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Abstract: Animal production is a significant contributor of organic and inorganic contaminants in
air, soil, and water systems. These pollutants are present beginning in animal houses and impacts
continue through manure storage, treatment, and land application. As the industry is expected to
expand, there is still a lack of affordable, sustainable solutions to many environmental concerns
in animal production. Biochar is a low-cost, sustainable biomaterial with many environmental
remediation applications. Its physicochemical properties have been proven to provide environmental
benefits via the adsorption of organic and inorganic contaminants, promote plant growth, improve soil
quality, and provide a form of carbon sequestration. For these reasons, biochar has been researched
regarding biochar production, and application methods to biological systems have a significant
influence on the moisture content, pH, microbial communities, and carbon and nitrogen retention.
There remain unanswered questions about how we can manipulate biochar via physical and chemical
activation methods to enhance the performance for specific applications. This review article addresses
the positive and negative impacts of biochar addition at various stages in animal production from
feed intake to manure land application.

Keywords: manure management; emission mitigation; odor; sustainable agriculture; composting;
adsorption

1. Introduction

As the world population is expected to reach 9.7 billion people by 2050, the global
demand for animal protein is projected to increase correspondingly [1]. The United States
Agriculture Department (USDA) projects meat chicken production to increase by 5% and
milk production by 9% by 2030 [2]. At the same time, fewer resources, i.e., energy, arable
land, and fresh water, are available to support food production [3], which challenges the
sustainability of food animal production.

Animal production is challenged by significant inputs, with feed consuming the
majority of water, land, and fuel inputs and associated with the largest greenhouse gas
(GHG) emissions [4]. The low efficiency of converting dietary protein to animal protein (i.e.,
~33% for broilers, 23% for swine, and 18% for milk) is a primary driver for the significant
production inputs per unit of protein produced [5].

Animals generate significant amounts of nutrients in manure, bedding, wastewater,
excess feed, and mortalities. A large share of these nutrients become emissions that
negatively impact the air, water, and soil quality. Specifically, animal production is among
the largest sources of global methane emissions (32%) [6] and produces significant amounts
of other gaseous emissions as demonstrated in Table 1. In addition, excess nitrogen and
phosphorus from manure management and utilization is translocated from the field via
runoff to surface waters or by leaching through the soil to the groundwater.
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Table 1. Primary airborne emissions of concern in animal production [7–12].

Gaseous Species Sources Negative Impacts

Methane (CH4) Enteric fermentation, manure management Global warming, 25x CO2e (GWP100) 1

Carbon dioxide (CO2) Animal feed, on farm energy Global warming, 1x CO2e

Nitrous oxide (N2O)
Applied and deposited manures, manure management
Applied and deposited manures, manure management
Applied and deposited manures, manure management

Global warming, 300x CO2e
1

Hydrogen sulfide (H2S) Manure storage (lagoons, pits, ponds) Contributes to acid rain; odor; human health
hazard at high concentration

Ammonia (NH3) Synthetic fertilizers, manure, manure land application
Contributes to PM2.5 formation; soil

nitrification and acidification; algal blooms;
human respiratory health impacts

Volatile Organic Compounds (VOCs)
(e.g., alcohols, ketones, esters) Confined animal housing, manure

Potential health impacts (eye, nose, and throat
irritation); at high concentrations may cause

lung irritation, damage to the liver, kidney, or
central nervous system

Fine particulate matter (PM2.5) Confined animal housing, manure or fertilizer land
application, bedding

Microscopic solids or liquid droplets that cause
human respiratory health impacts upon
inhalation; contributes to haze and smog;

contributes to acidic deposition in soil and water

Odor (e.g., sulfides, volatile fatty acids,
phenol, etc.) Manure, manure land application, wastewater Quality of life impacts on

downwind communities

1 Global warming potential over 100 years, 1 ton of gas per 1 ton CO2.

Considering the significant production inputs and emissions associated with animal
production, there is a critical need to advance the environmental sustainability of animal
production especially with projected sector growth. Among the promising materials and
technologies that could advance the sustainability of animal production is biochar.

Biochar is a stable, carbon-rich product from the thermal treatment of biomass (waste
or lignocellulosic) at high temperatures in the absence of oxygen. This treatment signifi-
cantly alters the biomass physical and chemical properties, thereby, creating biochar with
a porous structure, high surface area, and added functional groups on the surface. As a
result of these changes, biochar possesses unique physical and chemical properties that
can help capture pollutants (solid, liquid, or gaseous) that would otherwise be released
into the environment by serving as an adsorbent [13]. Biochar can also be modified and
engineered to adsorb specific contaminants through acid/base and steam treatments. For
these reasons, biochar has been studied for a variety of environmental applications.

Utilizing biochar in animal production also has the potential to adsorb pollutants,
improve the welfare and productivity of animal growth, increase soil carbon sequestration,
and increase the value of manure-based fertilizer. Biochar in animal production would
increase the circularity of the industry by reusing agricultural crop or manure waste in
creating biochar and reintroducing it into the system to support production and sustainabil-
ity. Figure 1 visualizes the results of our literature search using Web of Science (Clarivate
Analytics) for studies related to biochar and animal agriculture between 2008 and 2022
using the following search terms “biochar AND (animal OR livestock OR poultry)”.

The figure, developed using VOSviewer tool, highlights the key themes of investiga-
tion in this area, i.e., (1) producing and characterizing biochar properties and adsorptive
performance, (2) incorporating biochar as an emission mitigation aid in composting-related
studies, and (3) biochar soil incorporation for crop production. The figure highlights the
potential for integrative research to bridge the gap across these areas to assess the life-cycle
performance of biochar in animal agriculture systems.

Kalus et al. [13] reviewed the use of biochar in animal feed, manure treatment, and
land application. However, there still remains research gaps in the areas of utilizing
biochar modifications to target certain compounds/pollutants and biochar interactions
with microbial communities. Figure 2 outlines the scope that this paper will address for
biochar inclusion into animal production systems. The objective of this review is to describe
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research efforts to incorporate biochar into animal agriculture for the improvement of
animal production parameters and the reduction of environmental impacts by answering
the following questions:

1. In what ways can biochar support animal production systems?
2. How can biochar be engineered to increase its benefits for animal production systems?
3. What is the outlook/need for widespread implementation of biochar use in animal

production systems?
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2. Summary of Biochar-Production Techniques

Depending on the feedstock, several thermal approaches are available to synthesize
biochars. Some of the common techniques include pyrolysis, hydrothermal carbonization,
and torrefaction. Biochar may also be produced via gasification, although the yield of
biochar is usually small and therefore not included in this discussion. However, several
articles on gasification-derived biochars are available in the literature.

2.1. Production Processes
2.1.1. Pyrolysis

The name for this high-temperature process is derived from the Ancient Greek terms
πῦρ (pûr, “fire”) and λύσις (lúsis, “loosing”). The high temperature treatment removes
volatile matter in the form of high-energy condensable (bio-oil) and non-condensable gases
(CO2, CO, H2, and simple hydrocarbons). Pyrolysis involves the thermal treatment of a
carbonaceous material in the absence of oxygen [14]. Typically, the raw material is heated
at temperatures between 400 and 900 ◦C under a continuous flow of nitrogen or helium.

Depending on the heating rate, pyrolysis can be slow, fast, or flash, although slow
pyrolysis is preferred for biochar production [15]. As the biomass is subjected to anoxic
heating, it undergoes dehydration followed by the decomposition and volatilization of
volatile compounds resulting in a porous carbon-rich solid mass called biochar [16,17].
Excellent reviews on the pyrolysis processes and the mechanisms are available in the
literature [18,19].

Several types of biomass have been explored for pyrolysis to synthesize biochars for
applications in water treatment, soil conditioning, and catalysis. A few of the biochars
synthesized from animal wastes are discussed here. Tsai et al. [20] employed slow pyrolysis
between 300 and 800 ◦C for the synthesis of biochar from swine manure. Subsequent
analysis of the biochars indicated that the pH of the biochar increased with an increase in
the carbonizing temperature.

