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Abstract

The inability of certain economically useful flowering plant species to be propagated from
seed and the prevalence of poor and infertile soils has made it necessary to explore other
alternative means for rapid plant cultivation and growth. This study documents the effects of
activated biochar (AB), and treated liquid and solid anaerobic digestate (TLD, TSD) derived
from grass cuttings on stem propagation and growth performance of Mentha piperita after 60
days of treatment application. Analysis for nitrogen N, phosphorus P, potassium K and
carbon C content of TLD, TSD and AB showed that AB was highest in nitrogen (10.91%),
potassium (8.15%) and carbon (78%) content while TSD had the highest phosphorus content
(2.1%). Results obtained for growth performance showed significant differences (P < 0.05) in
all treatment groups. Plants treated with 250g TSD showed highest positive effects on all
growth parameters after 30 days of treatment application while plants treated with 2509 AB
had the highest growth performance after 60 days when compared with other treatment
groups. AB had slower but more lasting effects on plant growth due to the time needed for
biochar to breakdown into useable forms.

Keywords: Biochar, Anaerobic digestate, Mentha piperita, Vegetative propagation, Grass
cuttings

1.0 Introduction

The continuous depletion of plant nutrients due to changes in environmental conditions of
soils is one of the many reasons for the decrease in growth performance of useful plant
species. It becomes even more difficult for plants that can only be cultivated through
vegetative propagation (Chauhan et al., 2021). Therefore there is need for the production and
application of soil remediating formulations such as biochar and organic based fertilizers on
nutrient deficient soils.
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Biochar is a rich carbon-based material that is produced by the pyrolytic treatment of biomass
(Wang et al., 2019). The procedure for producing biochar often involves subjecting biomass
materials to relatively high temperatures of between 350°C and 700°C under controlled or
limited oxygen conditions (Cantrell et al., 2012). The beneficial effect of biochar in soil
enrichment and amendment practices has attracted its applications in agriculture. Biochar
serves as a reliable source of plant nutrient and often constitutes noticeable amount of
nitrogen, phosphorous, potassium, calcium and other nutrients depending on the primary
material from which it is formulated (Ippolito et al., 2015; Schmidi et al., 2017). Biochar
formulated from animal wastes are often noted for high nitrogen and calcium content when
compared to biochar produced mainly from plant residues (Qambrani et al., 2017). The
application of biochar on nutrient depleted soils overtime has led to the reduction of soil
density and soil hardness with increased soil aeration, structure and cation-exchange capacity
(Laghari et al., 2016; Blanco-Canqui, 2021). Aside from the use of biochar for crop
improvement and soil amendment, other soil enriching formulations such as anaerobic
digestate have been used due to its promising soil nutrient enriching potentials.

Anaerobic digestate (AD) are concentrated sources of nutrient often derived as residues from
biogas production sites obtained after anaerobic digestion of biomass (Fedailaine et al., 2015;
Lorick et al., 2020). Anaerobic digestates are enriched with plant nutrients namely nitrogen
(N), phosphorus (K), and potassium (P) (Plana and Noche, 2016; O’Connor et al., 2022). The
proportions of these nutrients in anaerobic digestate are often dependent on the type of
feedstock used. At the end of anaerobic digestion, the digestate is often separated into liquid
and solid portions. Findings have shown that treated digestate are suitable sources of organic
fertilizers commonly used as a replacement for chemical and inorganic fertilizers (Walsh et
al., 2012; Evangelisti et al., 2014). The application of treated anaerobic digestate for crop
improvement has led to remarkable increase in the growth of many useful crops (Montemurro
et al., 2010; Moller and Miiller, 2012). The effectiveness and relevance of using anaerobic
digestate as suitable replacements for chemical fertilizers has prompted more research in this
area. This is due to the side effects of inorganic fertilizers on beneficial soil microbiome with
potential negative impact on climate change and habitat disruption of soil micro fauna (Cai et
al., 2017; Fang et al., 2021).

