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Abstract: Excessive land application of poultry litter (PL) may lead to surface runoff of nitrogen (N)

and phosphorus (P), which cause eutrophication, fish death, and water pollution that ultimately

have negative effects on humans and animals. Increases in poultry production in the Delmarva

Peninsula underscore the need for more efficient, cost-effective, and sustainable disposal technologies

for processing PL instead of direct land application. The pyrolysis conversion process can potentially

produce nutrient-rich poultry litter biochar (PLB), while the pyrolysis process can change the N and

P to a more stable component, thus reducing its runoff. Pyrolysis also kills off any microorganisms

that would otherwise trigger negative environmental health effects. This study is to apply an

integrated method and investigate the effect of pyrolysis temperature (300 ◦C, 500 ◦C), poultry litter

source (different feedstock composition), and bedding material mixture (10% pine shavings) on

PLB qualities and quantities. Proximate and ultimate analysis showed PL sources and bedding

material addition influenced the physicochemical properties of feedstock. The SEM and BET surface

results indicate that pyrolysis temperature had a significant effect on changing the PLB morphology

and structure, as well as the pH value (7.78 at 300 ◦C vs. 8.78 at 500 ◦C), extractable phosphorus (P)

(18.73 ppm at 300 ◦C vs. 11.72 ppm at 500 ◦C), sulfur (S) (363 ppm at 300 ◦C vs. 344 ppm at 500 ◦C),

and production yield of PLBs (47.65% at 300 ◦C vs. 60.62% at 500 ◦C). The results further suggest that

adding a bedding material mixture (10% pine shavings) to PLs improved qualities by reducing the

content of extractable P and S, as well as pH values of PLBs. This study also found the increment in

both the pore volume and the area of Bethel Farm was higher than that of Sun Farm. Characterization

and investigation of qualities and quantities of PLB using the integrated framework suggest that PL

from Bethel Farm could produce better-quality PLB at a higher pyrolysis temperature and bedding

material mixture to control N and P runoff problems.

Keywords: poultry litter biochar; poultry litter; pyrolysis; characterization; properties; qualities; yield

1. Introduction

Poultry production generates substantial quantities of waste, including poultry lit-
ter (PL), which consists of manure mixed with spilled feed, dead birds, bones, feathers,
and bedding materials such as straw, wood shavings, or sawdust [1]. Biomass energy
sources are classified into five categories: woody biomass, agricultural biomass, aquatic
biomass, animal and human waste, and industrial waste. PL is one type of biomass and
the most prevalent organic animal waste produced within the U.S. and globally [1–3]. In
2019, Maryland’s around 2000 poultry farms alone produced more than 350,000 tons of
PL [1]. According to the recently released report by the Delmarva Chicken Association
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(DCA), the total PL generated was estimated to be 706,399 tons within the Delmarva Penin-
sula area [2,3]. Using the assumption of PL production of between 1.1 and 1.4 tons per
1000 birds, the entire U.S. annually produces around 9.24–12.46 million tons of PL [4]. The
main disposal routes for the PL were direct land application, combustion, composting,
anaerobic digestion, and pyrolysis [5–7]. Improper disposal of PL, coupled with tons of
airborne ammonia generation per year, create downstream problems such as eutrophication
and nutrient runoff (e.g., phosphorus, nitrogen) into bodies of water (e.g., the Chesapeake
Bay), as well as water contamination and air pollution, all of which contribute to environ-
mental concerns [8]. Because of the superior energetic and biological properties of PL, its
sustainable use as an energy resource and soil amendment has been stimulated via thermal
chemical processes.