In addition, a temperature of 700 ◦C was found to be the optimum for the development
of mesoporous porosity in biochar. Swine manure was also used as a substrate for the
synthesis of biochars for the removal of copper from wastewater. Meng et al. [21] pyrolyzed
fresh and composted manure at 400 and 700 ◦C and investigated the adsorption of copper
in a batch system. They observed that the adsorption was endothermic with adsorption
capacities between 9.15 and 21.8 mgCu(II) g−1 for fresh and composted biochars.

Yue et al. [22] employed the slow pyrolysis of cow manure at 300–700 ◦C (2 h) to
prepare biochars. Surface analysis of the biochars suggested an increase in surface basicity
with temperature that suggested their suitability in conditioning acidic soils. Biochars
from cow manure were synthesized by Zhang et al. [23] using temperatures of 300, 500,
and 700 ◦C. Based on their results, the porosity of biochars increased with an increase
in temperatures. When tested for the adsorption of tetracycline from water, the biochars
chemisorbed 15–26.7 mg g−1. Pontiroli et al. [24] employed poultry litter as a precursor
for the synthesis of high-surface-area (>3000 m2 g−1) biochar equipped with hierarchical
porosity that was used as a supercapacitor electrode.

2.1.2. Hydrothermal Carbonization

Hydrothermal carbonization (HTC) is a highly suitable method to process carbona-
ceous materials with high moisture content, such as animal and municipal wastes [25,26].
Briefly, the materials are heated along with water at temperatures between 180 and 300 ◦C
under autogenous pressure (2–10 MPa) [27,28]. At these temperatures, water, due to its
increased ionization constant, serves as a reactant [29,30]. In addition, its dielectric constant
decreases significantly allowing water to act as a non-polar solvent [31] and to initiate a
series of reactions.

The biomass is first subjected to hydrolysis resulting in the cleaving of ether and ester
bonds associated with biomass [32]. Subsequently, the water and oxides of carbon are
released via dehydration and decarboxylation, respectively [33]. Finally, the remaining com-
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ponents are recombined into larger molecules via polymerization. Detailed mechanisms of
these chemical reactions are summarized by Pauline and Joseph [34].

After the completion of all the reactions, the biomass is converted into a solid prod-
uct called hydrochar, whose physical and chemical properties are somewhat similar to
biochar [35]. However, the yield, surface chemistry, and energy content of the hydrochar
will directly depend on the processing conditions, including the temperature, residence
time, and the presence of catalysts. Numerous results of parametric studies on the opti-
mization of the hydrochar properties are available in the literature [29].

Considering the advantages HTC offers, several materials have been converted into
hydrochars. However, considering the theme of the article, only the HTC of animal wastes
are summarized here. Cow manure was used as a feedstock for HTC at temperatures
180–260 ◦C for 5 and 30 min. Lang et al. [36] tested calcium oxide (CaO) as a catalyst during
the HTC of swine manure. Their analyses suggested that CaO enhanced the porosity
and hydrophilicity of biochar and was proposed as a suitable soil amendment capable of
increased cation exchange capacity (CEC).

Lentz et al. [37] investigated HTC of nitrogen-doped hydrochars synthesized from
swine manure slurry between 180–260 ◦C (24 h). Their results suggested that the HTC
process yielded nitrogen-doped chars with points of zero charge between 6.7 and 7.8
making them highly suitable as adsorbents, and precursors for energy-storage devices.
Bardhan et al. [38] suggested the co-processing of materials to enhance the yield and the
properties of hydrochar. Swine manure and chicken manure were co-hydrothermally
carbonized in various ratios by Qingyin et al. [39]. It appeared that combining swine
manure with chicken manure caused a symbiotic interaction in terms of carbon and nitro-
gen functionalization in the resulting hydrochar and deoxygenation coupled with higher
energy yield.

2.1.3. Torrefaction

Torrefaction is one of the mildest processes for the synthesis of biochar. The basic
procedure includes heating biomass between 200 and 300 ◦C without oxygen at atmospheric
pressure [40]. As the overall process shares similarities with pyrolysis, torrefaction is
sometimes termed mild pyrolysis [41].

During torrefaction, water is removed from the biomass followed by the depolymer-
ization of the hemicellulose, cellulose, and lignin [42]. As a result, the physical structure
of the biomass is altered resulting in the formation of porous biochar with hydrophobic
properties [43] Depending on the feedstock, torrefaction can be under dry conditions (in-
ert), wet conditions (with water or steam), or oxidative conditions (oxygen or steam) [41].
Although wet torrefaction shares similarities with HTC, the purpose of wet torrefaction is
predominantly to upgrade the biomass for subsequent processing [44,45].

Stepien et al. [46] tested the torrefaction of elephant manure to produce bio-coal. The
manure was torrefied between 200 and 300 ◦C for 20–60 min and systematically analyzed
for physical, chemical, and thermodynamic properties. Torrefaction at 200 ◦C for 20 min
provided optimum benefits from an energy balance perspective. In a different study, the
torrefaction of poultry litter and sludge was investigated between 250 and 280 ◦C for
15–60 min by Dhungana et al. [47].

Their analyses suggested that litter and sludge retained up to 73.6–99.5% of the energy
of the original biomass and was consistent with the other lignocellulosic biomasses tested
under similar conditions while the effects of temperature were more pronounced than
processing times. The torrefaction of cattle manure was investigated by Akyurek [48]
at 250 ◦C (60 min) to assess its feasibility as biomass pretreatment. They reported that
torrefaction enhanced the energy content by 27% and the high heating value by 14%.
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2.2. Activation of Biochar

The raw biochar obtained from any of the thermal processes described above is usually
activated to further enhance its physical and chemical properties [49]. In general, two types
of activation are employed: physical and chemical, which are summarized as under:

2.2.1. Physical Activation

Physical activation is performed to partially destroy the biochar structure to introduce
additional porosity within the biochar matrix via oxidation [14]. The standard procedure is
to subject the raw biochar to a stream of steam or CO2 at a high temperature [50]. During
activation, the gas molecules oxidize some of the carbon molecules and volatiles present in
biochar into oxides of carbon, thereby, creating a porous network within the biochar [14,51].
In addition, the oxidizing gases can introduce certain oxygen functionalities on the biochar
surface depending on the experimental conditions [52]. The detailed mechanisms of steam
and carbon dioxide activation have been described by Cha et al. [14], Anto et al. [53],
Sajjadi et al. [52], and others.

2.2.2. Chemical Activation

The goal of chemical activation is two-fold: to enhance the porosity and simultaneously
enrich the surface with the desired functional groups that can impart the biochar with
special properties [14]. Typically, the raw biochar is impregnated with a chemical agent for
a predetermined time. Subsequently, the biochar is re-pyrolyzed to allow for the reaction
between carbon and the chemical agent during which the pore structure is further expanded
while the surface carbon is functionalized [54]. Several types of chemical agents have been
used to activate the biochars.

Some of the common chemicals include acids (sulfuric acid, sulfonic acid, nitric
acid, and phosphoric acid), bases (sodium hydroxide, potassium hydroxide, urea, and
melamine), metal salts (zinc chloride, potassium carbonate), oxidants (hydrogen peroxide,
permanganate, and ammonium persulfate), and gases (ozone and NH3) [16,52,53,55–58].
Depending on the type of chemical activation, the activated biochars are usually equipped
with sulfonic, carboxylic, phenolic, lactonic, pyridynic, pyrrolic, and quaternary nitrogen
and phosphorus-carbon functionalities.

2.3. Properties of Biochar

Regardless of the mode of synthesis, the physical and chemical properties of biochars
play a great role in the performance of biochar in various applications, including adsorption,
catalysis, soil conditioning, bulking agent, and bedding material in animal agriculture.
Some of the key properties are presented below.

