, and manufacturing waste of
fried food, Pefia et al.’® reported high variability in the PCA. The PC1 and PC2 contributed 72.4% of the total
variability, with PC1 contributing 39.1% and PC2 contributing 32.4%. They also observed high positive and
negative correlation (above 0.70 up to 0.95) in both components, with the germination parameters concentrated
on the positive side of PC1. In this study, the germination parameters were on the positive side of PC1, and
on the negative side of PC2. This observation suggests that biochar co-compost had a greater influence on the
germination parameters compared to compost without biochar.

Conclusions

This study demonstrated the potential of co-composting organic waste with biochar as a sustainable approach
to organic waste management. The addition of corn cob and rice husk biochar improved the efficiency of
the composting process, influencing temperature, pH, microbial activities and nutrient dynamics. The study
confirmed the hypothesis that although biochar co-composting with organic waste materials increased bacterial
and fungal populations, it stabilized carbon, while decreasing net nitrogen mineralization. The study also showed
that addition of biochar during co-composting did not impose phytotoxicity effects on seed germination and
seedling development.
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Variables Principal component 1 | Principal component 2
pH -0.07 0.36
EC -0.27 0.08
N -0.24 0.11
C 0.17 0.35
C/IN 0.21 0.31
Al 0.17 -0.21
Ca 0.25 0.19
Fe 0.19 0.22
K -0.30 0.03
Mg -0.30 0.01
Na -0.28 -0.04
P -0.12 0.06
Mn -0.20 -0.25
RSG_ama -0.03 -0.38
RRE_ama 0.21 -0.17
GI_ama 0.09 -0.37
RSG_cow -0.15 0.02
RRE_cow 0.21 -0.01
GI_cow 0.18 -0.01
RSG_tom 0.09 0.17
RRE_tom 0.24 -0.14
GI_tom 0.26 -0.11
RSG_cuc -0.03 0.22
RRE_cuc 0.18 -0.13
GI_cuc 0.17 -0.05

Table 4. Correlations with the original variables of the PCA components. RSG relative seed germination, RRE
relative root elongation, GI germination index, ama amaranth, cow cowpea, tom tomato, cuc cucumber, C/N
carbon to nitrogen ratio, EC electrical conductivity.
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Figure 4. Principal component analysis (PCA) of a matured compost’s chemical properties and germination
variable. CE = confidence ellipse.
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Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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