Despite the utilization of AD as organic fertilizers and biochar formulations for soil
enrichment and growth of many economic crops, little has been documented on using these
two nutrient-rich organic materials as growth stimulators for vegetative propagated plant
species such as peppermint known for its rich phyto-nutrients in nutraceutical industries.

As part of finding climate friendly alternatives for plant growth enhancers, many organic
based formulations have been produced and utilized in recent times for the cultivation of
plants with high economic value, most especially plant varieties that are from a hybrid cross
which are often sterile or seedless. Mentha piperita belongs to this group of highly beneficial
plant varieties that are difficult to propagate through seeds. To achieve climate smart
agricultural practices; it is important to take advantage of the abundant supply of biomass
waste such as grass cuttings for the production of nutrient rich formulations that can enhance
plant growth and productivity.

Mentha piperita is a highly valued medicinal plant from the mint family and a product of a
hybrid cross between the spearmint and watermint (Shah and Mello, 2004; Balakrishnan,
2015). It is classified under the lamiaceae family and it is difficult to cultivate from seeds.
This is due to the sterility of the hybrid plant (Vasile et al., 2011; Fayed, 2019). Considering
the high commercial value of peppermint plant as feedstock for menthol oil extraction and
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other valuable phytochemicals, effective cultivation practices are needed to meet growing
demands (Dai et al., 2010; Li et al., 2022). However, this can only be achieved through
vegetative propagation techniques.

Vegetative propagation of sterile hybrids and plants species with low seed germination
potentials have proven to be a better cultivation technique for large commercial quantities
especially with the right growth promoting substrates or soil nutrient additives. This has
assisted in meeting the demands for their products and reducing the consequential shortage in
supply due to low seeds production (Bisognin, 2011; Awotedu et al., 2021). Also vegetative
propagation helps to maintain the breeding of hybrid plants with desired qualities from the
parent plant (Riov et al., 2020; Bowman et al., 2021). The aim of this study is to determine
the effect of using biochar and anaerobic digestate from grass cuttings as growth promoters in
vegetative cultivation of Mentha piperita.

2.0 Materials and Methods

2.1 Preparation of Biomass Feedstock for Anaerobic Digestion

Grass cuttings from mown grassland were collected and carefully separated from sand debris
and other unwanted materials. The grass cuttings were further reduced into smaller fractions
using a grinding machine. This was done to enhance microbial activity by anaerobic
microorganisms (Bascaro et al., 2015). Bio-digester (80 litres) was constructed using a plastic
drum with an outlet pipe to allow the expulsion of biogas into an airbag. 20kg ground grass
clipping was measured using a weighing balance and was transferred into the 80 litres
capacity bio-digester. Hot water (100°C) was added to the feedstock at ratio 1:2 and was used
for the final preparation of feedstock for anaerobic digestion. The initial pH of 6.8 was
obtained using a pH/ion meter (GLP 22) after which the feedstock was allowed for anaerobic
digestion to take place for a period of 60 days with close monitoring of the digestion process.

2.2 Collection and Treatment of Anaerobic Digestate

Collection of anaerobic digestate was carried out after 60 days. The collected digestate was
transferred into a steel drum and thermally treated for 2hrs at 100°C. This was done to reduce
pathogens and stabilize the digestate for use as plant growth promoter. The thermally treated
digestate was allowed to cool for 1hr and was filtered through a 20 micron interwoven wire
mesh. The solid portion of the treated digestate was air dried for 48hrs at atmospheric
temperature under controlled environment while the liquid digestate was stored in an air tight
plastic container to prevent possible contamination by external factors before use.