2.3.1. Surface Area and Porosity

The specific surface area of biochar in conjunction with its porosity is perhaps the
most important property that affects the performance of biochars. Biochars with high
surface areas are naturally equipped with large numbers of active sites. However, the rela-
tion between the specific surface area and the efficacy of biochar is not always linear [59].
Biochar surface areas can range from 0 to 520 m2 g−1 depending on the feedstock. Typi-
cally the surface area is highest for straw and wood biochars compared to manure-based
biochars [60]. The total specific surface area of biochar is a result of the porosity that consists
of a combination of the micro (<2 nm), meso (2–50 nm), and macro (>50 nm) pores.

When biochars are used as adsorbents, catalysts, soil conditioners, or energy storage
devices, the efficacy of biochar is a function of the pore size and the chemical species
being adsorbed [61]. When the size of the adsorbate species is larger than the pore size,
the biochar may not perform at its optimum capacity. However, the process conditions
during carbonization may be tuned to synthesize biochars equipped with an optimal
proportion of micro, meso, and macropores to maximize the biochar’s efficacy. This large



Appl. Sci. 2022, 12, 5042 7 of 23

surface area and distribution of pore size are likewise desirable for a variety of animal
production applications.

2.3.2. Surface Chemistry

During thermal decomposition of the biomass and subsequent activation of biochar,
several reactions occur between the biomass fragments resulting in the formation of chem-
ical functionalities on the biochar surface [62]. Depending on the process and activation
conditions, the surface is enriched with either oxygen-rich acidic groups or oxygen-deficient
basic groups. The acidic groups, namely carboxylic, phenols, and lactones make the biochar
surface hydrophilic and actively participate in the chemisorption of ammonia and ammo-
nium from gaseous aqueous systems [63,64].

In addition, the acidic groups also participate in the cation exchange processes when
applied to soils as conditioners [65]. Conversely, biochar surfaces enriched with nitro-
gen groups, such as pyridines and pyrroles, and certain basal planes within the biochar
matrix impart basicity to the biochar surface and contribute to the adsorption of organic
compounds and heavy metals in aqueous and gaseous systems [57].

2.3.3. Point of Zero Charge (PZC)

The efficacy of biochars when applied as adsorbents to some extent depends on their
PZC [66]. The PZC is defined as the pH of the solution at which the biochar experiences a
net neutral charge [67]. During the adsorption process, if the pH of the solution falls below
the PZC of the biochar, the surface acquires a positive charge and facilitates the electrostatic
adsorption of anionic species, such as nitrates, nitrites, and chlorides [68]. Conversely,
when the pH of the solution increases beyond the PZC of the biochar, the surface turns
negative and can actively adsorb cationic species, such as metal ions and ammonium [69].

3. Animal Feed

Animal nutrition has significant impacts on feed and growth efficiency as well as
the properties of their excreted waste. Growers seek to maximize weight gain with the
least amount of inputs and additives. The undigested macro and micronutrients pass into
the manure and contribute to gaseous emission production. Approximately 60–85% of
phosphorus, 70–80% of nitrogen, and 80–90% of potassium in animal feed are excreted as
manure [70]. Biochar as a feed additive is not a new concept, and its chemical and physical
properties have been hypothesized to reduce nitrogen content in excreta, decrease risk
of pathogens, and strengthen the immune system of livestock and poultry among other
benefits as shown in Figure 3 [71].
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Recent reviews, e.g., by Man et al. [72] and Schmidt et al. [73], focus on diet impacts
of biochar on animal performance, such as weight gain, and less on the mechanisms of
nutrient uptake or efficiency. A smaller subset of literature has focused on biochar as an
animal feed additive for the purpose of reducing emissions in excreted manure.

While there are numerous publications on the use of biochar as a feed additive, few
of them provide a useful characterization of the biochar, including the source and the
manufacturing process [73]. This gap limits our ability to understand the mechanisms
involved in biochar impacts on feed digestion and nutrient absorption.

3.1. Gut Health

The health of an animal’s gastrointestinal tract is an important factor in overall health
and performance (weight gain, milk/meat/egg quality and yield, etc.). Optimal stomach
microbial activity improves the overall nutrition and feed digestibility, reduces pathogen
inundation, and strengthens the immune system [74].

Goiri et al. [75] studied the effect of biochar feed addition on the gut pH, short chain
fatty acid (SCFA) profile, and bacterial communities. This 42 day, live-bird trial used wood
chip biochar added at 30 g kg−1 feed to a typical meat chicken diet. There was no change
in the digestive organ pH throughout the trial compared to the control. SCFA profiles play
an important role in overall animal physiology and metabolism, especially acetate.

While the overall microbial populations were similar between the control and biochar
treatment, the biochar did shift communities resulting in increased production of acetic
(p = 0.01) and caproic (p = 0.003) acid. Acetic acid in the gut is also an energy source for the
muscles as well as toxic to some in vitro pathogenic bacteria [76]. Adsorption capacity of
the biochar, while important, cannot answer all the phenomena observed when biochar
is added to animal feed; therefore, biochar mechanisms in the gut remain an area for
future research.

Prasari et al. [77] compared the use of wood/greenwaste biochar with bentonite and
zeolite (commercial adsorbents) to suppress pathogen loads in laying chicken intestine
while maintaining microbial richness. The additive supplementation rate for each treatment
was 4%. All three treatments showed potential for the reduction of major poultry zoonotic
pathogens without reducing microbiota diversity. Biochar reduced the reactive abundance
of proteobacteria, gammaproteobacterial, and campylobacter classes of bacteria in the
chicken cloaca by about half. These bacteria are associated with foodborne illness and can
contaminate egg production. Supplementation with biochar could reduce the need for
subtherapeutic antibiotic use in the poultry industry [78].

3.2. Production Parameters

Schubert et al. [79] evaluated the effect of two types of wood based biochar at a 2%
inclusion rate in growing pig (3–13 weeks) diets. This study was looking particularly at
nutrient digestibility and the following production parameters: average daily feed intake
(ADFI), average daily weight gain (ADWG), and feed efficiency (G:F). Statistical analysis
also utilized the parameter apparent total tract digestibility (ATTD), which compares the
nutrient concentrations in the feed versus feces.

Neither biochar additive resulted in significant differences in ADWG, ADFI, or G:F.
However, results from another finishing pig study by Chu et al. [80] using 0.3% and 0.6%
bamboo biochar led to 4.5% and 8.2% improved ADWG and 14.9% and 11.7% improved
G:F, respectively. It seems feedstock was the greatest contributor to these differences. The
bamboo biochar had a smaller micropore structure compared with the wood-based biochar.

Several studies have also evaluated similar impacts on broiler diets, including Goiri
et al. [75]. In addition to evaluating the biochar impacts on microbial communities, this
study tested birds over their full growth period, broken up into two diets: starter (1–21 days)
and grow-to-finish (21–42 days). The wood chip biochar was added at 30 g kg−1 feed to a
typical meat chicken diet. Biochar in the starter diet led to a 2% decrease in ADWG and a
3.5% increase in FCR (both p < 0.05) vs. control.
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The finisher diet with biochar addition, however, led to an 8% increase in ADWG and
6.7% decrease in FCR (both p < 0.001). These results are consistent with Evans et al. [81]
who also observed a decrease in performance in young birds due to biochar addition to
feed. There is a need to understand the optimal addition rates, and whether improvements
in production parameters are based on the growth period diet or the age and biology of the
animal. Additionally, testing these trends for swine and cattle would be valuable.

3.3. Emissions from Manure

Prasai et al. [82] evaluated the use of biochar in feed versus zeolite and bentonite,
on nitrogen retention, carbon content, and moisture content in poultry litter. The biochar
additive was included at 1%, 2%, and 4% w/w to the feed. Litter was sampled over a
46-day period, and monitored for an additional 35 days for decomposition. The 2% and 4%
treatments reduced the total nitrogen content in the excreta by 17% and 27%, respectively,
vs. the control.

