Die Bodenkultur: Journal of Land Management, Food and Environment .
Volume 76, Issue 1, 11-35, 2025. 10.2478/boku-2025-0002 $ sciendo
ISSN: 0006-5471 online, https://content.sciendo.com/view/journals/boku/boku-overview.xml

Physicochemical characterization of pig manure and its carbonaceous
derivatives: Climate and sustainability impacts

Physikalisch-chemische Charakterisierung von Schweinegiille und ihrer
kohlenstofthaltigen Derivaten: Auswirkungen auf Klima und Nachhaltigkeit

Ifeanyi Charles Okoli', Friday Anegbode Edo?, Albert Uzochukwu Chinenye Ohanaka', Chidiogo Grace Okoli?®

! Department of Animal Science and Technology, Federal University of Technology, PM.B. 1526 Owerri, Imo State, Nigeria
* Department of Environmental Management, Federal University of Technology, P.M.B. 1526 Owerri, Imo State, Nigeria
? Department of Environmental Health, National Open University, Plot 91, Cadastral Zone, Jabi, Abuja, Nigeria

* Corresponding author: ohanakaalbert@gmail.com
Received: 27 December 2024, received in revised form: 19 April 2025, accepted: 12 August 2025

Summary

Pig manure, a significant by-product of the swine industry, presents challenges and opportunities regarding management and
environmental sustainability, especially in developing countries. The manure is composed of undigested feed remnants, includ-
ing cellulose, proteins, minerals, and other excretory products, which makes it a nutrient-rich yet problematic resource. This
review summarizes the state of knowledge up to the year 2024 by evaluating 201 relevant scientific articles on the physicochem-
ical properties of pig manure and its biocarbon derivatives, highlighting their potential agricultural and environmental benefits.
Understanding the factors influencing manure and biochar characteristics is critical in driving manure management and sus-
tainability policies. Literature exploration showed that the carbon-rich products from carbonization have a higher pH (8-12),
carbon (38%-75%), and ash (13%-72%) contents compared to the original manure, making them suitable for applications
such as soil-crop improvement, renewable energy production, feed supplementation, and bioremediation. These biocarbon de-
rivatives also exhibit enhanced surface area, porosity, and redox-active properties, fostering a beneficial soil or gut microbiome
and overall environmental health improvements. The char characteristics are dependent on the manure quality and processing
methods, with co-pyrolysis with other carbon-rich materials improving the char quality. However, the results from some of the
selected studies on biochar properties and its production protocols were poorly characterized, which may be a major drawback
for generalizing results. Overall, the thermal conversion of pig manure to biocarbon provides a sustainable solution to on-farm
manure recycling, while mitigating pollution challenges in pig farming.

Keywords: Swine manure composition, thermo-carbonization, biochar properties, greenhouse gas emission, agro-sustain-
ability, environmental health

Zusammenfassung

Schweinegiille, ein bedeutendes Nebenprodukt der Schweineindustrie, birgt Herausforderungen und Chancen hinsichtlich
Management und 6kologischer Nachhaltigkeit, insbesondere in Entwicklungslindern. Die Giille besteht aus unverdauten Fut-
terresten, darunter Zellulose, Proteine, Mineralien und andere Ausscheidungsprodukte, was sie zu einer nahrstoffreichen, aber
problematischen Ressource macht. Diese Ubersicht fasst den Wissensstand bis zum Jahr 2024 zusammen, indem sie 201 relevante
wissenschaftliche Artikel zu den physikochemischen Eigenschaften von Schweinegiille und ihren Biokohlederivaten auswertet und
deren potenziellen landwirtschaftlichen und 6kologischen Nutzen hervorhebt. Das Verstindnis der Faktoren, die die Eigenschaf-
ten von Giille und Biokohle beeinflussen, ist entscheidend fiir die Gestaltung von Giillemanagement- und Nachhaltigkeitsrichtli-
nien. Die Literaturrecherche zeigte, dass die kohlenstoffreichen Produkte aus der Karbonisierung im Vergleich zur urspriinglichen
Giille einen héheren pH-Wert (8-12), Kohlenstoffgehalt (38-75 %) und Aschegehalt (13-72 %) aufweisen. Dadurch eignen sie
sich fiir Anwendungen wie Bodenverbesserung, Erzeugung erneuerbarer Energien, Futtererginzung und Bioremediation. Die-
se Biokohlenstofte weisen zudem eine grofere Oberflache, Porositit und redoxaktive Eigenschaften auf, was zu einem positiven
Boden- bzw. Darmmikrobiom und einer allgemeinen Verbesserung der Umweltgesundheit beitrigt. Die Eigenschaften der Kohle
hingen von der Qualitit des Diingers und den Verarbeitungsmethoden ab, wobei die Co-Pyrolyse mit anderen kohlenstoffreichen
Materialien die Qualitit der Kohle verbesserte. Die Ergebnisse einiger ausgewihlter Studien zu den Eigenschaften von Biokohle
und ihren Produktionsprotokollen waren jedoch unzureichend beschrieben, was die Verallgemeinerung der Ergebnisse erheblich
erschweren konnte. Insgesamt bietet die thermische Umwandlung von Schweinegiille in Biokohle eine nachhaltige Losung fiir das
Recycling von Mist auf landwirtschaftlichen Betrieben und mindert gleichzeitig die Umweltbelastungen in der Schweinehaltung,
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1. Introduction

The global pig (or swine) production has expanded signifi-
cantly in recent years, reaching nearly a billion pigs world-
wide, with the majority of this population concentrated
in Asia (57%), followed by Europe (19%), the Americas
(18.7%), and Africa (4.4%) (FAOSTAT, 2023; Kim et al.,
2023). In 2020, China and the USA were the leading pork
producers, contributing over 40% and 10%, respectively, to
global output, followed by significant contributions from
countries like Brazil, Germany, Spain, Canada, Vietnam, and
Russia (Statista, 2023; Mateos et al., 2024). Although Africa
holds a relatively smaller share, with approximately 44 mil-
lion pigs in 2020, countries like Nigeria and South Africa are
emerging as important regional producers, each generating
more than 300 thousand metric tons of pork annually.

However, with the intensification of global pig production,
substantial volumes of manure consisting of liquid and sol-
id components are being generated, which presents serious
environmental management challenges. For example, a typ-

ical pig of approximately 50 kg body weight generates about
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3 kg of manure daily, composed of about 70% moisture and
30% dry matter (Okorogbona and Adebisi, 2012). On an
annual basis, this amounts to over 1,000 kg of manure per
pig (Ngwabie et al.,, 2018). The manure outputs are, how-
ever, influenced by factors such as the animal’s body weight,
feed intake, feed efficiency, growth rate, and its physiological
condition (Makara and Kowalski, 2018). Exotic pig breeds,
which often grow faster and attain larger body weights, pro-
duce more manure than local breeds (Wu et al., 2020).

In Africa alone, the 2020 pig population could have pro-
duced an estimated 75.68 million metric tons of manure. In
the USA, a swine population exceeding 70 million reportedly
generated around 120 million metric tons annually, with fin-
ishing hogs producing an average of 4.67 kg of manure per
day (Sharara and Sadaka, 2018). Based on these estimates, the
European Union (EU) and Asian regions, with swine popula-
tions of approximately 134 million and 554.57 million heads,
respectively (Mateos et al., 2024; Wangand Li, 2024), are pro-
jected to generate around 228 million and 945 million metric
tons of swine manure annually, with China alone accounting
for approximately 82% of the total volume in Asia.
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These massive volumes of manure generated globally from
swine operations present critical environmental and public
health challenges, including air and water pollution, soil deg-
radation, and biodiversity loss when poorly managed (Ma-
chete and Chabo, 2020; Edo et al., 2021a). Potentially toxic
gaseous emissions from swine facilities and manure storage
tanks degrade air quality in nearby communities and contrib-
ute to social tensions and legal conflicts between producers
and residents (Marszelek et al., 2019; Kadurumba et al., 2019;
Edo etal., 2021b). In addition, the proximity of pig farms and
manure disposal sites to human settlements raises serious pub-
lic health concerns, including zoonotic disease transmission,
odor nuisances, visual pollution, and environmental injustice
(Edo etal., 2021b). Therefore, the challenge of handling swine
manure becomes a key constraint to sustainable pig produc-
tion (Kadurumba et al.,, 2019; Edo et al., 2021b).