2.3 Production of Biochar from Anaerobic Digestate

Part of the dried solid treated digestate was used for the production of biochar through
pyrolysis under 300°C using a pyrolytic chamber (PC). The solid digestate (SD) was
transferred into an inner loading chamber of the pyrolytic chamber and was sealed to avoid
the entrance of oxygen. The outer chamber had an outlet made of steel pipe that allows gases
produced during the process of pyrolysis to be dispersed. Pyrolysis of the solid grass
digestate was only done for one hour since the lignin content in grass is low and had already
been broken down during the process of anaerobic digestion. The carbonised SD was
collected from the PC after cooling. The carbonised SD was measured (10kg as total weight)
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and activated by steeping in 5 litres of cow urine after which it was allowed to stand for
20days to activate microbial activity.

2.4 Preparation of Soil Samples and Different Concentrations of Growth Promoters
(Biochar and Treated Digestate)

A total of 56 medium sized polythene planting bags were filled each with 2kg of soil. The
soil samples were watered and kept in a screen house. Thereafter, the soil pH was noted prior
to the application of growth promoters. Different concentrations of growth promoters were
prepared from activated biochar and treated digestate (solid and liquid). 125ml/L and
250ml/L of treated liquid digestate (TLD) was prepared by measuring 125ml and 250ml TLD
each into containers containing 1 litre of tap water while 1259 and 2509 of treated solid
digestate (TSD) and activated biochar (AB) was measured respectively using a digital
weighing balance. The controlled group constituted only tap water.

2.5 Analysis of Biochar and Anaerobic Digestate for Plant Nutrient Content before
Treatment Application

Analysis of the soil sample and the treatment materials (TLD, TSD, AB) were carried out to
determine the Nitrogen (N), phosphorous (P), potassium (K) and carbon (C) contents using
the Kjeldahl method for total nitrogen analysis (Abrams et al., 2014), coupled plasma atomic
emission for total phosphorus and potassium content (Yang et al., 2002) and analysis for total
organic carbon (Jarvie, 1991).

2.6 Collection and Preparation of Plant Stem Cuttings

Plant samples of Mentha piperita were gotten from a known breeder in Calabar Municipality,
Cross River State, Nigeria after which the plant samples were taken to the herbarium
laboratory at the Department of Plant and Ecological Study, University of Calabar, Nigeria
for proper identification. A total of 56 stem cuttings of Mentha piperita were obtained from
the parent plant using a sharp thin-bladed pocket knife. The stem cuttings were taken to the
greenhouse for vegetative propagation.

2.7 Experimental Design and Treatment Application

The randomised complete block experimental design (RCBD) was used in this study with
each treatment group having 8 replicates, making a total of 56 treatment units of vegetative
propagated Mentha piperita (stem cuttings). All treatment groups had varying concentrations
of treated digestate according to the treatment schedules. Plant samples in all treatment
groups were watered with tap water every four days. Plant samples in the control group had
no other treatment application aside from watering the plants every four days. Treatment of
plant samples with TLD, TSD and AB was done before vegetative propagation of Mentha
piperita with second treatment application after 20 days of planting (DAP).

2.8 Collection of Data

Data collection was carried out using the following growth parameters; number of leaves,
plant height, number of branches and leaf area. The number of leaves and branches per plant
was determined by counting the leaves and branches produced from each plant. Plant height
and leave area was measured with a meter rule. Data on these parameters were taken twice
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during the growing season at 30 and 60 DAP. Data obtained were subjected to statistical
analysis of variance at a 5% probability level.

3.0 Results

3.1 Nitrogen, Phosphorus, Potassium and Organic Carbon contents of the Treated
Digestate and Activated Biochar

Results obtained from the analysis for concentration of nitrogen N, phosphorus P, potassium
K and organic carbon C content in soil samples, treated with TLD, TSD and AB are shown in
table 3.1 below.

Table 3.1: Percentage N P K and C concentration in treated liquid digestate, treated
solid digestate, activated biochar and soil sample used to cultivate stem cuttings of
Mentha piperita L.