However, for these same treatments, NH3 emissions increased over the incubation and
decomposition period by 47% and 43%, respectively. The carbon content for all treatments
increased due to the addition of a stable form of carbon to the diet. This would lead
to increased soil organic carbon when manure is land applied. The lowered nitrogen
content was attributed to a higher nitrogen utilization by the birds, while the increased
NH3 volatilization was attributed to the higher manure pH, which shifted the NH3/NH4

+

equilibrium towards NH3 [82].
In a similar study, Kalus et al. [83] tested the effect of biochar addition to feed at 2%

and 4% w/w feed on 750 laying hens in terms of NH3 and odor emissions from manure as
well as production parameters, including animal weight gain and feed conversion ratio.
Ammonia concentrations were reduced by 15% and 14% for the 2% and 4% biochar feed
addition rates, respectively, compared to the control. Odor concentrations from the litter
headspace were 32% lower for the 4% biochar feed litter than the control. The 2% addition
rate was not tested due to experiment limitations.

Adsorption of NH3 to the biochar surface, as well as altered gut microbial activity,
resulted in lower nitrogen excreted in the manure and therefore lower NH3 and odorous
VOCs [83]. Differences in bird performance were not statistically significant. Average
daily weight gain decreased by 5 and 2% in relation to the control for the 2 and 4%
treatments, respectively. Feed conversion ratio increased by 2 and 4% for the two treatments,
respectively, indicating a lower quality feed [83]. Evans et al. [81] also reported that biochar
feed additives can have negative impacts on broiler production parameters.

Biochar additive treatments resulted in a 2% decrease in live weight gain, 11% increase
in feed conversion ratio, and 8% increase in feed intake. The current literature in this area
focuses on poultry, specifically broiler and layer litter. More information on emission effects
from biochar supplemented feed needs to be explored for other animals, including swine
and cattle. While biochar addition can have significant impacts on poultry production, the
potential emission benefits must be balanced with improved animal performance as well.
However, a better understanding and characterization of biochar manufacturing as a feed
additive may be beneficial in producing a biochar product that both reduces emissions and
improves animal performance.

3.4. Enteric Fermentation Methane Emissions

Ruminants, including beef and dairy cattle, sheep, goats, and bison utilize their unique
digestive system and fermentation process to break down forage in the gut. This process
is called enteric fermentation and produces large volumes of CH4 emissions into the
atmosphere [9]. This CH4 loss takes away 2–12% of the rumen’s energy intake, posing
significant production concerns among climate and animal scientists [84]. Since enteric
emissions contribute the largest source of CH4 in the US, there are efforts to utilize feed
additives to mitigate enteric fermentation emissions, and biochar has been explored for
this purpose [84].
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Biochar addition to biological systems increases access to carbon, leading to mixed
results in terms of microbial activity and emissions. On the one hand, biochar inhibits
methanogenesis (enteric fermentation pathway for CH4 production) by increasing aeration
and O2 content. It has also been hypothesized that the high surface area, pore structure, and
ion exchange capacity of biochar promotes the formation of biofilms, inhibiting ruminal
CH4 emissions [85]. However, some studies (e.g., Maurer et al. [86]) report increased CH4
and CO2 emissions since microorganisms have access to an additional liable carbon source.

Qomariyah et al. [87] incorporated cocoa-pod husk biochar at 0.1, 0.2, 0.3, and
0.4 mg ml−1 to a basal diet of grass and pollard (wheat milling byproduct) to dairy cows.
In-vitro ruminal fermentation samples were incubated for 48 h. Compared to the control,
biochar addition did not impact rumen pH, NH3, or total gas production. There was a
noticeable shift in volatile fatty acid (VFA) production, with a 21% increase in acetate pro-
duction, and 7, 18, 29, 50, and 33% decrease in propionate, butyrate, isobutyrate, valerate,
and isovalerate, respectively. While gas production was not affected, VFAs are the final
product of ruminal fermentation and serve as the main source of energy and carbon for the
formation of proteins.

A higher ratio of acetate:propionate has a positive impact on animal efficiency. Addi-
tionally, propionate competes with CH4 in rumen fermentation, while acetate and butyrate
can be used by methanogens in the rumen to reduce CO2 and CH4. Increased levels of
biochar decreased protozoa counts by 6–7%, which then contributed to a decrease in total
bacteria and in vitro ruminal dry matter and organic matter degradability. This is contra-
dictory to Monsoni et al. [88], who suggested that decreases in the protozoa population
are harmful to fiber digestion, which is crucial for the rumen diet. Mengistu et al. [89],
Terry et al. [90], and Tamaya et al. [91] all reported similar findings, with no changes in the
CH4 production regardless of the biochar chemical/physical properties or inclusion rates.
Schmidt et al. [72] suggested this is due to the indigestible, recalcitrant nature of biochar in
the rumen.

Leng et al. [92] had more positive results in reducing CH4 emissions via biochar feed
addition. They evaluated rice-husk biochar at a 0.6% DM addition rate as a feed additive to
young beef cattle basal diet. Over the 98 day experiment, there was a 22% reduction in CH4
emissions and a 25% increase in live weight gain. The authors attributed the positive results
to the porous characteristics of the biochar in helping facilitate redox reactions between
bacteria and overall favored biofilm formation. Therefore, there may be a dependency on
the stage of animal growth at which biochar is introduced in the feed.

4. In-House Applications

Air quality is a major concern for the welfare of the confined animals and the caretakers
as well as the surrounding communities. There is a need to reduce emissions from livestock
production by addressing odors directly in the animal houses.

Linhoss et al. [93] studied the impacts of pine shaving biochar addition, at 0.97 kg m−2,
to pine shaving poultry litter on bird health and performance and the water holding ca-
pacity (WHC) of the litter. It is essential to maintain a litter moisture content of 20–30%
in poultry houses to minimize the microbial activity and NH3 volatilization. The results
for mortality and footpad lesions were inconclusive and produced statistically insignifi-
cant data. However, body weight and body weight gain were 3% higher for the biochar
treatment (p < 0.1). Overall, there were no adverse effects of using biochar in bedding on
the birds.

In the second phase of the study, Linhoss et al. [94] tested the impacts of biochar
particle size and application rate on the water holding capacity (WHC) of the litter. Particle
size was divided into three categories: fine (<0.25 mm), medium (0.25–0.85 mm), and coarse
(>0.85 mm). Biochar was mixed with pine shavings at application rates of 0, 10, 20, 30, 40,
50, 75, and 100% w/w. The coarse particle size was 11% more effective at increasing the
WHC of the litter than fine particle size.
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While application rates of 75 and 100% had the highest WHC, these rates are not
practical in normal production. However, each 1% increase between 10 and 20% equaled
1.9 and 1.2% increases in WHC for medium and coarse biochar, respectively. Greater
than 20% resulted in incrementally small improvements in WHC, reducing the return on
investment. These results are significant since the manure moisture content determines the
decomposition method: aerobic versus anaerobic and therefore the types and concentrations
of pollutants released.

Ritz et al. [94] also tested biochar as a poultry litter amendment for NH3 volatilization,
as well as bird welfare parameters, such as the carcass quality, body weight, and feed
consumption. They utilized peanut shell biochar as well as pine-chip- and coconut-husk-
based biochar soaked in 53% H2SO4. The peanut shell biochar had a pH value of 9.2,
whereas both acidified biochars had a pH of 2.0. The live bird trial applied treatments at
comparable rates to commercial acidifying litter amendments: 0.24, 0.37, and 0.73 kg m−2.
No significant differences in bird performance were detected. The peanut shell biochar was
not effective at adsorbing NH3, due to its high pH and greater hydrophobicity compared
to the acidified biochars. The acidified pine-bark and coconut-husk biochars reduced NH3
emissions by 43 and 52%, respectively.

Manure properties have a great impact on the quality of fertilizer for land application.
Flores et al. [95] also studied biochar as a poultry litter amendment, with a focus on NH3
emissions, nutrients retained in the litter, and bird performance. Miscanthus grass and
biochar were applied at 0, 5, 10, and 20% inclusion rates to once-used, traditional pine-
shaving bedding litter. Measurements were taken 20 weeks after application. There was no
significant difference in the NH3 concentrations from any of the treatments. However, the
litter properties after the 20 week trial showed significant results.