Although producers have attempted to address pollution
from swine operations through dietary strategies aimed at
enhancing digestibility and reducing fecal volume, odor,
and nutrient excretion, these measures alone are insufficient.
Consequently, additional processes such as physical, chemi-
cal, or biological treatment steps are employed to transform
or stabilize pig manure for various applications, including its
use as fertilizer, animal feed, energy source, or in biocarbon
production (Kroninger et al., 2021; AgriFarming, 2023;
Edo, 2023). The thermochemical conversion of pig manure
into environmentally friendly products such as biogas, bio-
oil, syngas, and solid char biocarbon appears more promis-
ing as a waste management option with less environmental
risk (Radenahmad et al., 2020; Ohanaka et al., 2021; Bolan
etal.,, 2022). These products serve as adsorbents for soil and
litter amendments, animal feed supplements, water purifica-
tion, catalysis, or energy storage (Teoh et al., 2019; Ohanaka
etal, 2021; Bolan et al., 2022; Ohanaka, 2022). The result-
ant char from thermal processing of the swine manure could
serve as an energy source or chemical feedstock, thereby re-
ducing the environmental impact of pig manure by decreas-
ing its volume, odor, pathogens, and contaminants (Okoli,
2021a). More importantly, it exhibits improved physico-
chemical properties relative to the manure. However, most
biocarbon products used in scientific studies are poorly char-
acterized. Therefore, understanding the physicochemical
properties of swine manure and its carbonaceous derivatives
is required for proper characterization and utilization of de-
rived carbon. This review focuses specifically on the physic-
ochemical characteristics of pig manure and the characteris-
tics of its char derivatives, exploring their potential impacts
on agriculture, climate, and sustainability.

2. Methodology

Research papers predominantly published between 2003
and 2024, including non—peer-reviewed research (theses and
conference proceedings), were selected for the study. Our
study interest was on the physical and chemical properties of
swine manure and its derived carbon as they affect agriculture
and the environment. The literature search was performed
using several electronic databases such as Science Direct,
Scopus, Google Scholar, Web of Science, CAB abstracts,
and ResearchGate. To identify the relevant publications, the
following search keywords were included: pig dung, swine
manure, slurry, biochar, charcoal, activated carbon, physic-
ochemical, nutrient composition, proximate, ultimate anal-
ysis, heavy metals, microbial contamination, animal feed
additives, adsorbents, soil amendment, odorous compounds,
and greenhouse emission. While the search strategy was care-
fully designed to be as comprehensive as possible within the
available time and resources, it is unlikely that any approach
could capture every relevant study, and there is always a risk
of missing key studies. Therefore, the references cited in the
selected studies were also included in the search for relevant
publications. No language or date restriction was applied. In
total, 201 scientific studies were reviewed.

3. The Effect of Feed Composition
on Pig Manure Characteristics

Animal manure is essentially the solid excreta of the ani-
mal and consists of the macerated undigested remains of
the consumed feed, such as cellulose, hemicellulose, lignin,
and other excretory products (Enyiukwu et al., 2021). The
volume and composition of livestock manure differ signif-
icantly among animal species due to dietary composition,
physiological factors, age-related changes, and nutritional
approaches and practices (Makara and Kowalski, 2018).

Feed composition refers to the physicochemical character-
istics of feed ingredients, such as the content and quality
of the protein, energy, fiber, minerals, and vitamin compo-
nents. Compositional variations in different animal diets
influence the consumption and utilization of feed by pigs.
Feed composition affects the nutrient content and digesti-
bility, water intake, energy utilization, and performance of
pigs (Gaillard et al., 2020). Fibrous feedstuffs, for exam-
ple, are usually cheaper than concentrates, thus reducing
the cost of feed when incorporated into pig diets. They are,
however, associated with dilution of dietary energy content
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and increased feed intake to compensate for the energy re-
quirement, impaired nutrient digestion and absorption,
and therefore increased excreta volume (Okoli et al., 2009;
Mpendulo et al., 2018). The fiber component of the diet is
not easily digestible in the small intestine, but may undergo
some level of fermentation in the large intestine, resulting in
the release of bound nutrients. The fermentation process is,
however, affected by the physical and chemical composition
of the fiber, with soluble fibers being more amenable to fer-
mentation than insoluble fibers (Jha et al., 2019).

The physical characteristics of the diet, such as bulk density
(BD), swelling capacity, water-binding capacity, and viscos-
ity, are dependent on the dietary fiber content, indicating
that these characteristics can predict the digestibility of fiber
in vivo in monogastric animals (Navarro et al., 2018). The
authors further established that the total digestible fiber
content is negatively correlated with digestible energy and
metabolizable energy, indicating that feed composition and
digestibility invariably influence the amount and composi-
tion in pig excreta and manure. Again, higher fiber, protein,
and mineral contents in the feedstuff will usually result in
increased dry matter, nitrogen, and phosphorus excretion,
respectively, which invariably translates to more organic
matter and volatile solids in the excreta and manure (Gail-
lard et al., 2020; Lee et al., 2023). Thus, the high volume of
manure generation during operations is associated with the
high fiber content and low digestibility of high-fibrous feed-
stuffs (Okoli et al., 2009, 2011). Pigs fed fibrous feedstuffs
produce an estimated 1132.53 kg of manure yearly per pig
(Ewuziem, 2021), which is similar to the value published by
Ngwabie et al. (2018). The nutrient composition and digest-
ibility of feed ingredients are, therefore key determinants
of the nature and volume of excreta from swine production
and, by extension, its environmental impact.

4. Physicochemical Characteristics
of Swine Manure

The most common form of animal manure in intensive pro-
duction units is farmyard manure. Such animal manure con-
sists of feces and plant materials such as straw, wood shaven,
sawdust, and other bedding or litter material that has ab-
sorbed urine and fecal matter. Animal manure may contain
other animal products, such as wool, hair, feathers, blood,
bone, and spilt feed (Okoli et al., 2019). Most intensive live-
stock-rearing systems with slatted or concrete floors devoid
of straw bedding produce animal manure in liquid form or
slurry. Pig slurry is a combination of feces and urine in the

natural ratio of approximately 40% feces and 60% urine, in
addition to the water used in cleaning the pen and the left-
over fragments of feed (Marszelek et al., 2019). It contains
mostly undigested and decomposing fibrous materials and
minerals from feed, water, and excretions of the digestive
tract, microorganisms, and their metabolites (Udebuani et
al., 2018a; Okoli et al., 2019). Pig urine contains organic
and inorganic compounds such as proteins, mineral, vita-
mins, hormones, and enzymes (Jakobsen et al., 2019). In Ni-
geria, small-scale pig farmers collect pig manure as solids and
dispose of the urine by washing it into the adjoining gutter,
which flows into the liquid manure pit (Okoli et al., 2019).
The physicochemical characteristics of pig manure include
its physical and chemical characteristics, such as color, odor,
shape, size density, pH, moisture, nutrient and organic mat-
ter contents, and microbial activity in the manure (Okoli et
al., 2007; Udebuani et al., 2018b; Anigbo et al., 2021). Re-
searchers investigated the physical properties of pig manure,
including odor, color, shape or contour, dimension or mag-
nitude, and density, to develop more efficient methods for
mitigating its environmental health impact, as well as to find
the best storage, management, and treatment options. The
density of pig slurry produced in Poland ranged between
900 and 1100 g/dm? (Hus and Kutere cited by Kowalski et
al., 2013). Recent studies in Nigeria reported varied density
ranges of 500-800 and 1000-1500 g/dm? for low-density
and high-density swine manures, respectively (Udebuani et
al., 2018a; Okoli et al., 2019; Edo, 2023). The density of pig
manure varies in response to the type of feed, health status,
age of the pigs, and storage and treatment conditions em-
ployed in managing the manure (Anigbo et al., 2021). Edo
(2023) reported specific gravity (SG), water-holding capac-
ity (WHC), and oil absorption capacity (OAC) ranges of
0.54-0.82, 122.29%-195.63%, and 1.12-1.59 g/g, respec-
tively, for pig dung in southern Nigeria. The results indicate
high aqueous and oil absorbance of manures and explain
their potential uses in the bioremediation of crude oil-con-
taminated soils (Udebuani et al., 2012; Enyiukwu et al.,
2021) and improvement of agricultural soils.