Treatment Nitrogen (N) Phosphorus (P) Potassium (K) Carbon (C)
TLD 5.6 0.9 3.6 37
TSD 7.9 2.1 5.8 48
AB 10.91 0.2 8.15 78
Soil sample 14 0.01 1.1 15

NB: TLD-Treated liquid digestate, TSD-Treated solid digestate, AB-Activated biochar

3.2 Effect of Treated Digestate and Activated Biochar on Plant Height

The plant height after treatment application of both liquid and solid treated digestate and
activated biochar showed significant increase in all treatment groups. Results obtained
showed that plants treated with 250g of TSD had the highest mean plant height of 14.6cm
followed by plants treated with 250g AB with a mean plant height of 12.8cm. Plants treated
with 125ml TLD showed the least significant increase in plant height when compared to the
control group as shown in figure 3.1. Further evaluation of the effects of different treatment
application of TLD, TSD and AB after 60 days showed that plants treated with 250g AB
outgrown all other plants in various treatment groups with a mean plant height of 22.1cm. As
shown in figure 3.2, it was observed that plants treated with 250mlI/L TLD and 125g TSD had
the same mean plant height of 10.4 while plants treated with 250g TSD and125g AB had the
same mean plant height of 13.7. However, all treatment groups showed significant increase in
plant height when compared to the control group.
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Figure 3.1: Mean plant height of Mentha piperita L after 30 days of propagation on soil
treated with activated biochar (AB), liquid and solid anaerobic digestate (TLD, TSD)
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Figure 3.2: Mean plant height of Mentha piperita L after 60 days of propagation on soils
treated with activated biochar (AB), liquid and solid anaerobic digestate (TLD, TSD)

3.3 Effect of Treated Digestate and Activated Biochar on the Number of Leaves

Number of leaves produced by plants in all treatment groups after 30 days of treatment
application showed significant increase in all treatment groups when compared with the
control group. Groups treated with 125ml/L of TLD, 250ml/L of TLD,125g of TSD, 2509 of
TSD, 125g of AB and 250g of AB had the following mean number of leaves; 15.25, 25.75,
32.5, 46.8, 25.5 and 32.7 respectively. However, plants treated with 250g TSD produced the
highest number of leaves at 30 DAP (figure 3.3). Also data obtained after 60 DAP (Figure
3.4) maintained a significant increase in the number of leaves when compared to the control
group. Plants treated with 250g AB and 250g TLD had the highest number of leaves of 90
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and 86 when compared with the control group as shown in figure 3.4, while plants treated
with 125ml TLD had the lowest increase in the number of leaves of 27.5 amongst the treated
groups.
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Figure 3.3: Mean number of leaves of Mentha piperita L after 30 days of propagation
on soil treated with activated biochar (AB), liquid and solid anaerobic digestate (TLD,
TSD)
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Figure 3.4: Mean number of leaves of Mentha piperita L after 60 days of propagation
on soil treated with activated biochar (AB), liquid and solid anaerobic digestate (TLD,
TSD)

3.4. Effect of Treated Digestate and Activated Biochar on the Number of Branches: The
number of branches for each plant in all treatment groups showed significant effect of TLD,
TSD and AB on the growth performance of Mentha piperita. As shown in figure 3.5, plants
treated with 250g TSD had the highest mean of 8.8 branches followed by plants treated with
250g AB with a mean of 7.2 branches. Every other treatment group had a mean above 1
except for the control group. After 60 days of treatment application, plants treated with 2509
of TSD maintained the highest number of branches but with an increased mean number of 12
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branches (figure 3.6). Plants treated with 250g AB had about 10 branches while plants treated
with 125g TSD and 125g AB had the same number of branches (7) which is higher than what
was obtained after 30 days of treatment application as shown in figure 3.6. Also plants treated
with 125ml of TLD had 1 additional branch while plants treated with 250ml TLD had 2
additional branches at 60 DAP.
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Figure 3.5: Mean no of branches of Mentha piperita L after 30 days of propagation on
soils treated with activated biochar (AB), liquid and solid anaerobic digestate (TLD,
TSD)
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Figure 3.6: Mean no of branches of Mentha piperita L after 60 days of propagation on
soils treated with activated biochar (AB), liquid and solid anaerobic digestate (TLD,
TSD)
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3.5. Effect of Treated Digestate and Activated Biochar on Leaf Area