Particularly, there has been growing interest in converting PL into poultry litter biochar
(PLB) using pyrolysis. Pyrolysis is well known as one of the promising thermochemical
conversion technologies for producing carbon-rich solid material (e.g., biochar) and other
value-added products (e.g., bio-oil and syngas) in the absence of oxygen from biomass
resources and waste organic materials [9–11]. Biochar is a lightweight black residue,
porous, solid, and rich in organic carbon (OC), that can consist of carbon and ash [12].
PLB derived from the pyrolysis process possesses several desirable properties that make it
suitable for addressing both waste management challenges and sustainable agricultural
practices. Previous studies found that biochar has a high carbon content and a porous
structure, which enhances its ability as a soil amendment to retain water and nutrients
in soil and improve soil fertility and crop yield [13–15]. Biochar observed with a high
specific surface and pore volume can be used as a remediation tool to adsorb heavy
metals, reducing leaching to water courses [16]. Compared with wood shavings, PLB is
significantly superior in positively charged metal ion adsorption [17]. PLB also showed
the highest sorption capacity compared with green waste-derived biochar, commercial
activated carbon (AC), and laboratory-produced black carbon (BC). Chemical sorption
between biochar and metals was observed. Moreover, PLB immobilized Pb and Cd up
to 93.5% and 88.4%, respectively [18]. Additionally, biochar can serve as a renewable
energy source and contribute to carbon sequestration, thereby mitigating greenhouse gas
emissions and climate change impacts [19]. Biochar can be utilized as a feed additive in
animal husbandry to mitigate the impact of enteric methane emissions and improve animal
health and productivity [20]. Furthermore, PLB has been explored for its potential in
wastewater treatment, where its adsorption properties can effectively remove contaminants
such as heavy metals, organic pollutants, and pathogens from aqueous solutions [21].
Compared with plant-based biochar, PLB has higher nutrient levels, which is increasing
the yield of crop production [22,23]. Instead of direct land application of PL, PLB made
from pyrolysis can be used as a soil amendment to reduce environmental problems and
maintain sustainable agriculture [24].

Biochar yield, qualities, and structure depend on the physicochemical properties
of feedstock (e.g., moisture content, lignin, particle size), various pyrolysis conditions
(e.g., temperature, heating rate, residence time, pressure, catalyst, pyrolysis reactor bed
height), feed stock pretreatment, and even factors related to storage [25]. Understanding
these factors is essential for maximizing the yield, quality, and potential applications of
PLB in agriculture, environmental remediation, and other fields. Pyrolysis temperature
is the key factor in determining the yield and quality of biochar from slow pyrolysis
of PL [26,27]. A previous study investigated the effect of pyrolysis temperature on the
quality of PL biochar, and an optimal pyrolysis temperature of within 300–500 ◦C was
suggested to convert PL to agricultural-use biochar. The optimal pyrolysis temperatures
using thermogravimetric analysis (TGA) and the effect of various residence times of 0.5 h,
1 h, 2 h, 4 h, and 6 h at optimal temperature on biochar qualities were determined [28].
The effect of production methods including torrefaction (TOR), tube furnace (TF), and
hydrothermal carbonization (HTC) on the physical, chemical, and biological properties of
PLB was further studied. This study found the presence of sylvite (KCl) crystals on the
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surface of TOR samples, which change in pore structure, leading to a significant variation
in pore size, inhibition of the germination in TOR biochars, and the suppression of growth
in HTC hydrochars [29]. The extractable nutrient concentrations in the biochar were
strongly influenced by feedstock types [23]. A previous study found that the nutrients
N, P, K, Ca, and Mg and micronutrients B, Cu, Fe, Mn, Na, and Zn were significantly
higher in PLB compared to pelletized peanut hulls and pine chips (p < 0.05) [23]. There is
still limited research on the effect of feedstock composition, bedding material types, and
pretreatment conditions on both quantities and qualities of PLB. This study selected PL
from two different farms and applied a bedding material mixture to represent the change
in feedstock compositions. This study intends to develop a systemic evaluation framework
and investigate the effect of feedstock compositions and pretreatment conditions on the
qualities and quantiles of PLBs as well as the possibility of P reduction compared to direct
application of PL into soil.

2. Materials and Methods

2.1. Sample Collection and Fuel Property Analysis

PL samples were collected from a permanently roofed storage shed at two local poultry
farms, Bethel Farm (4013 St Lukes Rd, Salisbury, MD, USA) and Sun Farm (14470 Backbone
Rd, Eden, MD, USA). Samples were transported to the testing site and stored in plastic bags
at a room temperature of 23 ◦C before the pyrolysis testing. Pine shavings used for animal
bedding material were obtained from a local store. The PL used was broiler litter, which
was a mixture of poultry manure, spilled feed, feathers, dead bird remains, and bedding
material (sawdust for these two poultry houses). The percentage of bedding material
depends on the initial depth (a layer of bedding material that was added when a new
poultry house was built, reusing the material for many years) as well as the replacement
amount (about 25.4–50.8 mm over the top level) during the cleaning period. Collected
PL samples contained little bedding material because these two houses were built more
than 15 years ago. In this study, 10% wt. of pine shavings was added as bedding material
to collected raw PL samples to simulate more realistic conditions and allow one to better
investigate the effect of bedding material on quality of the PLB [23].