The chemical profile of swine manure is summarized in Ta-
ble 1, highlighting its proximate, ultimate, and elemental
composition. The chemical characteristics primarily depend
upon the nutrient composition of its diet, which it metabo-
lizes to produce its nutrient needs, body tissues, and prod-
ucts. However, swine manure is usually high in moisture
content and may be as high as 75%-90%, depending on the
type of feeding and management practices adopted on the
farm (Anigbo etal., 2021; Edo, 2023). It is also rich in essen-
tial minerals such as nitrogen, phosphorus, potassium, cal-
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Table 1. Physicochemical properties of swine manure from different regions
Tabelle 1. Physikalisch-chemische Eigenschaften von Schweinemist aus verschiedenen Regionen
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cium, and magnesium and organic matter contents, which
represent the amount of carbon-containing compounds
such as carbohydrates, proteins, lipids, and lignin. The pH
of swine manure is usually alkaline and can affect its odor,
nutrient availability, and microbial activity, depending on
the nature and storage conditions of the manure (Udebuani
etal,, 2018a; Okoli et al., 2019; Anigbo et al., 2021). Swine
manure also has high organic matter and gaseous (ammo-
nia, nitrous oxide, hydrogen sulfide, and methane) contents,
which constitute environmental and public health prob-
lems, affecting air quality and increasing the emission of
greenhouse gases (Okoli et al., 2007; Anigbo ez 4/, 2021;
Chmielowiec-Korzeniowska et al., 2022).

4.1. Proximate composition

Okoli ez al. (2019) published the mean proximate val-
ues of dried pig dung collected from different locations
in Imo State, south-castern Nigeria, as dry matter con-
tent (87.97%), crude protein (CP) (14.05%), crude fiber
(23.33%), ether extract (8.27%), total ash (23.24%), and
nitrogen-free extract (18.77%). Udebuani et al. (2018b)
reported similar CP values, much higher total ash con-
tent (35.30%), lower ether extract, and nitrogen free ex-
tract (NFE) values (3.0% and 12.42%, respectively) at the
same study location. However, in South Africa, Rapatsa
and Moyo (2013) reported CP, crude fiber, ether extract,
and ash content values of pig dung to be 18.60%, 20.90%,
8.30%, and 28.04%, respectively. The variations in these
values could be attributed to the influence of the differ-
ent feed components, especially the dietary levels of oily
and gritty palm kernel cake and other fiber components in
swine diets in the study areas (Okoli et al., 2009; 2011).
Animal dung from diverse species exhibit remarkably high
ash content and has been shown to affect the thermal be-
havior and characteristics of fertilizers and carbonaceous
materials produced from them (Okoli et al., 2019; Okoli,
2021a). Sun et al. (2017), for example, reported a mean
value of 38.98% ash in animal manure produced in China,
which is similar to the 30.91% ash content reported by Edo
(2023) in pig manure collected from the Okigwe zone in
Imo State, Nigeria. Gunamantha and Widana (2018) re-
ported a much higher ash content value of 53.88% in pig
dung from Indonesia. A high ash content reduces the ener-
gy content of biomass materials and may create operational
problems during the thermochemical char-forming process
due to ash slag formation at elevated temperatures (Miguez

et al.,, 2021).

4.2. Mineral concentrations

Minerals are a complex mixture of elements, and their con-
centrations in swine manure often reflect the swine’s dietary
composition, health status, and environmental factors. The
type, age, and physiological status of the animal also influ-
ence the type and composition of diets offered to pigs and
therefore influence the physicochemical composition of
pig manure or slurry (Sharara and Sadaka, 2018). Manures
from swine operations are heavily laden with macro and mi-
cro mineral nutrients such as phosphorus (P), nitrogen (N),
and potassium (K) that are of economic benefit as bioferti-
lizers when properly harnessed. Researchers observed high
levels of potassium and phosphorus in dried swine manure
collected from different farms in Imo State (Okoli et al.,
2007, 2019). However, Udebuani et al. (2018b) reported
much higher calcium, magnesium, and phosphorus con-
centrations than the values reported by Okoli et al. (2019).
Songet al. (2020) equally reported higher concentrations of
calcium (Ca), N, K, and magnesium (Mg) in swine manure
produced in China. A study of dry swine manure samples
from Imo State farms found consistently higher micro min-
eral concentrations of iron (Fe) and zinc (Zn) (Udebuani et
al., 2018b; Okoli et al,, 2019). Higher Zn, copper (Cu), and
manganese (Mn) values were also reported in swine manure
samples from China and Spain (Cely et al., 2014; Meng et
al., 2014; Song et al., 2020). Okoli et al. (2019) observed
the accumulation of heavy metals such as aluminum (Al)
and chromium (Cr) in pig dung, while lead (Pb), cadmium
(Cd), mercury (Hg), and arsenic (As) were generally low.
The values reported by these authors were similar to the
values reported by Udebuani et al. (2018b) and Okoli et al.
(2014) in poultry droppings.

The rich mineral concentrations of pig manure make it a valu-
able yet problematic nutrient resource when poorly managed.
For example, high concentrations of mineral elements, par-
ticularly N and P, in swine manure contribute substantially to
environmental injustice, affecting air quality, human health,
and climate change. According to Gollenhon et al. (2016) as
cited in Vanotti et al. (2020), animal manure could contain
an estimate of 868,000 tons of nitrogen and 388,000 tons of
phosphorus in excess for land application. Such levels of con-
centrations in manures are capable of polluting aquifers, caus-
ing soil degradation, and disrupting soil microbial commu-
nities when used as fertilizers without processing (Marszelek
et al,, 2019; Rashid et al., 2023). The higher concentrations
of calcium, magnesium, sodium, potassium, sulfates, and
chlorides in pig manures, signifying high electrical conduc-
tivity (EC), have the potential to induce higher soil salinity
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and nutrient imbalance. Soil salinity induces oxidative stress
in plants, inhibiting photosynthesis, nutrient synthesis, and
nutrient uptake (Arif et al.,, 2020). There are also concerns
regarding excretion of important microelements and heavy
metals in manure, such as Zn, Cu, Cd, Pb, and As, probably
resulting from the use of feed additives in intensive produc-
tion units (Ding et al., 2021). Thus, there is a need for ap-
propriate analysis of pig manure before any form of industrial
application or processing (Lan et al., 2022).

4.3. Odorous compounds

In addition to the major compounds, reports also suggest
that swine manure contains several volatile and odorous com-
pounds that contribute to its unpleasant odor, including es-
ters, alcohols, ketones, aldehydes, hydrocarbons, mercaptans,
phenols, cyclic amines, hydrogen sulfide, ammonia, and nitric
oxides, among others (Udebuani et al., 2018a; Song, 2024).
The sources of the odor are mostly protein compounds,
which are subject to anaerobic decomposition by putrefactive
bacteria (Sharma et al., 2017). Ammonia is the main source
of odor and air pollution from pig manure, and accounts for
approximately 50% of the total volatile compounds released
from manure (Cao et al., 2023). It is capable of causing acid-
ification and eutrophication of soil and water bodies, in ad-
dition to animal and human health problems (Okoli et al.,
2007; Marszelek et al., 2019; Ananna et al., 2021).
Methane, as the second source of odor and air pollution
from pig manure, accounts for approximately 20% of the to-
tal volatile compounds and contributes to global warming
and climate change as a potent greenhouse gas (Wang et al,,
2017; Zhang et al., 2019). Hydrogen sulfide, as a source of
odor and air pollution from pig manure, accounts for ap-
proximately 10% of the total volatile compounds and can
cause corrosion and health problems to humans and animals
(Okoli et al., 2007; Brglez, 2021).

Other major volatile organic compounds responsible for
odor and air pollution in pig manure include alcohols and al-
dehydes, which account for approximately 5% and 3% of the
total volatile compounds in the manure, respectively (Wang
etal.,, 2017; Zhanget al,, 2019). Aldehydes can also cause ir-
ritation and inflammation of sensitive tissues in humans and
animals (Catalano et al., 2024). Compounds such as vola-
tile fatty acids (acetic, propionic, and butyric acids), indole,
phenolic, and sulfuric compounds contribute substantially
to odor emission from swine manure (Song, 2024). Their

concentrations in manure vary with dietary levels of protein
in feed rations, feed additives, storage conditions, and type
of operation (Zhang et al.,, 2019; Trabue et al., 2021).

4.4. Microbial population

The different microorganisms present in pig manure include
commensal and pathogenic bacteria such as Clostridium, Ba-
cillus, Lactobacillus, Enterobacter, Escherichia, Salmonella,
and Proteus species, as well as fungal organisms and parasites
originating from the gut (Lim et al., 2018; Marszalek et al,,
2019). A study investigating the microbial loads and profiles
of pig dung reported that colony-forming units per milliliter
for total heterogeneous bacteria ranged from 2.38 x 10° to
7.4 x 10, total coliform count ranged from 2.25 x 10° to
1.5 x 107, and fungal colony count ranged from 7.3 x 10* to
2.1 x 107 (Udebuani et al., 2018a). The bacterial organisms
identified in the manure included Psexdomonas sp., Salmo-
nella typhi, Shigella sp., Escherichia coli, Streptococcus faecalis,
Bacillus aureus, and Micrococcus luteus, while the fungi were
mainly Rhizopus oryzae and Aspergillus niger. However, Cho
etal. (2015) reported a diverse community of bacteria in pig
manure slurry, with Firmicutes, Bacteroidetes, and Proteo-
bacteria dominating. Similar findings were also reported by
He, L. et al. (2019) and Zhang, R. et al. (2021), suggesting
the dominance of these bacterial genera in manure. The ac-
tivities of these organisms are responsible for the degrada-
tion or metabolism of nutrients in manure, thus releasing
odorous gases and other bacterial metabolites into the ma-
nure and the surrounding environment (Chmielowiec-Ko-
rzeniowska et al., 2022). The excessive land application of
unprocessed swine manure can introduce microbial contam-
inants and antibiotic residues into the food chain through
contaminated soil, water, and food crops (Marszelek et al.,

2019).