The effect of TLD, TSD and AB on the mean leaf area of Mentha piperita indicated that
plants treated with 125ml TLD, 250ml TLD, 1259 TSD and 125g AB had the same mean leaf
area of 0.8 m* while plants in the control group had a mean leaf area of 0.7 m*>. However,
250g TSD and 250g AB produced the leaf areas of 2.1 m* and 1.5 m* respectively (figure 3.7).
Results obtained after 60 days of treatment application showed an increase in leaf area in the
250g AB treatment (2.2 m?) when compared with other treatment groups. Plants treated with
250ml TLD and 125g TSD had the same leaf area but with a slightly higher value of 0.9 m*
when compared with what was obtained after 30 days. Plants treated with 125ml TLD and

250g TSD were 0.8 m* and 2.1 m* respectively (figure 3.8).
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Figure 3.7: Mean leaf area of Mentha piperita L after 30 days of propagation on soils
treated with activated biochar (AB), liquid and solid anaerobic digestate (TLD, TSD)
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Figure 3.8: Mean leaf area of Mentha piperita L after 60 days of propagation on soils
treated with activated biochar (AB), liquid and solid anaerobic digestate (TLD, TSD)
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4.0 Discussion

Analysis for nitrogen (N), phosphorus (P), potassium (K) and carbon content showed
activated biochar (AB) had the highest nitrogen, potassium and carbon content. This is
probably due to its activation with cow urine which is a good source of nitrogen. Urine from
livestock incorporated into organic manure are a potential resource for crop improvement and
productivity (Devasena and Sangeetha,2022; Ekwere et al., 2023). Sutradhar et al., (2021)
reported that animal urine-enriched biochar had a 60% vyield increase in cultivated cabbage
and kohlrabi crops. Also, results obtained for growth performance of treated plants showed
significant increase in all growth parameters for each treatment groups when compared with
the control group. However, the application of treated liquid digestate, treated solid digestate
and activated biochar showed an array of varying growth promoting effects for each growth
parameter under study. This is to suggest that these formulations affected the plant growth
differently.

Considering the outcome of all treatment applications on the four growth parameters, it was
observed that plants treated with 250g of TSD had a good vegetative start and showed the
highest plant growth performance after 15 days of treatment application for all growth
parameters. This shows that vegetative cultivated plants are likely to strife well under good
concentrations of TSD and also depicts that 250g TSD enhanced the vegetative propagation
process than any other treatment applications thus giving the plants better chances of
surviving vegetative propagation from plant’s stem cuttings. This might be due to its high
phosphorus content when compared with other treatments. According to Jurgutis et al.,
(2021) lignocellulosic solid digestate showed significant vegetative growth on treated
Brassica juncea plants. This is in confirmation with the findings obtained in this study. It was
also observed that plants treated with TSD performed better than plants treated with TLD in
all growth parameters. This is because the nitrogen and phosphorus composition of TSD is
often greater than TLD and also, liquid based digestate are known to contain lower
concentrations of these two plants nutrients when compared to solid digestate. A similar
report was documented by Olugbemide and Likozar, (2022). The outcome of their study
showed higher concentrations of nitrogen and phosphorus in rice husk solid digestate than the
liquid digestate. Interestingly, nitrogen is essential for greenish and healthy leaf production
while phosphorus enables root formation in plants (Chrysargyris and Panayiotou, 2016). This
is likely the reason why plants treated with 250g TSD performed better during the first 30
days of cultivation.