Proximate and ultimate analysis on a dry basis was performed to investigate the fuel
properties of biochar. Proximate analysis was used to determine the weight percentages
(wt.%) of moisture (M), volatile matter (VM), fixed carbon (FC), and ash (ASH) content,
while ultimate analysis was used to determine the weight percentages of chemical elements
(carbon, hydrogen, nitrogen, oxygen, and sulfur) along with moisture and ash [1]. For
ultimate analysis, the standard testing method, ASTM D5373 [30], was used. For proximate
analysis, standard test methods, including ASTM D3302/D3173 [31,32], ASTM D3174 [33],
ASTM D3175 [34], and ASTM D5865/5864 [35,36], were used to analyze the composition of
moisture, ash, volatile matter and heating value, respectively. Fixed C and O concentrations
were calculated by subtracting the percentage of other compositions from 100% [1]. These
analyses were conducted by Mineral Labs, Inc., Salyersville, KY, USA.

2.2. Poultry Litter Biochar Preparation and Framework

As shown in Figure 1, the samples were collected and prepared before processing
in the benchtop pyrolysis testing facilities. The benchtop pyrolysis equipment/supplies
include a Hi-Temp Electric Burnout Oven (Tabletop Furnace Company, Tacoma, WA, USA,
serial number: FUR-0155), pyrolysis canisters (Hurrise, ASIN: B08BFQ1G87), and a drying
oven (WYDDDARY, serial number: DZF-6050). The Tabletop burnout oven has a maximum
working temperature of 1200 ◦C and is designed with a programmable controller. There is
a pre-drilled 6.35 mm (1/4”) vent hole on the top of the oven to remove the smoky vapor
(volatiles) during the pyrolysis process, which is ideal for biochar production [26]. The
pyrolysis canister was a 119.38 mm (4.7”W) × 114.30 mm (4.5”H) stainless steel container
with a 4.76 mm (3/16”) hole drilled in the lid. The collected PL samples (about 300 to 400 g)
were packed loosely in the multiple pyrolysis canisters (see the pyrolysis step). The loaded
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canisters were placed in the drying oven (105 ◦C, 4–8 h) to fully remove moisture before
the pyrolysis. The samples were then taken out and weighed to calculate the percentage of
total solids. The burnout oven was set at the designed pyrolysis temperature of 300 ◦C or
500 ◦C. Pre-dried PL samples were placed in the burnout oven after the oven reached the
desired pyrolysis temperature. An air-free environment was achieved inside the canister
during pyrolysis, as the canister lid and the furnace door were airtight and the continuous
emission of pyrolysis volatiles from the canister prevented air from diffusing through the
hole in the lid. The pyrolysis temperature was maintained until no visible vapors were
observed. The reaction (pyrolysis) time between the start and end of visible vapors from
the furnace was approximately 1.5 h at 500 ◦C, or 2 h at 300 ◦C. The canisters were cooled,
taken out, and weighed. The PLB yield was calculated using Equation (1). Prepared PLB
samples were stored in the plastic bags at a room temperature of 23 ◦C before conducting
the fuel property analysis. Table 1 summarizes the experimental conditions to prepare
8 PLB samples based on various conditions.

ff

Figure 1. Benchtop pyrolysis process.

Table 1. Summary of experimental conditions to prepare 8 PLBs.

Experimental
Condition

PL Source Bedding
Reaction

Temperature
Serial No.

1 Bethel No bedding 300 ◦C PLB 1
2 Bethel No bedding 500 ◦C PLB 2
3 Bethel 10% wood 300 ◦C PLB 3
4 Bethel 10% wood 500 ◦C PLB 4
5 Sun No bedding 300 ◦C PLB 5
6 Sun No bedding 500 ◦C PLB 6
7 Sun 10% wood 300 ◦C PLB 7
8 Sun 10% wood 500 ◦C PLB 8

2.3. Mophology and Elemental Analysis

Scanning electron microscopy–energy dispersive X-ray spectroscopy (SEM-EDS) (Thermo
Scientific, Boston, MA, USA, Phenom XL G2, Serial No. MVE031342-0124-L) was used to
obtain a high-resolution image and analyze the biochar morphology and elemental composi-
tions. This unit has a large chamber and sample stage (100 × 100 mm2). Morphology and
elemental analysis were performed with assistance from lab technicians in the Department of
Civil and Environmental Engineering at Morgan State University. Surface area and porosity
are important physical properties of biochar, playing a crucial role in many biochar applica-
tions. The Brunauer–Emmett–Teller (BET) method is a physical characterization technique
that provides quantitative data on the specific surface area and porosity distribution of solid
materials [37]. The BET analysis was conducted by MSE Supplies LLC (Tucson, AZ, USA)
using a surface area and porosimetry analyzer (Micromeritics, Norcross, GA, USA; ASAP
2460) in adherence with the ISO 9277 [38] standard to evaluate pore size (at both meso- and
micro-pores), specific surface area, and pore volume (Figure 2).
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Figure 2. Schematic diagram of fuel property testing instruments.