4.5. The pH of pig manure

The pH of pig manure produced in southern Nigeria ranged
from slightly acidic 6.60 to slightly basic 7.60 (Udebuani
et al.,, 2018b), while European values ranged from 5.98 to
7.73 (Marszelek et al., 2019). However, Anigbo et al. (2021)
published ranges of 9.33-10.06 and 11.57-12.10 for fresh
and dry swine manures, respectively, in the Port Harcourt
metropolis, southern Nigeria. Storage of pig slurry during a
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warm period was found by Adamsen et al. (2021) to signif-
icantly increase the pH from 5.7 to 7.0 in 25 days, while
under cold conditions, the increase was much less (5.5-6.1
in 25 days). Dai and Karring (2014) reported that the range
of pH values in fresh pig manure suggests that the bacterial
communities in the manure produce urease enzymes, which
are most efficient for ammonia production and gas emission
from the manure.

4.6. Fiber characteristics

Significant proportions of animal manure comprised fiber in
the form of cellulose and lignin. The fibers that make up the
organic matter fraction of pig manure are essentially cellu-
lose, hemicellulose, lignin, and pectin. Fecal output is largest
among pigs fed diets containing large proportions of fibrous
feedstuffs, as practiced in many tropical countries, including
Nigeria (Okoli et al., 2011; Mpendulo et al., 2018). For ex-
ample, Xu et al. (2014) reported that in China, the amount
of cellulose, hemicellulose, and lignin in sow pig manure was
much higher than the amount in piglets and grower pig ma-
nures, probably reflecting the nutrient compositions of their
diets. The composition of these fiber components and other
extractives in biomass waste/swine manure is a key property
that influences the biomass conversion process, since they
decompose at distinct temperature spectra during combus-
tion (Shah et al., 2018). For example, higher percentages of
cellulose and hemicellulose in biomass increase the rate of
thermal degradation during pyrolysis and may favor lower
char formation and ash content (Tripathi et al., 2019).

Edo (2023) reported the mean values for neutral detergent
fiber (NDF), acid detergent fiber (ADF), acid detergent
lignin (ADL), cellulose, and hemicellulose to be 53.49%,
25.44%, 6.36%, 19.08%, and 28.05%, respectively, in dried
pig manure from Imo State, southern Nigeria. Trujillo et
al. (2014) reported that fresh pig excreta from Mexico con-
tained 334 g (33.40%) NDF, 126 g (12.60%) ADF, and 45 g
(4.50%) ADL per kilogram of dry matter, while Zhao et al.
(2020) reported much higher NDF, ADF, and ADL values
for high-fiber cellulosic materials such as corn and wheat
bran. A study of pig manure from Imo State, Nigeria found
a significant cellulose:lignin ratio of 12.4:1, indicating its
potential for bioenergy application (Edo, 2023). Woods
from broad-leaved trees are composed of cellulose and lignin
in appropriate ratios of 2:1 (Tullus et al., 2010; Guo et al.,
2023). Sun et al. (2017) reported values of 3.1:1 and 1.9:1
for agricultural residues and livestock manure, respectively,

from China. These published results show that the higher

(12.4:1) ratio recorded in pig dung from Imo State may af-
fect the biomass conversion process of such manure since
the cellulose:lignin ratio is an important thermochemical
property that influences the carbon content of biomass-
derived carbonaceous materials.

5. Pig Manure Carbonization Processes
and Derivatives

When biomass materials are heated to 350-650°C, their
chemical bonds break and rearrange to form new functional
groups typical of oxygenated hydrocarbons such as carboxyl,
lactones, quinone, chromene, anhydride, phenol ether, and
pyrone. This is reflective of the carbohydrate structures of
their cellulose and hemicellulose contents (Mia et al., 2017).
Carbonization is thus a thermochemical degradation of bi-
omass materials in a furnace under an oxygen-controlled en-
vironment, which leads to the loss of volatile gases such as
alkanes, alkenes, carbon monoxide, alcohols, etc., with an in-
creased propagation of carbon in the char residue (Yahya et
al., 2018; Okoli, 2021b). This irreversible process transforms
the physicochemical characteristics of biomass at elevated
temperatures. There are, however, certain important factors
that influence the process and quality of the final carbon
product, such as the carbonization temperature, activation
cum retention time, impregnation ratio, and nitrogen flow
rate (Bedia et al., 2018; Reza et al., 2020). The carbonization
temperature has the most critical influence on the percent-
age yield, morphology, ash, and fixed carbon (FC) contents
of biocarbon products (Ohanaka et al., 2021; Okoli, 2021b).
Organic waste such as pig manure could serve as a poten-
tial precursor to produce biocarbon for industrial and farm
use (Ohanaka et al,, 2021) due to its rich cellulose, lignin,
carbon, and volatile matter (VM) contents. The processes
involved in the biotransformation of swine manure into car-
bon usually require different pretreatment steps before the
actual carbonization and activation processes (Cantero et al.,
2019). For example, there may be the need to remove impu-
rities such as metals, plastics, and waste fabrics from manure.
There is also the need to standardize the moisture content
and particle size of manure before carbonization (Iwanow
et al.,, 2020; Reza et al.,, 2020). Again, the amount of ash
and minerals in the manure feedstock could be reduced by
pretreatment with acidic or basic solutions, especially when
activated chars of low ash content are targeted, particularly
those used in catalytic applications (Reza et al., 2020).

Activated char/charcoal is a carbonaceous solid product of
biomass pyrolysis produced under similar production con-
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ditions as biochar, except for the activation process, with in-
creased surface area for adsorption compared to biochar. The
activation process modifies the surface chemistry of the result-
ant char, which influences its sorption characteristics (Man
et al,, 2021). The activation process could either be physical
or chemical activation. In the physical activation method, the
biochar obtained from the carbonization process undergoes
steam, carbon dioxide, or nitrogen gas activation at high tem-
peratures (400-1000 °C), enhancing its porosity and surface
area (Xu et al,, 2021). Activation of the char through CO,
activity results mostly in the creation of microporosity, while
steam activity widens the microporosity starting from the
carly stages of the activation process (Mopoung and Dejang,
2021). However, reports suggest that steam-activated carbon
have higher surface area, pore distribution, and surface oxy-
gen-containing functional groups than those obtained by CO,
activation (Yang et al., 2016). Ohanaka (2022) and Okey et
al. (2022) specifically reported the significant additive effects
of steam-activated charcoal on the growth, physiological, and
egg-laying performance of chickens when incorporated into
their diets. Edo (2023) also produced activated chars from
dried pig manure co-pyrolyzed with blends of either palm ker-
nel shell (PKS) or waste plastic water sachets using a steam
activation procedure, which enhanced the physicochemical
characteristics and soil amendment value of the final products.
The production of activated char using the chemical ac-
tivation method involves a single-step pyrolysis method,
which requires treatment of the organic raw materials with
dehydrating chemical agents (usually acids or bases) before
carbonization. The process begins with the impregnation
or soaking of the raw material with an appropriate chemi-
cal reagent, followed by a simultaneous carbonization and
activation process (Hidayu and Muda, 2016). The common
chemical catalysts usually employed in chemical activation
are dehydrating agents such as sulfuric acid (H,SO,), phos-
phoric acid (H;POy), zinc chloride (ZnCl,), potassium
sulfide (K,S), carbonates of alkali metal, and metal chlorides
(Heidainejad et al., 2020; Ho, 2022). The impregnation of
precursor materials lowers the temperature requirement
during pyrolysis and restricts the formation of tars, thereby
resulting in a much richer carbon product with more poros-
ity and char yield (Leng et al,, 2021). The resultant char is
subjected to post-activation treatment such as cooling and
washing with hot distilled water to remove and possibly re-
cover the impregnation chemical, while enhancing the po-
rosity of the char (Takaya et al., 2016).