The increase in biochar addition resulted in increased levels of phosphorus, sodium,
potassium, calcium, magnesium, copper, pH, and total Kjeldjal nitrogen. The most notable
results were a 3.4× increase in phosphorus at a 20% addition, as well as a 14.15× and 6.50×
increase in ammonia-N and nitrate-N, respectively. Nitrates, as the primary source of plant
N, translate to positive impacts in land application. The inclusion of 20% biochar resulted
in a 3% increase in body weight as well as a 4% increase in feed intake at week 20. No
statistically significant trends were observed for the feed conversion ratio.

Studies have also taken place using direct biochar application to swine manure.
Hwang et al. [96] assessed the impact of a combination of plant material and animal waste
biochar on the sorption capacity of 15 targeted VOCs when applied to fresh swine ma-
nure. Manure-based biochars proved to be poor sorbents showing zero adsorption for the
primary VOCs of interest, dimethyl disulfide and dimethyl trisulfide. On the contrary,
plant-based biochar had significant adsorption, specifically oak-based biochar produced
at 500 °C. Overall, the volatile matter, fixed carbon, ash content, and pH did not affect the
adsorption capacity.

Similar positive results were demonstrated by Kaikiti et al. [97] using manure-based
biochar for the adsorption of VOCs in fresh cattle manure. Significant reductions in sulfur-
and oxygen-containing compounds, including thiols, sulfides, alcohols, and ketones, were
observed. Most notably were the 98.5% removal of 2,4-dithiapentane, 90% removal of p-
Cresol, and 100% removal of phenol. Figure 4 shows the GC-MS abundance of the analyzed
VOCs with an order of magnitude difference between the control and biochar-treated
manure. The high adsorption capacity was attributed to the high porosity and surface area;
however, it is unclear whether the biochar was modified with any alkali or acid treatments
to enhance its performance.
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Several of these studies demonstrated applications of biochar on fresh manure sources
simulating the act of incorporating biochar directly in animal houses. Linhoss et al. [94]
were the first to test biochar in an active house with live animals. Further research is
needed using live animal trials in house because even the short-term storage of litter or
other waste samples can impact the odor properties of the material [98]. Additionally,
studies evaluating biochar dosage, application form (powder vs. as-is), and application
frequency or material regeneration require further investigation to become more accepted
for on-farm use.

5. Manure Storage and Treatment

Manure storage and treatment are critical steps in animal production to ensure ben-
eficial use of manure nutrients and organic matter, while reducing adverse impacts on
the air, soil, and water quality. Bedded barns, as well as under-barn pits and ponds store
the manure prior to land application, while anaerobic lagoons, anaerobic digesters (AD),
and compost systems provide treatment. Biochar can be used either as a stationary-phase
for nutrient/organic matter capture or as an additive [99]. In the following sections, we
summarize the research investigating biochar use in manure-management systems.

5.1. Biochar and Manure Storage

Liquid manure can be a source of gaseous emissions, including ammonia, sulfides, VOCs,
and greenhouse gasses (GHG), including methane and nitrous oxide. Dougherty et al. [100]
studied the potential for different biochars to mitigate odor/gas emissions and improve
nutrient uptake when applied as a surface cover for dairy manure.

Two biochars were tested: gasified wood chips at 650 ◦C (BC1) and wood bark via slow
pyrolysis at 600 ◦C (BC2). The BC2 cover reduced headspace NH3 emissions by 72–80%,
whereas no significant difference was noticed for BC1. However, BC1 increased nutrient
uptake from 0.21 to 4.88 mg N g−1 biochar and 0.64 to 2.70 mg P g−1 biochar compared
to BC2. This was desirable as it could translate to the slow release of nutrients when land
applied. These differing results were attributed to the high pH of BC1 (9.32) compared to
BC2 (7.28).

Additionally, BC2 was more hydrophobic than BC1 allowing it to float better on the
surface. They reported a trade-off between the biochar potential for NH3 emission reduction
and for nutrient absorption with increased hydrophobicity aiding biochar floatability and,
consequently, the surface NH3 reduction but reducing its nutrient absorption. In evaluating
biochar from reed canary pellets (torrefied, 300 ◦C) as an NH3-emission-control measure in
manure digestate storage, Covali et al. [101] observed significant reductions in cumulative
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NH3 emissions after biochar addition, with acidified biochar outperforming untreated
biochar, and surface application reducing emissions more than in mixed addition.

Chen et al. [102] hypothesized that biweekly biochar application as a surface cover
would remedy the decline in the biochar mitigation impact over time. They conducted
an eight-week study in deep-pit swine storage structures. Weekly tests revealed that the
bi-weekly reapplication of biochar was more effective than a one-time application and
that a higher application rate did not impact the emission and odor reduction. Ammonia
decreased by 33%, 25%, and 53% for one-time 2 kg m−2 h−1, one-time 4 kg m−2 h−1, and
bi-weekly 2 kg m−2 h−1, respectively, all with p-values < 0.05. Additionally, the NH3 levels
dropped close to zero immediately after reapplication.

Odor reduction doubled from 11% to 22%, and CH4 production tripled from 15% to
45% in bi-weekly applications versus both one-time applications. While increased CH4
production is a trade-off between reduced odor (NH3 emission) and increased greenhouse
gas (GHG) emissions, it can be valuable in an AD. Meiirkhaunuly et al. [103] conducted a
study on emission reduction in deep-pit swine storage structures.

Red oak biochar was surface-applied at 0.64 cm (0.25 in) thickness to stored swine
manure to reduce NH3, H2S, VOCs, and GHGs. The biochar significantly reduced p-cresol
by 66–78% over the three week trial. The NH3 and H2S emissions were reduced by 19–39%
and 16–23% over the duration of the experiment. Additionally, the odor intensity for the
biochar-treated manure was reduced by 17–30% over the duration of the experiment. This
experiment also proved that biochar could float on manure for days to weeks at a time.

Chen et al. [104] applied the positive results from Meiirkhaunuly et al. [103] to in-
vestigate reducing short-term release of H2S emissions in deep-pit swine storage during
agitation and pump-out. Two thicknesses of the same red oak biochar, 6 and 12 mm,
were applied to the manure surface and then manually agitated while measuring the H2S
fluxes before and after (Figure 5). Both biochar treatments significantly reduced the H2S
cumulative emissions (p < 0.0001) after the three minute agitation; 84.7% and 39.3% reduc-
tions, respectively. This confirmed prior observations that higher application doses did not
correlate to a greater reduction in H2S emissions. Additionally, it is speculated that using
a biochar with a higher pH than the red oak (7.5) would have a greater influence on the
reduction of H2S due to the transformation of S2

− ions.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 14 of 24 
 

biochar with a higher pH than the red oak (7.5) would have a greater influence on the 
reduction of H2S due to the transformation of S2− ions. 

 
Figure 5. Swine manure surface: control (left), biochar evenly applied to surface (center left), 6 mm 
biochar layer after agitation (center right), and 12 mm biochar layer after agitation (right) with 
patches of open manure circled in red. Reprinted with permission from Chen et al. [104]. 2020, Jacek 
A. Koziel. 

In evaluating the impact of high pH biochars on dairy manure emissions, Liu et al. 
[105] observed significant increases in NH3, CH4, and N2O emissions compared to the con-
trol treatments. They attributed these increases to the combined impact of the biochar high 
pH, labile C fraction, and reduced bulk density.  

5.2. Biochar and Manure Composting 
Composting transforms manure into a stable and safe final product that offers a nu-

trient source to enhance plant growth [106]. The physicochemical properties of biochar 
make it a desirable compost additive to absorb gaseous emissions. Table 2 summarizes 
some research efforts that have demonstrated the effects of biochar as a compost additive 
for gaseous emission control. A more detailed review by Akdeniz [107] provides addi-
tional details. 

Table 2. Implications of biochar for emission control during composting. Adapted from Chen et al. 
(2017). 

Type of Biochar 
Type of 
Waste * 

Pyrolysis 
Temp. Dosage Emission Impact Reference 

Pine chips PL 400 °C 20% [a] 
64% reduction NH3 71% reduction 

H2S Steiner et al. [108] 

Rice husk PL - 3, 5, 10% [b] 
18, 25, and 35% reduction NH3 for 
3, 5, and 10% dosages, respectively Chung et al. [109] 

Wood DS 500–700 °C 17% [b] 33% reduction NH3 
Chowdhury et al. 