2.4. Yield, pH, and Extractable Nutrient Analysis

The biochar yield can be calculated using the following formula [39]:

Biochar yield (%) =
mass o f biochar(g)

oven dry mass o f PL(G)
× 100, (1)

The standard method, ASTM D4972 [40], was used for measuring the pH value of
PBL samples. The test specimens were sieved through a 2.00 mm (No. 10) sieve and
pH measurements were made in deionized water using a pH meter (Fisher Scientific
(Waltham, MA, USA) Fisherbrand Accumet Meters, AR20). Ion-exchange resin technologies
developed by Dr. Earl Skogley at Montana State University were adopted to evaluate
extractable nutrients of soil, PL, and PLB samples [41]. This method is based on placement
of specially blended and encapsulated ion-exchange resin into the medium to be tested [41].
Solutes, both cations and anions, were independently and selectively adsorbed based on the
concentration in the solution phase and the rate of diffusion of the resin sink. The exchange
capacity of the resin capsule functions as an effectively infinite sink, allowing continuous
adsorption of elements in a manner somewhat analogous to absorption by living organisms.
Thus, quantities of elements accumulated in the capsule during a selected time relate to their
bioavailability. This method was developed as the universal single-extraction approach
for laboratory soil testing to simulate soil nutrient release interactions and plant-root
uptake [41]. PLB samples 1–8, the soil sample, and the PL sample from Sun Farm (total of
10 samples) were analyzed by Predictive Nutrient Solutions, Inc. (Walla Walla, WA, USA).

3. Results and Discussion

3.1. Fuel Property Analysis (Proximate and Ultimate Analysis) Results

Proximate and ultimate analysis of four samples, including two PL samples, pine
shavings (PS), and PLB made from PL that were collected from the Bethel Farm, are
summarized in Table 2. The results indicate that two PL samples from the different farms
had moderate differences in composition. The percentage difference of various elements
was between 0.5% and 19%. PS had 55% lower carbon content, 31% higher oxygen content,
and 32% lower ash content compared with PL samples. The N and S levels of PL samples
were almost 22 times and 29 times higher than the PS sample. The results infer that the
PLBs made from two PL samples may have had similar properties and that the addition of
PS into the PL may have changed the overall properties of the PLBs significantly.
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Table 2. Proximate and ultimate analysis of samples.

Source
PL PL PS 1 PLB

Sun Farm Bethel Farm Bedding Bethel Farm

Ultimate analysis
(dry-based, wt.%)

C 27.86 28.01 43.42 34.48
H 6.28 5.97 8.39 1.77
O 33.49 27.06 <25.54 4.99
N 4.02 4.54 <0.2 4.28
S 1.72 1.42 0.06 2.06

Proximate analysis
(dry-based, wt.%)

VM 2 65.31 57.94 69.6 23.36

FC 3 8.06 9.06 8.01 24.23

A 4 26.63 33.00 22.39 52.42

HHV 5 13,782 13,698 19,745 14,596

Atomic ratio
O/C 0.9 0.7 0.4 0.1
H/C 2.7 2.6 2.3 0.6

1 Pine shavings, 2 volatile matter, 3 fixed carbon, 4 ash content, 5 high heat value (kJ/kg).

PLB has a high ash content and is useful as a liming agent due to its relatively high
CaCO3, MgCO3, Mg (OH)2, and MgO content [42]. A previous study investigated the
effectiveness of lime, PL, and PLB on acidic soils. Compared to PL and lime, PLB registered
a greater increase in pH value within the soil. PLB can also increase levels of Ca, Mg, K, and
P in soil [43]. It is an effective soil amendment for reducing soil acidity, thereby enhancing
soil fertility and productivity in acid soils. Another study compared the biochar produced
from different biomass resources, namely, sawdust, pine bark, sugarcane bagasse, coffee
husk, and PL. The results show that PLB had the highest ash content (52.0–56.4%) [44]. Our
test data are consistent with the above literature and found that the ash content was 52.42%.
Carbon content increased from 38.0% (in PL) to 72.5% (in PLB) (excluding the proportion
of ash) after the PL was converted into PLB through pyrolysis. The high carbon content in
PLB is a supporting aspect for making it a good soil-carbon enhancing material.