Several studies have shown that chemical activation has
more benefits than physical activation in terms of lower pro-

cess temperature, higher carbon yield, and enhanced surface
chemistry and surface area for adsorption (Ho, 2022). How-
ever, there are some disadvantages associated with chemical
activation, such as the need to wash the product to remove
impurities arising from the activating reagents. Several fac-
tors, including the catalytic agent, time and temperature of
activation, nature of biomass, and time and temperature of
carbonization, influence the properties of activated charcoal
(Hirunpraditkoon et al., 2011; Ho, 2022). Researchers have
recently explored alternative biomass carbonization meth-
ods, expanding beyond traditional techniques. For example,
microwave-assisted pyrolysis has emerged as a novel method
for biocarbon production, integrating carbonization and ac-
tivation process into a single step (Iwanow et al., 2020). Sim-
ilarly, hydrothermal carbonization has gained prominence as
an efficient and cost-effective single-step bio-carbonization
technology for high moisture, manure management that re-
quires no prior pre-drying process or high energy input for
char production (He et al., 2019; Zubbri et al,, 2021).

6. Co-pyrolysis of pig dung and other

waste materials

Freshly voided pig dung has relatively high moisture and ash
contents, low bulk and energy densities, and variable chem-
ical compositions, which may affect its value as an energy
feedstock (Ro et al., 2019). Generally, swine manure is in-
organic and low in energy density (Cheng et al., 2020), but
may contain higher concentrations of nitrogenous substanc-
es, which significantly lower its fuel-grade properties during
pyrolysis (Li et al., 2020; Ipiales et al., 2023). Iregbu (2014)
observed that dry pig manure burns inefhiciently or smold-
ers during open-air combustion, producing a thick smoke
that keeps burning until all manure is charred, and forms a
whitish or grayish ash that does not crumble easily, suggest-
ing the presence of metallic oxide components. Okoli et al.
(2019) showed that pig manure ash contains high phospho-
rus and potassium levels, while part of the nitrogen is lost.
The high concentration of phosphorus usually found in pig
manure may also contribute to the smoky, sluggish burning
of dry manure owing to the formation of phosphorus-oxy
acids, which catalyze the char-forming reaction once ignited
and could impede the smooth burning of manure (Iregbu,
2014). Again, the aluminum metal in the dung most likely
forms alumina (Al O,) during combustion, which conducts
heat away from the burning surface (Okoli et al.,, 2019),
and therefore decreases the heat budget of the burning ma-
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nure, thus diminishing the heat propagation rate. Equally,
the relatively high levels of potassium and sulfur in pig dung
could result in the formation of potassium sulfate (K,SO,),
which again is a good heat conductor that deflects heat away
from the burning surface of the manure. However, improved
flammability of pig dung can be achieved through blending
or co-pyrolysis with carbon-rich flame accelerants such as
sawdust, PKS, bamboo wood, and plastics (Ohanaka et al.,
2021; Edo 2023).

Co-pyrolysis is a process that involves the use of two or more
biomass materials for the production of biocarbon with im-
proved physicochemical properties, based on the principle
of synergistic effects, which comes from the reactions of
the different materials during the thermochemical process
(Ohanaka et al., 2021; Ipiales et al., 2023). The high oxygen
and nitrogen contents of pig manure that impede its caloric
value and flammability could be overcome by blending with
oxygen- and nitrogen-deficient feedstock to dilute the nitro-
gen content during pyrolysis (Li et al., 2020a). In practical
terms, the choice should be because biomass with a higher
lignin content generates chars with relatively higher carbon
yield in proximate analysis. The type of product derived from
co-pyrolysis will depend on the nature of the carbonized bi-
omass materials, blending ratios, pyrolysis temperature, and
duration of pyrolysis (Ohanaka et al. 2021; Edo 2023). The
blending ratios of the chosen feedstock are, however, the ma-
jor factor that significantly influences the synergistic effects
of co-pyrolysis (Ipiales et al., 2023). The co-pyrolysis of pig
manure and sewage sludge resulted in a reduction in heavy
metal and antibiotic levels in manure (Li et al. 2020b), while
Vuppaladadiyam et al. (2019) reported an increased crack-
ing reaction and a decrease in gas formation resulting from
the co-pyrolysis of pig manure and microalgae. Bernado et
al. (2012) studied the synergistic effect of the co-carboni-
zation of plastic, pine biomass, and tire wastes, which sig-
nificantly increased the carbon yield and calorific value of
the resultant char. Similarly, the co-pyrolysis of biomass and
plastic waste resulted in the production of solid products
with higher heating values than coal due to the elemental
composition of the char (Paradeca et al., 2009). Co-pyroly-
sis of swine manure and plastic wastes resulted in an increase
in the FC content of the biochar from 44.60% in the swine
manure-derived biochar to a 52.40%-64.70% range in the
different manure-plastic char products (Ro et al., 2014).
The authors also observed decreased ash concentration from
44.4% in the swine manure-derived biochar to 27.60% in
swine manure—plastic biochar. However, biochar yield de-
creased from the 39.00% obtained from swine manure alone
to 28.00% obtained from the manure—plastic AC. Again,

the study showed that all the biochar produced from this
process had similar surface areas, VM contents, and chem-
ical structures, suggesting similar functionalities when ap-
plied to soils.

Edo (2023) reported that on carbonization, pig manure
yielded relatively high carbon products (29.50% and
35.00%) for biochar and activated charcoal, respectively. The
percentage yield of the swine manure-derived biochar and
activated charcoal products significantly decreased (16.33%
and 19.67%, respectively) when blended with waste plastic
water sachets. Nevertheless, the char yields slightly increased
(35.50% and 41.00%) when blended with PKSs. Ohana-
ka et al. (2021) reported a higher activated charcoal yield
(46.54%) from the co-pyrolysis of pig dung, PKS, and bam-
boo wood chips. Generally, co-pyrolysis of swine manure
with carbon-rich materials enhances the high heating value,
combustion properties, and stability of carbon, while de-
creasing the heavy metal content of the resulting char. These
results highlight the potential value of using the co-pyrolysis
approach to manage swine manure disposal and environ-
mental pollution problems, while producing value-added
biocarbon products.

7. Characteristics of Pig Manure-Derived
Carbonaceous Materials

The pyrogenic conversion of animal manure into carbona-
ceous materials remains one of the sustainable approaches
to agricultural waste reduction, biomass energy production,
and the development of carbon-rich products for applica-
tions in agronomy, animal farming, anaerobic digestion, soil
remediation, carbon sequestration, and construction (Reza
et al., 2020; Sarfaraz et al., 2020; Osman et al., 2022). Al-
though several study reports exist on the pyrogenic conver-
sion of pig manure to biochar (Tsai et al., 2012; Gnamantha
and Widana, 2018; Qiu et al.,, 2022), a limited number of
such studies have been undertaken in Nigeria (Ohanaka
etal., 2021; Okey et al,, 2022; Edo 2023). The large vol-
umes of pig manure produced in the country and the dis-
posal challenges faced by smallholder farmers, however,
make it a viable feedstock to produce biocarbon products as
a waste management and pollution mitigation approach. It
is, however, important to understand the characteristics of
the manure-derived carbonaceous products since their phys-
icochemical composition is heavily dependent on the nature
and characteristics of the manure and, by extension, the
feedstuff offered to the animals (Cely et al., 2014; Okoli et
al.,2019). Table 2 highlights the physicochemical properties
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of swine manure-derived biocarbon from different regions.
The physical and proximate characteristics, ultimate and el-
emental composition, pH, cation exchange capacity (CEQ),
and EC are key properties of biocarbon driving its usage and
applications in various agro-industrial operations.

7.1. Physical characteristics

Carbonaceous materials prepared from different biomass
precursors exhibited varying physical characteristics, espe-
cially in their BD, porosity, and specific surface area values.
Structurally, biochar or activated char contains micropores,
mesopores, and macropores that play significant roles in their
capacity to absorb substances of varied nature. Carbonaceous
materials are characterized by their physical and structural
properties including density, surface area, and pore volume
(Iwanow et al., 2020). The total pore volume and porosity
of biocarbon products are usually higher than the values ob-
tained from the original precursor material (Tomczyk et al.,
2020). Activated char and biochar can possess a surface area
range of 300-2000 m*/g, while values as high as 5000 m*/g
have been reported (Hidayu and Muda, 2016). The enor-
mous surface area and porosity of biocarbon confer unique
adsorptive capacity and habitation for desirable microbiota
proliferation (Abhishek et al., 2022). Reports suggest that
activated char or biochar can adsorb toxins, gases, anti-nu-
trients, and bacteria in contaminated livestock feeds, ma-
nure, soil, and pollutants in industrial effluents (Borchard et
al., 2019; Ohanaka et al,, 2021). As a litter amendment in
livestock farms, biochar can mitigate litter moisture content
and odor emission, particularly ammonia, methane, nitrogen
sulfide, urea, and nitrous oxide (Xu et al., 2021; Malyan et al.,
2021). Reduced litter moisture and odorous gases in rearing
systems are significant health improvements for intensively
reared animals, farm workers, and the global environment.