[110] 

Wood pellets AM 520 °C 5, 10, 15% [a] 
40.4% and 56.8% reduction NH3 for 
10% and 15% dosages, respectively Wang, et al. [111] 

Wood PL 500–700 °C 38% [b] 
27–32% reduction total GHG 

emissions 
Chowdhury et al. 

[112] 

GW* and PL* PL 550 °C 10% [b] 65–75% reduction N2O and CH4 
Agyarko-Mintah et 

al. [113] 

Rice husk PL 500 °C 10, 20% [b] 
148% CO2 increase, 54.9% 

reduction CH4  Jia et al. [114] 

Bamboo SM 600 °C 3% [a] 29.5% reduction total N2O Wang et al. [115] 

Oak PL 650 °C 3% [b] No reduction CH4 and H2S Sánchez-García et 
al. [116] 

Woodchip PL - 5, 10% [a] 7.4% CO2 increase Czekala et al. [117] 

Figure 5. Swine manure surface: control (left), biochar evenly applied to surface (center left), 6 mm
biochar layer after agitation (center right), and 12 mm biochar layer after agitation (right) with patches
of open manure circled in red. Reprinted with permission from Chen et al. [104]. 2020, Jacek A. Koziel.

In evaluating the impact of high pH biochars on dairy manure emissions, Liu et al. [105]
observed significant increases in NH3, CH4, and N2O emissions compared to the control
treatments. They attributed these increases to the combined impact of the biochar high pH,
labile C fraction, and reduced bulk density.

5.2. Biochar and Manure Composting

Composting transforms manure into a stable and safe final product that offers a nu-
trient source to enhance plant growth [106]. The physicochemical properties of biochar
make it a desirable compost additive to absorb gaseous emissions. Table 2 summarizes
some research efforts that have demonstrated the effects of biochar as a compost addi-
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tive for gaseous emission control. A more detailed review by Akdeniz [107] provides
additional details.

Table 2. Implications of biochar for emission control during composting. Adapted from Chen et al. (2017).

Type of Biochar Type of Waste * Pyrolysis Temp. Dosage Emission Impact Reference

Pine chips PL 400 ◦C 20% [a] 64% reduction NH3 71% reduction H2S Steiner et al. [108]

Rice husk PL - 3, 5, 10% [b] 18, 25, and 35% reduction NH3 for 3, 5, and
10% dosages, respectively Chung et al. [109]

Wood DS 500–700 ◦C 17% [b] 33% reduction NH3 Chowdhury et al. [110]

Wood pellets AM 520 ◦C 5, 10, 15% [a] 40.4% and 56.8% reduction NH3 for 10%
and 15% dosages, respectively Wang, et al. [111]

Wood PL 500–700 ◦C 38% [b] 27–32% reduction total GHG emissions Chowdhury et al. [112]

GW * and PL * PL 550 ◦C 10% [b] 65–75% reduction N2O and CH4 Agyarko-Mintah et al. [113]

Rice husk PL 500 ◦C 10, 20% [b] 148% CO2 increase, 54.9% reduction CH4 Jia et al. [114]

Bamboo SM 600 ◦C 3% [a] 29.5% reduction total N2O Wang et al. [115]

Oak PL 650 ◦C 3% [b] No reduction CH4 and H2S Sánchez-García et al. [116]

Woodchip PL - 5, 10% [a] 7.4% CO2 increase Czekala et al. [117]

* GW: green waste; PL: poultry litter; DS: manure-based anaerobic digestion solids; SM: swine manure; and AM:
animal mortality. [a] Wet basis. [b] Dry basis.

Jia et al. [114] studied the effect of rice-husk biochar addition and dosage on the peak
CH4 and CO2 emissions from chicken manure composting. The experiment was conducted
for 43 days in 500 mL glass bottles at varying ratios of manure, biochar, and sawdust. Daily
headspace gas spaces were collected and processed in a GC-MS. Although the experiment
was not directly testing for NH3 emissions, they noticed that the concentrations were very
high at the beginning of the process while the compost was established. This was due to a
sharp increase in pH from about 8.0 to 9.0 for all treatments over the first five days, though
the biochar did increase the pH more than the control.

The 20% biochar treatment resulted in a 54.9% reduction in peak CH4 emissions. This
reduction was attributed to three possible causes: (1) the high porosity of biochar and its
potential to increase aeration in the compost mixture, (2) high porosity and surface area
resulting in the greater adsorption and retention of CH4, and (3) the higher pH in biochar-
amended compost. For some of the same reasons that biochar might have decreased CH4
emissions, it also contributed to a 148% increase in CO2 emissions. The increased aeration
due to the porosity of the biochar supports aerobic decomposition, resulting in increased
CO2 respiration from these microorganisms.

Czekala et al. [117] produced similar results with increased CO2 emissions from
biochar as a compost additive. This study tested the cumulative gas flux instead of peak
gas flux as Jia et al. did [114]. Wood-based biochar was added to poultry manure at 5%
and 10% addition rates in 165 L reactors for 42 days. Cumulative CO2 emissions increased
by 6.9 and 7.4% for the 5 and 10% addition rates, respectively, compared to the control.
Czekala et al. [118] attributed this increase to the high porosity of the biochar, which created
better aeration conditions for the compost. This resulted in possibly abiotic oxidation of the
biochar but, more likely, an additional carbon source for microorganisms thereby increasing
the CO2 respiration.

While there are numerous studies on the effects of biochar as a compost additive, it is
important to understand the mechanisms of adsorption for this application to achieve the
desired effects. An area that still needs to be explored further is the ability of biochar to
increase certain emissions while decreasing others. Additionally, further research is needed
on composting with higher-moisture-content manure, possibly in the form of a slurry or
pumpable liquid, as well as the effect of biochar post modifications for a more uniform
reduction of gaseous emissions.
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5.3. Biochar and Manure Anaerobic Digestion

Anaerobic digestion has been an important waste management and bioenergy treat-
ment for liquid swine waste and poultry litter. Here lies another opportunity during these
storage and treatment steps to reduce odors and emissions by incorporating biochar.

Anaerobic digestion produces ~45–75% CH4 and the remaining as CO2; however,
small amounts of NH3 are also produced and cause stress on the system since NH3 inhibits
methanogenesis. Cheng et al. [118] investigated the use of HCl acidified, rice-straw biochar
to reduce this stress during pig-waste anaerobic digestion. Treatments included 2, 5, 10,
and 15 g biochar added to 800 mL pig wastewater and brewery sludge (a 7:3 ratio).

Biochar addition improved the digestion process as demonstrated through a decrease
in the VFA production and an increase in the total biogas production. The higher biochar
concentrations resulted in a greater decrease in ammonia-N due to the high surface area
and large adsorption capacity. The overall biogas production increased from 1705 mL for
the control to 2306 mL for the 15 g treatment. The methane content in the biogas remained
constant for all treatments at ~58–59%. The increased biochar addition also reduced the lag
time, or time from the start of reaction to the production of biogas, indicating that biochar
increased the rate of degradation.

Pan et al. [119] studied the effect of biochar pyrolysis temperature, porosity, and
surface area on enhancement of anaerobic digestion of cow manure. Cow manure and
mushroom bran biochar were both produced at 400–600 ◦C. Anaerobic digestion inoculum
was mixed with 1.524 g of biochar and 265 mL of water. Unlike Cheng et al. [118], the
biochar enhancement did not reduce the lag time; however, both treatments did increase
the cumulative biogas production. The optimal methane production was achieved in the
400 ◦C manure biochar and 550 ◦C mushroom biochar treatments.

The 400 ◦C manure biochar increased methane production by 81.3% compared to the
control by increasing the overall gas production. The 550 ◦C mushroom biochar increased
methane production by 77.6% due to a shortened fermentation period. The biochar surface
area and porosity was linked to the pyrolysis temperature but not to the gas production.
It is hypothesized that the biochar enhanced the interactions between methanogenic and
acetogenic bacteria, which resulted in a decrease in the relative abundance of other bacteria.