The molar H/C ratio is a material property that is correlated with the stability of the
material, while a H:Corg below 0.7 is referred to as thermochemically converted; this crite-
rion is used to distinguish biochar from biomass that has not been fully thermochemically
altered [39]. Biochar materials have a greater proportion of fused aromatic ring struc-
tures [45]. As shown in Figure 3, a van Krevelen diagram was plotted to show the degree of
aromaticity and carbonation in both raw biomass and PLB samples. Atomic H/C and O/C
ratios are indexes of aromaticity and carbonization of biochars. The H/C and O/C ratios in
PLB were lower than those in their respective raw materials due to dehydration, decarboxy-
lation, and decarbonylation [46]. The results indicate that the H/C ratios decreased more
significantly than the O/C ratios, resulting from dehydrogenation and demethylation [47].
As seen in the van Krevelen diagram, lower O/C and H/C ratios were associated with
higher heating values (HHV) of biochar [48]. The pyrolysis process also reduced the oxygen
content and increased the carbon percentage of the sample. The resulting PLB had a higher
HHV value than two PL samples (14,596 Kj/kg vs. 13,782 Kj/kg and 13,698 Kj/kg) despite
its high ash content (52.42% vs. 26.63% and 33.00%). The resulting PLB is also ideal for use
as a fuel due to its higher HHV.
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ff

Figure 3. A van Krevelen diagram of samples.

3.2. Biochar Surface & Chemical Composition Analysis

Figure 4 shows the SEM images of the prepared PLB samples under the various
conditions at two pyrolysis temperatures. The PLB 1, 3, 5, and 7 samples underwent
pyrolysis at 300 ◦C, while the PLB 2, 4, 6, and 8 samples underwent pyrolysis at 500 ◦C.
The large porous structures were readily visible in all the PLB samples. As shown in the
highlighted red areas, the flake structure of graphite can be observed clearly in sample
PLB 1 and PLB 8. The results indicate that increasing the pyrolysis temperature (500 ◦C)
favored the pore opening. This finding shows the pyrolysis temperature had a notable
impact on the pore structure and morphology of biomass char. Previous studies found
the removal of volatile matter produced pore openings from 200 ◦C to 500 ◦C. Structural
shrinkage and pore narrowing occurred when the surface area reached a maximum value
at 500 ◦C [49]. Furthermore, the macrospores possessed a nearly spherical shape (in the
PLB 6 image). This may be the result of the softening and melting effect caused by local
high temperatures. High temperatures led to plastic deformation of particles and resulted
in smooth surfaces (in the PLB 6 image) and large cavities (in the PLB 2 and 3 images).
After devolatilization at 500 ◦C, the morphology of the particles changed and an ordered
structure was observed. PLB with a high surface area has an adsorption capacity that
makes it suitable as a remediation agent for removing heavy metals.

t

ff

Figure 4. Cont.
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Figure 4. SEM images of PLB at 300 ◦C and 500 ◦C (PLB 1 to PLB 8).

Elemental analysis of the eight produced PLB samples was conducted and the weight
concentration (%) of each element is summarized in Table 3. In all PLB samples, carbon was
found to be significantly higher in concentration compared to other compositions (28.7%
to 47.7%). Oxygen was the second major element in PLB (19.16% to 30.58%), followed
by N (8.84–13.63%), K (5.61–14.34%), P (1.89–3.5%), Ca (3.63–6.42%), and S (1.71–6.13%),
and then other minor elements (Na, Cl, Mg, Si, Al). Compared with the relatively higher
carbon content of 83.29% from wood biochar, PLB has much lower carbon content [41]. This
indicates a larger number of inorganic compounds as minor elements may be present in the
PLBs. The results indicate that the PLBs had relatively higher concentrations of NPKs that
are three main nutrients for plant growth as well as for other important nutrients (e.g., Ca,
S, Mg). PLB may be a good fertilizer for plants due to the higher concentration of nutrients
in inorganic compounds.

Table 3. Summary of elemental composition (wt. %) of PLBs using SEM-EDS.