Further evaluation of results obtained in this study showed that plants treated with biochar did
not strife well for the first 30 days of vegetative propagation. According to Joseph et al.,
(2021) there are three reaction stages of biochar namely; the dissolution stage which takes 1 —
3 weeks, the reactive surface development which is between 1 — 6 weeks and lastly the aging
stage which is above 6 months. This report suggests that it is unlikely to see the beneficial
effects of biochar within the first 1 — 4 weeks hence the outcome of this study during the first
30 days. The dissolution stage involves the breaking down of biochar into useable form thus
releasing nutrients for plant growth (Yang et al., 2021). The dissolved biochar often
constitute dissolved salts, minerals and organic matter (Sun et al., 2021). However, plants
treated with 250g biochar were noted for achieving the highest growth performance in all
growth parameters after 60 days except for number of branches in which plants treated with
250g TSD were highest. However, plants treated with 2509 biochar were noted for achieving
the highest growth performance in all growth parameters after 60 days. This suggests that the
beneficial effect of biochar is slow but most effective overtime when compared to treated
solid and liquid digestate. Plants treated with a lower concentration of biochar (125g) showed
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minimal growth enhancing potentials which suggest that a 250g biochar application is more
effective and reliable for better plant growth improvement.

4.0 Conclusion

In this study, the use of anaerobically treated grass biomass waste in the form of liquid/solid
digestate and activated biochar was evaluated for its potentials as an alternative source for
plant nutrients through its application on vegetative propagated Mentha piperita over a period
of 60 days. This research has been able to evaluate the potential benefit of using treated
anaerobic digestate and activated biochar for the vegetative propagation of Mentha piperita
and the results obtained showed these formulations can be used for vegetative propagation.
Findings from this study suggest treatments with 250g TSD and 250g AB as the most
recommended treatments due to high growth performance with these treatment applications.
However, more study is required to evaluate its beneficial effect on other vegetative
cultivated plant species to further ascertain its usefulness in sustainable plant cultivation and
production.

References

Abrams, D., Metcalf, D., &Hojjatie, M. (2014). Determination of Kjeldahl nitrogen in
fertilizers by AOAC official method SM 978.02: Effect of copper sulfate as a
catalyst. Journal of AOAC International, 97(3), 764-767.

Awotedu, B. F., Omolola, T. O., Akala, A. O., Awotedu, O. L., &Olaoti-Laaro, S. O. (2021).
Vegetative propagation: A unique technique of improving plants growth. World News of
Natural Sciences, 35, 83-101

Balakrishnan, A. (2015). Therapeutic uses of peppermint-a review. Journal of
pharmaceutical sciences and research, 7(7), 474.

Bisognin, D. A. (2011). Breeding vegetatively propagated horticultural crops. Crop Breeding
and Applied Biotechnology, 11, 35-43.

Blanco-Canqui, H. (2021). Does biochar application alleviate soil compaction? Review and
data synthesis. Geoderma, 404, 115317.

Boscaro, D., Pezzuolo, A., Grigolato, S., Cavalli, R., Marinello, F., &Sartori, L. (2015).
Preliminary analysis on mowing and harvesting grass along riverbanks for the supply of
anaerobic digestion plants in north-eastern Italy. Journal of Agricultural Engineering, 46(3),
100-104.

Bowman, K. D., McCollum, G., & Albrecht, U. (2021). SuperSour: a new strategy for
breeding superior citrus rootstocks. Frontiers in Plant Science, 12, 741009.

Cai, F., Pang, G., Li, R. X,, Li, R,, Gu, X. L., Shen, Q. R., & Chen, W. (2017). Bioorganic
fertilizer maintains a more stable soil microbiome than chemical fertilizer for
monocropping. Biology and Fertility of Soils, 53, 861-872.

Cantrell, K. B., Hunt, P. G., Uchimiya, M., Novak, J. M., & Ro, K. S. (2012). Impact of
pyrolysis temperature and manure source on physicochemical characteristics of
biochar. Bioresource technology, 107, 419-428.

153



Okoi and Bassey AJAFS 9 (2025) 143-156

Chauhan, A., Sharma, D., Kumar, R., Shiwani, K., & Sharma, N. (2021). Methods of
propagation in vegetable crops. Recent trends in propagation of forest and horticultural
crops. Taran Publication, New Delhi, 270-281.