The BD, WHC, and SG values of activated charcoal derived
from the blend of pig manure, PKS, and bamboo wood chips
were reported by Ohanaka et al. (2021) to be 0.87 g/cm’,
89.90%, and 0.73, respectively. Edo (2023), however, report-
ed the BD and WHC values of pig manure-derived activated
charcoal and biochar to be 1.02 and 1.05 g/ml and 59.86 and
63.41%, respectively. These values were significantly altered
by the co-carbonization of swine manure with either PKS or
waste plastic water sachet. WHC and BD of activated carbon
and biochar reportedly increase agricultural soil aeration and
retention of soil nutrients and water for crop production when
used for soil amendment purposes (Kumar et al., 2022). As a
feed or litter amendment additive, Ohanaka (2022) report-

ed BD reduction and increased WHC of laying hen ration
amended with 1% AC derived from a blend of swine manure,
PKS, and bamboo chips. Studies have indicated that the inter-
nal surfaces of biocarbon are inundated with organic nutrients
as they travel through the gut or within manure matrix, thus
increasing its capacity to hold water and exchangeable nutri-
ents (Schmidt et al.,, 2019). This also reduces nutrient loss in
manure through volatilization or nutrient leaching.

OAC is another physical property of biocarbon that can
help remediate oil-polluted soil or water surfaces (Nguyen
and Pignatello et al., 2013; Mukome et al., 2020). Ohanaka
et al. (2021) reported an OAC value of 1.25 g/g for AC de-
rived from pig dung—PKS-bamboo wood chip co-pyrolysis
at 400°C carbonization temperature. Edo (2023) reported
OAC values for pig manure-derived activated char and bio-
char to be 0.84 and 0.85 g/g, respectively, while Sohaimi and
Ngadi (2016) reported 0.12 g/g OAC for cooking oil with
the application of textile sludge-derived biochar. However,
potassium hydroxide (KOH)-activated coconut shell bio-
char produced at a much higher temperature (1000°C) had
sorption capacities of 5.54 and 9.33 g/g for used/premium
motor oil (Raj and Joy 2015). Higher OAC ranges have been
reported for woody (6-120 g/g), rice (6.85-10.88 g/g), and
date palm (11-33 g/g) biochar produced under varying
temperature and activation conditions (Nguyen and Pign-
atello, 2013; Stefelov4 et al., 2017; Nasir et al., 2018; Huang
etal, 2021).

7.2. Carbon contents

In addition to the operating conditions for biochar produc-
tion, the chemical and compositional structure of the biomass
feedstock influences its carbon content values (Tomczyk
etal., 2020). Variations in the lignocellulose proportions in
the manure affect the biochar carbon content, as a higher
lignin content of manure results in a higher carbon content
of the manure-derived biochar (Kloss et al., 2012). A higher
cellulose content of the biomass feedstock favors tar forma-
tion, while a higher lignin content favors char production,
and higher carbon and ash contents during carbonization
(Tripathi et al., 2016). Gunamantha and Widana (2018)
reported a lower carbon content (18.88%) in pig manure-
derived biochar than the 27.31% recorded in cow manure-
derived biochar. In contrast, Sarfaraz et al. (2020) reported
higher total carbon content (38.27%) in the pig manure-
derived biochar compared to the 22.11% and 16.42% record-
ed in poultry litter- and cow dung-derived biochar, respec-

tively. Tsai et al. (2012) reported a range of 41.10%-43.90%
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Table 2. Physicochemical properties of swine manure-derived char products from different regions
Tabelle 2. Physikalisch-chemische Eigenschaften von aus Schweinemist gewonnenen Char-Produkten aus verschiedenen Regionen
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Activation Steam Acid Steam Nil Nil Nil N2 steam Nil Nil N2
method
CT 400°C 220°C 180°C 450°C 300°C 400°C 220°C 300°C 300°C 700°C 600°C
pH 8.49 5.29 - 10.24 7.8 9.86 6.85 9.44 8.96 11.98
(%)
MC 3.36 1.70 5.42 4.96 2.50
Ash 13.13 24.03 31.60 50.33 50.25 46.35 38.20 50.80 35.79 52.8 31.80
VM 5.33 53.9 31.25 38.00 44.60 5.65 5.32 10.70
TC 75.35 37.50 35.86 70.00 44.13 41.11 49.30 62.20
FC 14.50 38.27 18.5 12.11 15.40 38.15 53.71 57.50
N 4.30 2.40 3.00 2.24 2.57 4.30 1.56 1.61 2.00 1.18
(©) 23.10 13.09 17.10 14.90 3.7
H 4.70 2.12 7.70 0.90 1.12
P 2.51 1.20 4.88 0.28 1.83 2.48 2.22 7.50 3.34
K 0.93 1.50 3.67 0.08 2.52 1.66 1.22 2.70 1.55
Ca 0.56 5.50 7.02 0.13 5.30 0.56 0.38 5.00 6.10
Mg 0.44 1.00 5.84 0.09 1.25 0.51 0.42 3.40 0.80
Na 0.14 0.20 0.06 0.36 0.17 0.16 1.18
(mg/kg)
Zn 103.48 970.96 508.60 1213.00 1558.08 120.15 16.33 0.34 660
Mn 671.33 568.32 462.60 760.91 602.85 706.55 0.18 580
Cu 39.46 885.82 20.70 348.00 1135.62 99.60 58.66 0.05 140
Fe 1304.65 282.80 60.94 8446.66 6498.15 11,300
Cr 21.63 15.46 16.10 450
Pb 4.17 1.47 18.09 14.13 1.90
Cd 0.17 0.00 0.53 0.09 0.09 <0.90
Al 0.00 0.00 620
As 0.45 55.47
BD 0.87 1.02 1.00
SG 0.73 1.11 1.09
WHC 89.90 59.86 63.41
CEC 170.00 35.60
EC 4.08 102.00 730.00
SA 12.36 3.68 59.00 22.90
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carbon contents of swine manure-derived biochar, similar to
the 41.11% and 44.13% reported by Edo (2023) in activated
charcoal and biochar derived from pig manure, respectively.
However, reports suggest that dung-derived biochar has rel-
atively lower carbon concentrations than their plant-derived
counterparts (Tomezyk et al., 2020). This is due to the pres-
ence of more labile organic compounds in animal manures,
which are rapidly lost at high temperatures before the for-
mation of recalcitrant carbon products (Domingues et al.,
2017; Sarfaraz et al., 2020).

Co-pyrolysis of pig manure with other carbon-rich materials
could influence the carbon contents of biochar in response
to the blending ratios and pyrolysis conditions. Ohanaka et
al. (2021) reported a much higher carbon content of 75.35%
from a blend of pig dung, PKS, and bamboo sticks (4:3:3
ratio). Edo (2023) reported a significant increase in the total
carbon contents (64.81% and 54.31%, respectively) of ac-
tivated charcoal and biochar derived from the co-pyrolysis
of pig manure and PKS compared to that derived from the
manure alone (44.13% vs. 41.11%, respectively). The carbon
values, however, decreased (33.77% and 30.4%, respectively)
due to co-pyrolysis with waste plastic water sachets. Qiu et
al. (2022) reported a 1.5-fold increase in the FC contents
in biochar produced from the combination of pig manure
and invasive Japanese knotweed at varying blending ratios
and pyrolysis temperatures (400-600°C). Carbonization of
pig manure with cellulose and glucose reportedly increased
the carbon content from 20.00% to 46.50% and 43.00%,
respectively (Li et al., 2020a). Carbonization of swine ma-
nure and other carbon-rich biomass increases the stability
and concentration of carbon in the final char product and
therefore becomes a better agent for long-term soil carbon
sequestration compared to its original manure biomass. Re-
ports suggest an increase in fecal carbon concentration and
slower fecal decomposition by soil organisms due to dietary
biochar supplements in animal diets (Al-Kindi et al., 2016).
The resultant fecal output from such dietary amendment has
the capacity to increase soil carbon storage and therefore, a
useful soil conditioner with emission mitigation properties.