Series No. C O N K Ca P S Minor Elements

PLB 1 37.91 30.21 12.32 5.61 3.63 2.51 1.99 5.81
PLB 2 28.70 26.56 9.77 14.34 5.19 2.89 6.13 6.42
PLB 3 38.52 27.03 13.63 5.64 5.25 1.89 1.71 6.32
PLB 4 37.73 25.28 10.34 8.58 4.51 3.50 2.93 7.13
PLB 5 34.46 27.64 13.46 7.33 6.40 3.32 2.27 5.12
PLB 6 36.46 24.95 9.52 9.52 6.42 2.4 2.71 8.02
PLB 7 36.78 30.58 11.91 5.65 3.92 3.15 2.48 5.53
PLB 8 47.70 19.16 8.84 9.01 4.33 2.58 3.21 5.16

Figure 5a,d confirms the addition of PS as bedding material in the PL feedstock can
increase the carbon content and reduce the oxygen content of the PLB, since PS had a higher
carbon and lower oxygen level, as shown in Table 1. The content of N and P changed slightly
with the addition of PS. The content of S and some other inorganic compounds such as K,
Na, and Ca decreased since PS was not the significant source of these elements. Figure 5b,d
shows that the element compositions of PLB from different farms were very similar. The
pyrolysis process can reduce the oxygen content and increase the carbon percentage of the
sample, and a high pyrolysis temperature was favorable for this transaction. This trend is
clearly shown in Figure 5c. The content of N was observed to be reduced due to the high
pyrolysis temperature. Other element compositions increased, as shown in Figure 5d. The
removal of volatile matter at a high pyrolysis temperature may effectively condense the
inorganic elements in the PLBs.
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Figure 5. Effect of PL properties and pyrolysis on elemental composition (a) Bedding Material,

(b) Farm Source, (c) Temperature, (d) Minor Elements.

3.3. pH and BIOCHAR Yield Calculations & Extractable Nutrient Analysis by Ion Exchange
Resin Method

As shown in Figure 6, the effect of bedding material mixture (10% PS), PL source, and
pyrolysis temperature on the pH value, PLB yield, and extractable nutrients of phosphorus
and sulfur were investigated using a box-and-whisker plot. The results indicate that the
addition of PS bedding material could potentially reduce the biochar yield. This can be
explained by the feedstock compositions. According to the proximate and ultimate analysis
(in Table 2), PS had higher VM (69.60% vs. 65.31 and 57.94%) and lower ash content
(22.39% vs. 26.63 and 33.00%) than PL. Previous studies found that PS with a high VM
portion was easy to decompose, which ultimately decreased the biochar yield during
pyrolysis [25,26,50]. The addition of PS as bedding material could also potentially reduce
extractable nutrients level of P and S as well because manure-based biochar usually has
a lower surface area than biomass biochar. The reason is that larger pores present in PLB
produce a small surface area compared to smaller pores in PS biochar [51]. The high surface
area of PS within PLBs efficiently absorbed and reduced the P and S levels [51–53]. It can be
also seen that PL collected from the Bethel Farm had about 10% higher PLB yield compared
to the one from Sun Farm because of the high ash content of the PL feedstock from Bethel
Farm (33% vs. 26.63%). Meanwhile, the difference of extractable P was very small, and the
extractable S was significantly reduced (32%) when using PL from Bethel Farm to produce
PLB because the original S content of Bethel Farm (1.43%) was smaller than that of Sun
Farm (1.72%). This study also found that pyrolysis temperature plays a key role in changing
the extractable phosphorus, sulfur, and PLB yield. PLB yield was reduced by 13% when the
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pyrolysis temperature increased from 300 ◦C to 500 ◦C, which is consistent with previous
studies [26,27]. Meanwhile, a higher pyrolysis temperature can reduce the extractable P by
37% because the high temperature may help to transform labile P in raw PL into non-labile
P in PLB. The pH test results found that the soil and PL from Sun Farm was slightly acidic
and that the PLB samples were alkaline (pH 7.42–pH 9.13), which suggests that PLB can be
selected as a liming agent. In addition, the pH value increased with the increased pyrolysis
temperature, while adding PS as a bedding material had a minor influence on the pH
level of the samples. Based on the results, the PL from Sun Farm, with a high pyrolysis
temperature, will be suggested while using PLB as a liming agent. For further control of the
surface runoff of P, adding bedding material and using a pyrolysis temperature of 500 ◦C
is suggested.

ff

Figure 6. Box-and-whisker plot for pH value, phosphorus, and sulfur yield based on various factors.
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Soil samples from uncultivated land near Bethel Farm were collected and tested to
evaluate the nutrition level of the Chesapeake Bay area (there was no PL fertilizer directly
applied to this land). According to Table 4, this soil sample had a low concentration of
N and K, and high concentrations of P, compared with the optimal range suggested by
Predictive Nutrient Solutions, Inc. (Walla Walla, WA, USA). The high concentration of P
may have been from the phosphorus-rich PL because the poultry farm and PL shed is only
about 100 m away from the location where the soil samples were collected. The P level was
586.6% higher than the upper limit of the optional range. PL should not be applied to these
lands directly. The PL sample from Sun Farm was also tested. A P level 178.8% higher than
the upper limit of the optional range was detected. The total N level was also higher than
the optional range. Therefore, the direct application of PL to land may add unnecessary N
and P to the soil and trigger runoff from heavy rains.