Chrysargyris, A., Panayiotou, C., &Tzortzakis, N. (2016). Nitrogen and phosphorus levels
affected plant growth, essential oil composition and antioxidant status of lavender plant
(Lavandulaangustifolia Mill.). Industrial Crops and Products, 83, 577-586.

Dai, J., Orsat, V., Raghavan, G. V., &Yaylayan, V. (2010). Investigation of various factors
for the extraction of peppermint (Menthapiperita L.) leaves. Journal of Food
Engineering, 96(4), 540-543.

Devasena, M., & Sangeetha, V. (2022). Cow urine: Potential resource for sustainable
agriculture. In Emerging lIssues in Climate Smart Livestock Production (pp. 247-262).
Academic Press.

Ekwere, O. J., Udounang, P. 1., Efretuei, A. O., & Umoh, F. O. (2023). Evaluation of Rabbit
Urine as Bio-fertilizer for the Growth and Yield of Cowpea (Vigna unguiculata (1.)
walp). AKSU Journal of Agriculture and Food Sciences, 7(3), 37-48.

Evangelisti, S., Lettieri, P., Borello, D., & Clift, R. (2014). Life cycle assessment of energy
from waste via anaerobic digestion: a UK case study. Waste management, 34(1), 226-237.

Fang, H., Liu, K., Li, D., Peng, X., Zhang, W., & Zhou, H. (2021). Long-term effects of
inorganic fertilizers and organic manures on the structure of a paddy soil. Soil and Tillage
Research, 213, 105137.

Fayed, M. A. (2019). Mentha Piperita (L) A promising dental care herb mainly against
cariogenic bacteria. Universal Journal of Pharmaceutical Research, 4(3), 33-38.

Fedailaine, M., Moussi, K., Khitous, M., Abada, S., Saber, M., & Tirichine, N. (2015).
Modeling of the anaerobic digestion of organic waste for biogas production. Procedia
Computer Science, 52, 730-737.

Ippolito, J. A., Spokas, K. A., Novak, J. M., Lentz, R. D., & Cantrell, K. B. (2015). Biochar
elemental composition and factors influencing nutrient retention. Biochar for environmental
management: Science, technology and implementation, 139.

Jarvie, D. M. (1991). Total organic carbon (TOC) analysis: Chapter 11: Geochemical
methods and exploration.

Joseph, S., Cowie, A. L., Van Zwieten, L., Bolan, N., Budai, A., Buss, W., & Lehmann, J.
(2021). How biochar works, and when it doesn't: A review of mechanisms controlling soil
and plant responses to biochar. Geb Bioenergy, 13(11), 1731-1764.

vt —

Jurgutis, L., §1epetiené, A., Amaleviciuté-Volungé, K., Volungevicius, J., &glepetys, J.
(2021). The effect of digestate fertilisation on grass biogas yield and soil properties in field-
biomass-biogas-field renewable energy production approach in Lithuania. Biomass and
Bioenergy, 153, 106211.

Laghari, M., Naidu, R., Xiao, B., Hu, Z., Mirjat, M. S., Hu, M., & Fazal, S. (2016). Recent
developments in biochar as an effective tool for agricultural soil management. a
review. Journal of the Science of Food and Agriculture, 96(15), 4840-4849.

154



Okoi and Bassey AJAFS 9 (2025) 143-156

Li, J., Xu, J,, Yang, X., Ren, L., Wang, Y., Ma, D., & Wu, T. (2022). Effects of phenanthrene
on the essential oil composition and leaf metabolome in peppermint plants (Mentha piperita
L.). Industrial Crops and Products, 187, 115383

Lorick, D., Macura, B., Ahlstrém, M., Grimvall, A., & Harder, R. (2020). Effectiveness of
struvite precipitation and ammonia stripping for recovery of phosphorus and nitrogen from
anaerobic digestate: a systematic review. Environmental Evidence, 9, 1-20.