7.3. pH

The pH of biochar is usually alkaline since it positively corre-
lates with the formation of carbonates and other base cations
during the carbonization process. Cely et al. (2014) reported
that biochar pH could vary from 7.8 to 10.6 in response to
pyrolysis temperature. Tsai et al. (2012) reported a range of
pH values from swine manure-derived biochar produced at

different carbonization temperatures. The pH values aver-
aged 7.65 at 400°C to 11.98 at 700 °C. Ohanaka et al. (2021)
reported a pH value of 8.49 in AC derived from the blend
of pig dung, PKS, and bamboo sticks at 400°C, while Cely
et al. (2014) obtained pH values of 7.80 and 8.20 in swine
manure-derived biochar at 300 and 500°C pyrolysis tempera-
tures. Edo (2023) recorded pH values of 9.44 and 8.96 in pig
manure-derived activated charcoal and biochar, respectively.
Co-pyrolysis with PKS or wastewater sachet plastics, howev-
er, yielded lower pH (8.50 and 8.35) values in the AC prod-
ucts compared to the manure alone. The increase in the al-
kalinity of manure biochar was associated with the increased
pyrolytic temperature and biomass characteristics (Guo et al,,
2021). The alkalinity of biochar products has been leveraged
as a natural liming agent to reduce the acidity of agricultur-
al soils, while improving their productivity. However, low-
er pH (2-5) or acidic chars derived from pig manure when
specifically activated using mineral/organic acids have been
reported (Meng et al.,, 2014; Jiang et al., 2018). The acidifi-
cation process enhances the surface functional groups on the
carbonaceous surface, increasing its hydrophilic, adsorptive,
and redox-active properties, and thus its affinity for micro-
bial interaction. This could improve nutrient utilization and
decontamination in crop-livestock production, while po-
tentially reducing enteric methane emissions (Schmidt et al.,

2019, Lonappan et al., 2019; Teoh et al,, 2019).

7.4. Proximate characteristics

Proximate analysis data are typically reported on a dry
weight basis, except for moisture content. The major prox-
imate constituents of the biochar are usually FC, ash, and
VM, which are the gases, oil, and tar released during the
pyrolysis process at 300°C (Amer and Elwardany, 2020).
During pyrolysis, hydrogen and oxygen are lost from the
dung in greater amounts than carbon, thus resulting in bio-
char containing a lower VM value than the original manure
(Gunamantha and Widana, 2018). According to Antal and
Gronli (2003), these volatile gases are initially lost as water
and later as hydrocarbons and slowly as evaporating agents
suchas H, CO,and CO,. Gunamantha and Widana (2018)
reported that VM in pig manure is approximately 39.9%
but decreases to 13.62% in biochar. Edo (2023) recorded a
mean VM of 13.17% in dried pig manure, which further re-
duced t0 5.65% and 5.32% in activated charcoal and biochar
products, respectively. A swine slurry hydrochar exhibited a
similar VM value (5.33%) (Song et al., 2020). Deenik et al.
(2010) stated that a VM value above 35.00% is high and will
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trigger nitrogen deficiency in the soil, disrupting nutrient
cycling and ecosystem health. Therefore, the carbonization
of pig manure lowers the VM content in the derived biochar
within limits suitable for agronomic operations.

The residual organic matter in biochar after evaporation of
VM is FC, suggested as a potential measure of biochar recal-
citrance (Crombie et al., 2013). The pyrolytic process also
modifies and increases the FC content of the manure waste
biomass. For example, Gunamantha and Widana (2018) re-
ported an FC value of 14.24% for pig manure-derived bi-
ochar, while the value in the feedstock was lower (6.46%),
indicating a substantial increase during the carbonization
process. The co-pyrolysis of pig manure with PKS resulted in
a higher FC value (60.42) in AC beyond the value reported
for swine manure alone (Edo, 2023). The higher FC content
of biochar relative to its original manure emits lower CO,
emissions compared to manure or chemical fertilizer (Sar-
faraz et al., 2020). However, the FC content of biocarbon
products is influenced by their ash concentrations.

Ash is the leftover inorganic fraction after the complete
combustion of a feedstock. Generally, the ash yield from
pyrolysis positively correlates with the ash content of the bi-
omass feedstock (Cely et al.,, 2014). Again, manure-derived
biochar has higher ash concentrations compared to the orig-
inal manure. Gunamantha and Widana (2018) reported a
72.41% ash content in pig manure-derived biochar com-
pared to 53.58% in manure. Edo (2023) reported a mean
ash content of 23.07% in dried pig manure, which increased
to 50.80% and 53.71% in activated charcoal and biochar
derived from it, respectively. Co-pyrolysis of the manure
with sachet water plastic waste resulted in higher ash con-
tents of derived biochar (65.95%), while PKS reduced the
ash contents to 41.31%. Ohanaka et al. (2021), in contrast,
reported a much lower total ash content (13.13%) in acti-
vated charcoal produced from a 4:3:3 blending ratio of dried
pig manure, PKS, and bamboo wood chips. The high ash
content in manure-derived biochar is usually due to the high
concentration of nutrients in the biomass feedstock. The ash
component of the biomass hinders the formation of aromat-
ic structures that contribute to FC during the carbonization
process and reduces the absorptive capacity of biochar and
activated charcoal, indicating that it is an impurity (Yargi-
coglu et al., 2015).

7.5. Elemental composition

Biomass-derived carbonaceous materials are composed of
carbon, moisture, VM, and elemental composition such as

hydrogen, oxygen, nitrogen, phosphorus, and sulfur on their
surface, which are key determinants of biochar chemical
properties and quality characteristics (Yahyah et al., 2015;
Okoli et al., 2021b). The mineral concentrations of biochar
from animal manure are influenced by the nutrient concen-
trations in their diets, manures, and pyrolytic conditions.
For example, biochars derived from cow manure had lower
macro mineral concentrations than biochar of pig manure
origin (Sarfaraz et al., 2020). Specifically, pig dung-derived
biochar contained much higher levels of N, P, K, Ca, Mg,
Zn, and Fe than the poultry litter- and cattle dung-derived
biochar, while the ash values followed the opposite trend.
The elemental composition of manure-derived biochar, such
as Ca, P, K, and Mg, increases substantially compared to
their original manure biomass (Song et al., 2020). The nu-
trient-rich mineral concentration of biocarbon increases its
electrochemical behavior and could serve as additional sorp-
tion sites or catalysts in biotic and abiotic reactions (Schmidt
etal., 2019). This increases its application as a biofertilizer or
supercapacitor, while reducing the usage of chemical ferti-
lizers (Lentz et al., 2019). Co-pyrolysis of pig manure with
other carbon-rich materials could alter the order of mineral
concentrations (Ohanaka et al. 2021; Edo 2023).
Generally, animal manure-derived biochar contains more
phosphorus than plant-derived biochars (Shi et al., 2023),
while the latter contains more potassium than manure-de-
rived biochar (Zhao et al., 2013). Some studies have in-
deed characterized the higher concentration of phosphorus
entrapped in the matrix of the char to be polyphosphate
anions, which can improve their adsorption capacity for
heavy metals (Xu et al., 2013; Lima et al., 2015). Meng et
al. (2014) reported increased adsorption for Cu (II) met-
al by sawdust-composted pig manure biochar pyrolyzed at
400°C. Wnetrzak et al. (2014) and Wang et al. (2018) also
reported improved sorption of Cr (III) and Pb heavy metals,
respectively, on various swine manure biochars. This is pos-
sibly due to the high P concentration on the surface of pig
manure biochar that reacts with heavy metals to form insolu-
ble metal phosphates, thereby immobilizing them for uptake
or leaching into underground water/soil, thus reducing their
potential toxicity (Liu et al., 2020).