Table 4. Summary of N, P, K, an S in PLB, PL, and soil samples.

Total N P K S

PLB 1 1.69 19.68 892.59 245.47
PLB 2 1.61 10.13 954.78 235.98
PLB 3 1.61 26.82 1110.03 406.25
PLB 4 1.61 5.98 875.62 261.23
PLB 5 3.97 19.95 1610.11 499.23
PLB 6 13.79 25.87 1715.16 571.96
PLB 7 1.61 8.47 1021.24 302.09
PLB 8 1.61 4.9 1329.36 308.07

Average: 3.4 15.2 1188.6 353.8
PL (Sun Farm) 69.13 55.74 1260 577.86

Soil (near Bethel Farm) 9.14 137.32 19.32 8.37
Suggested optional range 32.0–60.0 8.0–20.0 38.0–80.0 7.0–22.0

Results are provided in parts per million (ppm).

As shown in Table 4, the average extractable P and N levels were greatly reduced by
converting PL into PLB (P from 55.74 ppm to 15.23 ppm, N from 69.13 ppm to 3.44 ppm).
The average N concentration of the PLB samples was only 5.67% of the upper limit of
the optional level of N (60 ppm), while the PL sample from Sun Farm was 115.22% of the
upper limit. The average P concentration of the PLB samples was only 76% of the upper
limit of the optional level of P (20 ppm), while the PL sample from Sun Farm and the soil
sample were 278.7% and 686.6% of the upper limit, respectively. Extractable nutrients refer
to the amount of nutrients that can be extracted from the soil solution and is ready for plant
uptake. It is one of the most important measured characteristics of PLB as a soil amendment.
However, this nutrition can be the source of nutrient runoff. The high N and P levels of
the PL and soil samples are highly likely to cause surface runoff. This result shows the
possibility of N and P nutrient runoff reduction into the watershed by using the processed
PLB in the soil instead of direct land application of PL. In addition, increased K and S
concentrations in PLB-applied soil indicate the potential for PLB to be used as fertilizer.
Furthermore, PLB also contains traceable elements, including magnesium (Mg), calcium
(Ca), iron (Fe), manganese (Mn), and potassium (K), which are the traceable elements
necessary for plant growth [26]. Compared with PL, the nutrients of PLB were more stable
and decomposed slowly. Thus, the nutrient loss can be reduced, and PLB can also supply
available nutrients for a long time. N in PL carbonized at 500 ◦C is not plant-available [54].
Hydrolysable organic N decreases with higher pyrolysis temperature [55]. A previous
study compared the P release behaviors of PLB as a soil amendment versus that of raw
PL and found that the water-soluble P levels were 2.95 g/kg in raw PL vs. 0.17 g/kg
in PLB. The pyrolysis process transformed labile P in raw PL to non-labile P in biochar.
The release of P from PL biochar in both water and neutral soils was observed to be at a
slower and steadier rate over a longer period [53]. A more recent study also concluded
that PLB soil amendment affects microbial community structures, increases P-mobilizing
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bacteria, and promotes P cycling, which improved the growth of barley [52]. Our test data
are consistent with the previous study confirming that using PLB as a soil amendment
may reduce nutrient runoff, especially P runoff. This study further suggested that PL
from Bethel Farm could produce better-quality PLB at a higher pyrolysis temperature and
bedding material mixture than the control nutrient.