Moller, K., & Midller, T. (2012). Effects of anaerobic digestion on digestate nutrient
availability and crop growth: A review. Engineering in Life Sciences, 12(3), 242-257.

Montemurro, F., Ferri, D., Tittarelli, F., Canali, S., &Vitti, C. (2010). Anaerobic digestate and
on-farm compost application: Effects on lettuce (Lactuca sativa L.) crop production and soil
properties. Compost Science & Utilization, 18(3), 184-193.

O'Connor, J., Mickan, B. S., Rinklebe, J., Song, H., Siddique, K. H., Wang, H., ... & Bolan,
N. S. (2022). Environmental implications, potential value, and future of food-waste anaerobic
digestate management: A review. Journal of Environmental Management, 318, 115519.

Olugbemide, A. D., &Likozar, B. (2022). Assessment of liquid and solid digestates from
anaerobic digestion of rice husk as potential biofertilizer and nutrient source for microalgae
cultivation. Processes, 10(5), 1007.

Plana, P. V., & Noche, B. (2016). A review of the current digestate distribution models:
storage and transport. WIT Transactions on the Ecology and the Environment 202, 345-357.

Qambrani, N. A., Rahman, M. M., Won, S., Shim, S., & Ra, C. (2017). Biochar properties
and eco-friendly applications for climate change mitigation, waste management, and
wastewater treatment: A review. Renewable and Sustainable Energy Reviews, 79, 255-273.

Riov, J., Fox, H., Attias, R., Shklar, G., Farkash-Haim, L., Sitbon, R., & David-Schwartz, R.
(2020). Improved method for vegetative propagation of mature Pinushalepensis and its
hybrids by cuttings. Israel Journal of Plant Sciences, 67(1-2), 5-15.

Schmidt, H. P., Pandit, B. H., Cornelissen, G., & Kammann, C. 1. (2017). Biochar-based
fertilization with liquid nutrient enrichment: 21 field trials covering 13 crop species in
Nepal. Land Degradation & Development, 28(8), 2324-2342.

Shah, P. P., & Mello, P. M. D. (2004). A review of medicinal uses and pharmacological
effects of Mentha piperita.

Sun, Y., Xiong, X., He, M., Xu, Z., Hou, D., Zhang, W., & Tsang, D. C. (2021). Roles of
biochar-derived dissolved organic matter in soil amendment and environmental remediation:
a critical review. Chemical Engineering Journal, 424, 130387.

Sutradhar, 1., Jackson-deGraffenried, M., Akter, S., McMahon, S. A., Waid, J. L., Schmidt,
H. P. & Gabrysch, S. (2021). Introducing urine-enriched biochar-based fertilizer for
vegetable production: acceptability and results from rural Bangladesh. Environment,
Development and Sustainability, 23(9), 12954-12975.

Vasile, L., Maria, Z., Simona, V., & Eliza, A. (2011). Use of nodal explants in “in vitro”
micro-propagation of Menthapiperita L. Fascicula Protectia Mediului, 16, 247-251.

155



Okoi and Bassey AJAFS 9 (2025) 143-156

Walsh, J. J., Jones, D. L., Edwards-Jones, G., & Williams, A. P. (2012). Replacing inorganic
fertilizer with anaerobic digestate may maintain agricultural productivity at less
environmental cost. Journal of Plant Nutrition and Soil Science, 175(6), 840-845.

Wang, J., & Wang, S. (2019). Preparation, modification and environmental application of
biochar: A review. Journal of Cleaner Production, 227, 1002-1022.

Yang, F., Wang, C., & Sun, H. (2021). A comprehensive review of biochar-derived dissolved
matters in biochar application: Production, characteristics, and potential environmental
effects and mechanisms. Journal of Environmental Chemical Engineering, 9(3), 105258.

Yang, W. M., Boles, R. L., &Mawhinney, T. P. (2002). Determination of phosphorus in
fertilizers by inductively coupled plasma atomic emission spectrometry. Journal of AOAC
International, 85(6), 1241-1246.

156