All of these studies are reinforced by Xiao et al.’s [120] meta-analysis of 27 studies
to examine the most important biochar parameters for influence on the methanogenic
performance. Statistical analysis of these studies indicated that the biochar feedstock,
pyrolysis temperature, and concentration in the digester were the most influential over the
pH, size, surface area, and methanogen species.

6. Land Application

Soil organic matter is essential to soil fertility and crop performance. Land application
of manures is a great practice to enhance soil fertility; however, this also poses environ-
mental concerns related to increased N2O emissions and the leaching of excess nutrients
into surface and groundwater. In addition to providing a natural fertilizer source, the land
application of manure is also an incredibly efficient way to repurpose large accumulations
of manure, litter, lagoon effluent, etc. This application can take place in a variety of ways:
spread after composting, sprayed as a liquid directly from a treatment lagoon, or even
hauled with an excavator from dry-stack storage [121].

While there are many places in the manure life-cycle for biochar application, land
application has great potential as this is the end destination of the manure. This also means
that biochar incorporated into feed, bedding, and manure storage/treatment will all end up
being land applied as well. Biochar has also been proven to increase soil organic matter and
carbon, facilitate carbon sequestration, and reduce soil GHG emissions [122]. This section
will focus on the variety of ways that biochar can be incorporated into land application of
manure to reduce gaseous emissions and the leaching of excess nutrients while increasing
crop yields and plant nutrient-uptake efficiency.
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6.1. Land Application of Biochar and Manure Separately

Watanabe et al. [123] conducted a five-crop season field test to evaluate the impacts
of land application of biochar addition to cattle manure on the soil CO2, CH4, and N2O
flux. Seasonal CO2 variation was consistent between the control and biochar treatments.
Overall, the differences in N2O and CH4 emissions were negligible between the treatments
and control. Although biochar treatments increased the crop yields in certain plots, as well
as increased carbon storage, this was not a major point of interest in the study.

Biochar did not have negative effects on the gaseous emissions; however, it did not
show significant results regarding emission reduction. The comparison of these two studies
raises questions about the validity of lab-scale experiments when translated into full-scale
operation. While biochar has proven impacts on soil microbial communities, water-holding
capacity, and aeration, actual environmental considerations, such as weather patterns and
types of crops add a variety of factors to study.

Niraula et al. [124] conducted a study to compare dairy effluent saturated biochar (SBC)
and unsaturated wood-derived biochar (UBC) on bermuda grass growth and soil fertility.
Both treatments were applied at 1%, 2%, 4,% and 8% loading rates, and the performance
was evaluated for 10 weeks in a greenhouse pot study. The SBC significantly outperformed
UBC in N and P retention in the soil at 2%, 4%, and 8% loading rates. Specifically, SBC and
UBC increased the total N by 36% and 20%, 74% and 34%, and 74% and 56%, at 2%, 4%,
and 8% loading, respectively.

Likewise, SBC and UBC increased the total P by 28% and 10%, 34% and 21%, and
75% and 39%, at 2%, 4%, and 8% loading, respectively. In terms of plant growth, SBC
outperformed UBC in stem dry weight, root dry weight, number of leaves, and total
biomass by more than double for each parameter and loading rate. Both biochar treatments
showed increased populations of N-fixing bacteria due to better aeration of the biochar-
amended soils. Overall, the saturation with nutrient-rich dairy effluent was absorbed by
the biochar and contributed to the retention and slow release of valuable, bioavailable
nutrients for plant and soil health.

6.2. Land Application of Biochar Enhanced Compost

Current reviews by Agegnehu et al. [125] and Guo et al. [60] provide in-depth details
on biochar-amended compost for land application to improve soil quality. Yuan et al. [126]
investigated the impact of biochar-enhanced poultry manure compost on soil CO2 and
N2O emissions. Rice hull biochar was incorporated into the compost at 1 and 5% addition
rates for 120 days in lab-scale modules with loamy soils. Compared to regular manure
compost, the biochar manure compost reduced the cumulative soil N2O emissions by 27%.

Although possible mechanisms for this include biochar toxicity, increased aeration,
and NO3

− immobilization (suppressing bacterial denitrification), the authors identified the
challenge to generalize biochar mitigation mechanisms due to the large variation in biochar
characteristics. Biochar enhanced manure compost also reduced the cumulative CO2
emissions by 35% compared to regular manure compost. This relationship was attributed
to higher fungi-to-bacteria ratio, which has previously been associated with lower CO2
respiration and greater soil carbon storage.

Agegnehu et al. [127] compared the use of wood biochar alone (10 t ha−1) as well
as incorporated into chicken-manure compost compared to commercial fertilizer on soil
quality, crop yield, and GHG emissions from tropical agricultural soils. Compared to
fertilizer alone, the biochar amendments increased the maize yield and total biomass by
29% for biochar alone and 12% for co-composted biochar. Additionally, biochar and biochar
amendment compost improved the soil organic C, total N, available P, and CEC by 43–73%,
14–29%, 59–117%, and 20–41%, respectively. Interestingly, CO2 and N2O emissions were
higher with biochar amendments than with traditional fertilizer application. The author
does not give a reason for this trend but does allude that soil type could play a factor in the
emission results.
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6.3. Biochar Bioretention Systems to Treat Agricultural Run-Off

Nitrates from manure and fertilizer land application are a primary pollutant of concern
from agricultural fields. Nitrates move through the soil in soluble form and can pose health
concerns when present in drinking water and in foraging biomass. Nitrates in waterways
cause rampant growth of algae depleting available oxygen for aquatic life [128]. Biochar
has been explored as a water biofilter extensively in stormwater applications. However,
less research has been done to utilize the power of biochar to reduce contaminants from
manure land application on agricultural fields. The following examples demonstrate the
limited attempt to use biochar biofilters to treat agricultural run-off pollutants.

Rahman et al. [129] used wood-chip biochar pyrolyzed at 900 ◦C in an existing biore-
tention cell (run-off treatment) to evaluate nitrogen removal of dairy wastewater mixed
with stormwater. Bioretention cells were constructed to compare pure sand (S) versus a
biochar sand combination (B). Each treatment was also tested with an established Muhly
grass version (SP and BP) to see if the plants contributed to increased treatment giving a
total of four treatments. The highest TAN removal was observed from both biochar systems
at about 91% removal compared to the sand systems at 68%.

This was attributed to the high CEC of the biochar (10.57 kmol kg−1) allowing more
time for nitrification compared to the pure sand biofilters. The biochar amended filters
also resulted in lower NOx concentrations (0.72–1.18 mg L−1 vs. 2.09–3.15 g L−1) likely
due to the total organic carbon (TOC) retained due to the high adsorption of the biochar.
This was used as an electron donor for denitrification. The biochar’s high surface area
(537 m2 g−1) and porosity enhanced the microbial communities in the filter resulting in
greater adsorption and ammonification. The overall high moisture and nutrient retention
also contributed to better plant growth.

Sanford et al. [129] used biochar-amended vegetated filter strips for the treatment
of nitrates in silage bunker (feed storage) runoff. Information was not given about the
biochar feedstock or addition rate to the system. Biochar addition increased the subsurface
effluent nitrogen from 49 to 64% compared to influent. Specifically, subsurface effluent
nitrate was reduced by 40% compared to the control. Overall, the biochar addition reduced
nitrogen soil leaching by 15%, increased soil nitrogen retention by 25% and reduced nitrogen
lost through gaseous emissions by 10%. The authors suggested that increasing oxygen
functional groups on the biochar would increase nitrogen retention.

It is unclear why more studies have not been conducted in this area given the positive
results reported by Rahman et al. [129] and Sanford et al. [129]. Going forward, reviewing
the performance of stormwater biochar biofilters will be the best starting point to design
and optimize off-site water filtration systems for agricultural run-off and pollutants.