3.4. BET Surface

As shown in Table 5 and Figure 7, the increment in pore volume and area for
PLB1 (Bethel Farm, 300 ◦C), PLB2 (Bethel Farm, 500 ◦C), PLB5 (Sun Farm, 300 ◦C), and
PLB6 (Sun Farm, 500 ◦C) was measured. The results show that both pore volume and
pore area increased when the temperature increased from 300 ◦C to 500 ◦C. For PLB
generated from Bethel Farm (PLB 1 and 2), the pore area increased by 229.8% (from
5.71 m2/g to 18.82 m2/g), and the pore volume increased 200.54% (from 0.0196 m3/g to
0.0589 m3/g). However, the average pore diameter decreased by 6.3% (from 13.59 nm to
12.74 nm). For PLB produced on Sun Farm (PLB 5 and 6), the pore area increased only 37.8%
(from 5.3 m2/g to 7.31 m2/g) and the pore volume increased 15.5% (from 0.0219 m3/g to
0.0253 m3/g). The average pore diameter decreased 13.0% (from 16.54 nm to 14.39 nm).
Our results indicate that the pyrolysis temperature positively affected the pore area, pore
volume, and pore size distribution of PLB. The increment in both pore volume and area
was due to the removal of volatile matter, thus producing more pore openings. The average
pore diameter decreased with the increased pyrolysis temperature, which may be explained
by the decreased pore size due to structural shrinkage and pore narrowing and increased
quantity of small-sized pores [56]. This study observed that the PL samples from Bethel
Farm had a much smaller pore size, which guarantees thorough removal of volatile matter
and generates more openings.

Table 5. Summary of surface area, adsorption cumulative volume, pore diameter.

Sample BET Surface Area (m2/g) Adsorption Cumulative Volume (m3/g) Adsorption Average Pore Diameter (nm)

PLB 1 5.71 0.0196 13.59
PLB 2 18.82 0.0589 12.74
PLB 5 5.30 0.0219 16.54
PLB 6 7.31 0.0253 14.39

ff

ff ff
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ff

 

Figure 7. Incremental pore volume and area for PLB 1, PLB 2, PLB 5, and PLB 6.

According to the percentage distribution of pore size (three levels) (Figure 8), when
pyrolysis temperature changed from 300 ◦C to 500 ◦C, the percentage of micropores (<2 nm)
decreased from 19% to 10% and 24% to 18% for PL from Bethel Farm and Sun Farm,
respectively. In the meantime, the percentage of mesopores (2–50 nm) increased from 74%
to 82% and 61% to 67% for PL from Bethel Farm and Sun Farm, respectively. However, the
change in the percentage of macro-pores (>50 nm) was not significant compared to that of
the mesopores and micropores. The pore size distributions of PLB differed from biochar
derived from biomass materials. A previous study found that the biomass of biochar-
activated carbon showed a narrow monomodal distribution that was centered in the
microporous range. The average pore diameters were between 2.01 nm and 4.15 nm [57].
The pores of biomass-derived biochar originate from the cellular structure of the raw
materials, and manure-based biochar has a more versatile pore structure and thus a wider
pore size distribution. Manure-based biochar has a lower surface area than biomass biochar.
The reason is that the larger pores present in PL biochar produce a small surface area
compared to the smaller pores in biomass biochar [51].

ff

 

Figure 8. Cont.
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Figure 8. Change in macro-pores, mesopores, and micropores in PLB 1, PLB 2, PLB 5, and PLB 6.

4. Conclusions

There is a critical need for more efficient, cost-effective, and sustainable PL conversion
technologies due to nutrient runoff and water pollution in the watershed from excess
direct land application. In this study, a systematic framework was used to evaluate PL
and PLB from a qualitative and quantitative perspective. Proximate and ultimate analyses
were used to identify the fuel property difference between one PS and two PL samples
generated from different farms. This study confirmed morphology and pore structure
were significantly affected by pyrolysis temperature and PL source. In particular, the pore
volume and surface area of PLB increased significantly due to the difference in bulk size
and VM between the PL samples collected from Bethel Farm compared to those collected
from Sun Farm. The addition of PS as a bedding material can potentially generate PLB
with a small number of extractable nutrients (e.g., P, S, K, Ca, etc.). The PL sample from
Sun Farm had a high P level of 178.8% and an N level of 15.0% higher than the suggested
range of P and N in soil. After pyrolysis, the average P and N levels were greatly reduced
from 55.74 ppm to 15.23 ppm and from 69.13 ppm to 3.44 ppm, respectively. This study
also found that PLB from Sun Farm had a higher pH value, which is appropriate for the
acidic soil, and the lower P content mitigates runoff reduction. These test results confirm
hydrolysable organic N decreases with higher pyrolysis temperature and the pyrolysis
process transforms labile P in raw PL into non-labile P in PLB. This study showed the
possibility of N and P nutrient runoff reduction in the watershed by using processed PLB
in the soil instead of direct land application of PL. In a future study, performance of the
produced PLBs as a soil amendment and effects on plant growth will be investigated. A
wide range of feedstocks and bedding materials will also be considered to provide more
comprehensive insights into the variability of PLB properties and qualities. In addition, life
cycle analysis and process optimization should be performed to demonstrate the efficient
poultry litter conversion process and close the loops for the circular economy.
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