7.6. Heavy metal content

Endogenous toxic heavy metals such as nickel (Ni), Cr, Pb,
Cd, Al, and As have also been identified within the structure
of carbonaceous materials and were essentially derived from

the feedstock (Gunamantha and Widana 2018; Zhang, J.
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et al.,, 2021; Edo 2023). These metals may accumulate and
concentrate in the ash fraction during pyrolysis. Hydrochar
produced from pig dung recorded varying concentrations of
Pb, Cd, Cr, and As, depending on the temperature of car-
bonization (Song et al., 2020). Heavy metal concentrations
in biocarbon were higher when produced under very high
pyrolytic temperatures compared to low-temperature car-
bon. Again, the endogenous heavy metals in biochar are con-
sidered more stable than those from its manure source and
therefore exhibit low bioavailability in soils (Cheng et al,,
2018; Lietal,, 2020). In a study investigating the contrasting
effects of composting and pyrolysis on bioavailability and
speciation of Cu and Zn in pig manure, heavy metals were
less bioavailable in the manure-derived biochar compared to
the original manure (Meng et al., 2017). Edo (2023) report-
ed low concentrations of Pb (18.09 and 14.13 mg/kg) in pig
manure-derived activated charcoal and biochar, respectively.
The co-pyrolysis of the manure with PKS or waste plastic
water sachet, however, recorded lower Pb concentrations in
manure-PKS (15.55 and 10.89 mg/kg), and manure-plastic
(12.78,and 10.08 mg/kg) derived activated charcoal and bi-
ochar respectively. The Cd, Hg, Al, and Ni concentrations
were very low or untraceable. Gunamantha and Widana
(2018) reported 7.28% and 13.65% Al O, in pig- and cow
manure-derived biochar, respectively, indicating relative-
ly very high values. The maximum allowable thresholds of
heavy metals and other elements in biochar by the Euro-
pean Biochar Foundation (2012) are Pb <150 mg/kg, Cu
<50 mg/kg, Zn <400 mg/kg, Ni <30 mg/kg, Cd <1.5 mg/kg,
Ar <30 mg/kg, and Cr <90 mg/kg. This, therefore, suggests
that biochar from swine manure is safe with reduced envi-
ronmental risk.

7.7. CECand EC

CEC of soil is a measure of its ability to absorb cation nu-
trients. Accordingly, Cely et al. (2014) reported that miner-
al soils generally have CEC values lower than 15 cmol /kg,
while humic substances may have CEC values greater than
100 cmol /kg (Sposito, 1989). Soils with high CEC values
are usually able to retain cationic nutrients such as K* and
NH_* in the root zone, thereby preventing nutrient leach-
ing. Therefore, the addition of amendments with high CEC
improves soil biogeochemical nutrient cycling and reduces
the rate at which nutrients leach into the groundwater (Kuo
etal., 2020). The pyrolysis of manures into biochar increases
the CEC beyond the values in the manure feedstock, which
converts it into a high-value product. This is due to the nutri-

ent-rich content of minerals, particularly Ca, K, P, Mg, and
Na, in the dung biomass, which promotes the formation of
oxygen-containing functional groups on the biochar surface
during pyrolysis (Cely et al., 2015; Domingues et al., 2017;
Borhan et al., 2018). For example, Sarfaraz et al. (2020) re-
ported 170.00, 117.50, and 127.50 cmol, ,/kg for pig-, poul-
try-, and cow manure-derived biochar, respectively. Cely et
al. (2014) reported a CEC of 35 cmol /kg for a swine slur-
ry-derived biochar, while Zornoza et al. (2016) reported a
46.1 cmol, ,/kg from pig manure-derived biochar produced
at 300°C. High-CEC biochars can remediate disturbed eco-
systems or wastelands, hence restoring plant growth (Ghosh
and Maiti 2020). This is possible due to the increase in the
presence of redox-active functional groups, which increases
the availability and retention of nutrients, microbial activity,
and exchangeable cations in such soils. A study conducted
by Liu et al. (2018) reported a significant increase in the
level of N (97%), K (66%), and total available P (90%) in a
newly reclaimed coalmine sink due to biochar application.

EC is a measure of the amount of total dissolved salts in the
biochar. It is the amount of soluble alkaline cation content
in a biochar (Zhang et al., 2020). Cely et al. (2015) report-
ed EC values of 102 and 59 uS/cm at 300°C and 500°C py-
rolysis temperatures of biochar, respectively, in agreement
with Hossain et al. (2011) who reported that the EC of bio-
char from sewage sludge decreases with increasing pyrolysis
temperature. This is, however, in contrast to the reports of
Zornoza et al. (2016) who reported increasing EC range val-
ues (2700-8010 uS/cm) of swine manure-derived biochar
produced at increasing carbonization temperature ranges of
300-700°C. Similarly, biochar produced from sawdust-com-
posted pig dung at a higher temperature (700°C) had higher
EC (1835 pS/cm) than that (730-1655 pS/cm) produced
at a lower temperature (400°C) (Meng et al., 2014). Sar-
faraz et al. (2020), however, reported higher EC value for
poultry manure-derived biochar (9.56 uS/cm) compared
to pig- (4.08 pS/cm) and cattle manure-derived biochar
(3.60 uS/cm), even though the values are much lower than
those reported for dairy manure- (997-1025 pS/cm) and
corn stover-derived biochar (286-327 pS/cm) at 1050°C
under varying residence times (Borhan et al., 2018).

The EC property of biochar confers on it the ability to func-
tion as an electron mediator in biochemical redox reactions
and thus can transfer, accept, or store electrons between mi-
crobial species or systems (Sun, T. et al., 2017; Yuan et al.,
2022). This is especially significant when considering the
role of biochar in the mitigation of anthropogenic green-
house gas emissions. For example, the ability of biochar to
serve as a sink (electron acceptor) for H, ions during rumen
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fermentation may inhibit the activities and proliferation of
hydrogen-producing and methanogenic bacteria, thus limit-
ing the production of methane as a by-product (Kolganova
etal., 2023). This also improves digestive efficiency, while re-
ducingenergy loss in the form of methane (Teoh etal., 2019;
Qomariyah et al., 2023). However, the exact mechanism of
action remains to be elucidated through additional research.

8. Limitations, Prospects, and Future Research
Perspectives

This study highlights the dual nature of pig manure as a valua-
ble organic resource and a significant environmental liability.
While thermochemical conversion of manure into biocar-
bon offers promising waste management and sustainability
prospects by offering pathways for odor reduction, volume
minimization, energy production, and nutrient recycling,
several limitations, however, limit its full-scale adoption. A
major constraint is the inconsistent and often poor charac-
terization of manure-derived biocarbon. Variations in feed
composition, pyrolysis temperature, and co-processing mate-
rials influence the resultant biochar properties. These incon-
sistencies complicate comparisons across studies and hinder
standardization for agricultural or industrial applications.
More so, the study primarily referenced data from specific
regions such as Africa, China, USA, and a few EU countries.
These contexts may not be entirely representative of global
scenarios, especially in developing countries where pig farm-
ing conditions and resources can differ significantly. Again,
the presence of endogenous heavy metals such as Pb, Cd,
and Cr in biocarbon also raises concerns regarding environ-
mental safety and long-term soil accumulation and toxicity.
Future research should, therefore, focus on developing stand-
ardized protocols for the physicochemical characterization
of swine manure and its pyrolyzed derivatives. This includes
determining the influence of different feedstock blends,
optimizing pyrolysis conditions, and post-processing treat-
ments on biochar properties (Reza et al., 2020). Research
into efficient and cost-effective conversion technologies is
essential to make biocarbon production more accessible and
viable for smallholder farmers in rural areas.

There is also a need to explore the interactions of biochar
with the gut microbiome and soil microbial communities
and its efficacy to sequester carbon, retain nutrient, and
mitigate greenhouse gas emissions (Xu et al., 2021; Kol-
ganova ct al., 2023). More data is required to provide more
insights on how biocarbon affects ecosystems and human
health over time. Therefore, the expansion of longitudinal

field-based studies, particularly in regions like sub-Saharan
Africa, where localized data is scarce, is critical in assessing
its long-term effects on soil health, nutrient cycling, and
livestock performance. This will drive the formulation of
adaptable, context-specific policies and solutions for the
sustainable valorization of pig manure. Overall, refining bi-
ochar production and utilization processes could transform
pig manure from a pollution burden into a valuable asset for
sustainable agriculture, energy, and climate resilience.

9. Conclusion

Disposing of large volumes of pig manure produced in pig
farms has become a major environmental and pollution
problem in many countries, and it is more predominant
in technologically constrained and underdeveloped ones.
Cost-effective low-tech approaches such as the thermal
conversion of manure into valuable carbonaceous products,
especially at small-scale farms, are possible. The solid char
products are highly alkaline in pH, have moderate carbon
contents, and are high in ash and elemental compositions,
compared to their original manure, indicating their suit-
ability as adsorbents in soil and feed amendments. Other
physicochemical properties of biocarbon, like the surface
area, pore volume, EC, and carbon content, create a rich mi-
croenvironment favorable for microbiome proliferation for
improved soil or gut health. It could serve as a dietary sup-
plement for improved livestock production and as a slow-re-
lease biofertilizer for remediation, anthropogenic green-
house emission mitigation, and improvement of soils for
agronomic benefits. The co-carbonization of swine manure
with other carbon-rich materials or change in the pyrolysis
conditions reportedly improved the quality characteristics
of the char products and enhanced their industrial value.
Thus, the thermal conversion of manure to biocarbon offers
a significantly enhanced technique for the environmentally
sustainable recycling of surplus and nutrient-rich on-farm
manure and residue biomass for multipurpose operations in
a rural economy.
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