7. Conclusions/Future Work

There is a great amount of research dedicated to biochar applications in agriculture
in general, with growing interest in connecting biochar uses to animal agriculture. The
current review examined some of the most recent literature on the use of biochar at various
stages of animal production to support sustainability goals. Biochar was demonstrated to
be effective in capturing a variety of organic and inorganic compounds in manure. These
attributes showed a uniformly positive impact on manure storage and treatment with a
less positive impact for inclusion in feed or during land application.

Future work should address the potential for biochar modifications, such as steam
activation or acid/base modification, to enhance affinity for a wider range of emissions
or to optimize the adsorption of a particular contaminant. There continue to be gaps in
knowledge regarding the biochar net impact on various aspects of animal agriculture.
For instance, biochar incorporation in feed was shown to have a mixed effect on feed
efficiency, emissions, and nutrient absorption. There is a need for the complete reporting of
the biochar parent material, production conditions, and modifications to better assist in
understanding the modes of action in the gut.
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Furthermore, there appears to be an age-related impact of biochar as a feed ingre-
dient that needs to be closely examined. None of the studies investigating biochar use
in feed assessed its impacts on manure characteristics during storage or after land appli-
cation. Similarly, biochar use in emission mitigation during composting showed mixed
results. The variability in the biochar characteristics, composting feedstock, and compost-
ing process arrangement all contributed to the inconsistent performance observed with
biochar addition.

For acceptance in animal production, there also needs to be more work done on
determining the optimal dosages, form (powder vs. non-powder), and feedstock type for
different applications (in-house, lagoon storage, feed, etc.). There are numerous variables
at play in biochar production that would benefit from more consistent and complete
reporting of biochar properties (the surface-area, particle-size, and pore-size distribution;
surface functional groups; etc.). At this point, the net impacts of biochar addition in
animal production are less clear due to the gaps in systematic evaluations of the roles of
biochar across the production cycle. In a multi-stage system with complex mechanisms, it
is important to understand the net effects of biochar addition on the productivity and net
impacts of animal production.
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46. Stępień, P.; Świechowski, K.; Hnat, M.; Kugler, S.; Stegenta-Dąbrowska, S.; Koziel, J.A.; Manczarski, P.; Białowiec, A. Waste to
Carbon: Biocoal from Elephant Dung as New Cooking Fuel. Energies 2019, 12, 4344. [CrossRef]

47. Dhungana, A.; Dutta, A.; Basu, P. Torrefaction of non-lignocellulose biomass waste. Can. J. Chem. Eng. 2012, 90, 186–195.
[CrossRef]

48. Akyürek, Z. Torrefaction for Energy Valorization of Cattle Manure: Combustion Performance, Kinetics, Thermodynamics. Solid
Fuel Chem. 2022, 55, S1–S10. [CrossRef]

49. Sizmur, T.; Fresno, T.; Akgül, G.; Frost, H.; Moreno-Jiménez, E. Biochar modification to enhance sorption of inorganics from water.
Bioresour. Technol. 2017, 246, 34–47. [CrossRef] [PubMed]

50. Azargohar, R.; Dalai, A.K. Steam and KOH activation of biochar: Experimental and modeling studies. Microporous Mesoporous
Mater. 2008, 110, 413–421. [CrossRef]

51. Panwar, N.L.; Pawar, A.; Salvi, B.L. Comprehensive review on production and utilization of biochar. SN Appl. Sci. 2019, 1, 168.
[CrossRef]

52. Sajjadi, B.; Zubatiuk, T.; Leszczynska, D.; Leszczynski, J.; Chen, W.Y. Chemical activation of biochar for energy and environmental
applications: A comprehensive review. Rev. Chem. Eng. 2018, 35, 777–815. [CrossRef]

53. Anto, S.; Sudhakar, M.P.; Ahamed, T.S.; Samuel, M.S.; Mathimani, T.; Brindhadevi, K.; Pugazhendhi, A. Activation strategies for
biochar to use as an efficient catalyst in various applications. Fuel 2021, 285, 119205. [CrossRef]

54. Panahi HK, S.; Dehhaghi, M.; Ok, Y.S.; Nizami, A.; Khoshnevisan, B.; Mussatto, S.I.; Aghbashlo, M.; Tabatabaei, M.; Lam, S.S. A
comprehensive review of engineered biochar: Production, characteristics, and environmental applications. J. Clean. Prod. 2020,
270, 122462. [CrossRef]

55. Das, L.; Kolar, P.; Classen, J.J.; Osborne, J.A. Adsorbents from pine wood via K2CO3-assisted low temperature carbonization for
adsorption of p-cresol. Ind. Crops Prod. 2013, 45, 215–222. [CrossRef]

56. Ansanay, Y.; Kolar, P.; Sharma-Shivappa, R.; Cheng, J.; Arellano, C. Pretreatment of switchgrass for production of glucose via
sulfonic acid-impregnated activated carbon. Processes 2021, 9, 504. [CrossRef]

57. Kasera, N.; Kolar, P.; Hall, S.G. Nitrogen-doped biochars as adsorbents for mitigation of heavy metals and organics from water: A
review. Biochar 2022, 4, 17. [CrossRef]

58. Akhil, D.; Lakshmi, D.; Kartik, A.; Vo, D.N.; Arun, J.; Gopinath, K.P. Production, characterization, activation and environmental
applications of engineered biochar: A review. Environ. Chem. Lett. 2021, 19, 2261–2297. [CrossRef]

59. Al-Degs, Y.S.; El-Barghouthi, M.I.; Khraisheh, M.A.; Ahmad, M.N.; Allen, S.J. Effect of surface area, micropores, secondary
micropores, and mesopores volumes of activated carbons on reactive dyes adsorption from solution. Sep. Sci. Technol. 2005, 39,
97–111. [CrossRef]

60. Guo, X.X.; Liu, H.T.; Zhang, J. The role of biochar in organic waste composting and soil improvement: A review. Waste Manag.
2020, 102, 884–899. [CrossRef]

61. Song, B.; Cao, X.; Gao, W.; Aziz, S.; Gao, S.; Lam, C.H.; Lin, R. Preparation of nano-biochar from conventional biorefineries for
high-value applications. Renew. Sustain. Energy Rev. 2022, 157, 112057. [CrossRef]

62. Enaime, G.; Baçaoui, A.; Yaacoubi, A.; Lübken, M. Biochar for wastewater treatment—conversion technologies and applications.
Appl. Sci. 2020, 10, 3492. [CrossRef]

63. Ro, K.S.; Lima, I.M.; Reddy, G.B.; Jackson, M.A.; Gao, B. Removing gaseous NH3 using biochar as an adsorbent. Agriculture 2015,
5, 991–1002. [CrossRef]

64. Vu, T.M.; Trinh, V.T.; Doan, D.P.; Van, H.T.; Nguyen, T.V.; Vigneswaran, S.; Ngo, H.H. Removing ammonium from water using
modified corn cob-biochar. Sci. Total Environ. 2017, 579, 612–619. [CrossRef]

65. Huff, M.D.; Lee, J.W. Biochar-surface oxygenation with hydrogen peroxide. J. Environ. Manag. 2016, 165, 17–21. [CrossRef]
66. Manfrin, J.; Gonçalves, A.C., Jr.; Schwantes, D.; Conradi, E., Jr.; Zimmermann, J.; Ziemer, G.L. Development of biochar and

activated carbon from cigarettes wastes and their applications in Pb2 adsorption. J. Environ. Chem. Eng. 2021, 9, 104980. [CrossRef]
67. Suliman, W.; Harsh, J.B.; Abu-Lail, N.I.; Fortuna, A.; Dallmeyer, I.; Garcia-Perez, M. Modification of biochar surface by air

oxidation: Role of pyrolysis temperature. Biomass Bioenergy 2016, 85, 1–11. [CrossRef]
68. Nath, H.; Saikia, A.; Goutam, P.J.; Saikia, B.K.; Saikia, N. Removal of methylene blue from water using okra (Abelmoschus esculentus

L.) mucilage modified biochar. Bioresour. Technol. Rep. 2021, 14, 100689. [CrossRef]
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