Bioenerg. Res. (2016) 9:447–453
DOI 10.1007/s12155-016-9724-4

Kinetics and Energetics of Producing Animal
Manure-Based Biochar
Kyoung S. Ro 1

Published online: 30 March 2016
# Springer Science+Business Media New York (outside the USA) 2016

Abstract Pyrolysis of animal manure produces biochar with
multiple beneficial use potentials for improving soil quality and
the environment. The kinetics and energetics of pyrolysis in
producing manure-based biochar were reviewed and analyzed.
Kinetic analysis of pyrolysis showed that the higher the temperature, the shorter the reaction time was needed for thermal
decomposition and carbonization of animal manure. This kinetic information can assist in producing biochar with a desired
proximate composition. Biochar with lower volatile matter
(VM) content can be produced with either higher pyrolysis
temperature or longer reaction time. Energetically, pyrolysis
of wet manures is not sustainable due to high energy needed
for drying moisture. However, co-pyrolysis with other high
energy density wastes such as agricultural plastic wastes would
produce not only energetically sustainable biochar but surplus
energy as well. This could be used for local power generation.
Keywords Biochar . Animal manure . Pyrolysis . Kinetics .
Energetics

Introduction
Pyrolysis thermochemically decomposes and devolatilizes biomass feedstock to yield a mixture of char, bio-oil, and gases by
heating in the absence of oxygen. The composition of the end
products is dependent on the operating temperature, pressure,
heating rate, reactor medium, feedstock particle size, and
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residence time [1–6]. In this study, we focus on slow pyrolysis
(i.e., reaction time more than 15 min) in producing biochar.
Typical pyrolytic carbonization processes require the raw feedstock biomass to be dry before the biomass decomposes thermally from the added heat, resulting in carbonaceous solids
called biochar and combustible gases. The gas yield from pyrolysis ranges from 13 to 25 % by weight. The gas contains
combustible gases such as H2, CO, CO2, hydrocarbons, and
condensable tar vapors which form a pyrolytic bio-oil. The
bio-oil can be upgraded to transportation fuels by reducing its
oxygen content and acidity with a hydrogenation process.
Biochars are made up of a combination of minerals and
carbon with a significant portion as fixed carbon. Recently,
researchers found that the biochar could improve soil quality
and remove environmental pollutants [7–13]. A range of agricultural and organic materials can be used to generate biochar with different characteristics [14]. Both feedstock characteristics and thermal conditions affect the biochar’s physical
and chemical characteristics [10, 15–18]. Generally, the
higher the pyrolysis temperature, the higher the inorganic nutrient contents will be, except for N [19]. Among the variety of
potential biomass feedstock candidates for producing good
quality biochar, animal manure-based biochar offers many
advantages for farmers. It produces more nutrient-rich biochar
than plant-based biochar and can be easily transported and
stored without nuisance odor and deterioration [3, 8, 16, 20,
21]. Swine manure-based biochar significantly improved soil
fertility. The swine hydrochar made from wet pyrolysis had
the remarkable ability to retain most of environmentally sensitive nutrients within soil matrix, but not in leachates [11].
Chicken litter biochar can also be used as an adsorbent in
removing gaseous ammonia as its sorption capacity is comparable to that of commercial activated carbon and natural zeolite [22]. In addition, the activated carbon produced from pyrolyzing and steam activating broiler litter performed better
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than commercial activated carbon in removing heavy metals
[23]. The production cost of activated carbon from broiler
litter was $1.44 kg−1, which was comparable to that of activated carbon from other renewable biomass sources [24].
Despite these advantages of animal manure-based biochar,
relatively little information is available in the literature about
the kinetics and the magnitude of energy required for carbonizing animal manures. One of the major stumbling blocks for
producing nutrient-rich biochar from animal manure may be
its high energy requirement for drying [4]. Thorough knowledge on the kinetics and the energetics of biochar production
can help us to develop more cost-effective and energetically
sustainable ways of making biochar with desired characteristics. The intention of this study is to investigate the kinetics
and energetics of making biochar from animal manures under
different thermal processing conditions.

cellulose, hemicellulose, lignin, protein, etc., the overall outcome of animal manure pyrolysis is the summation of each
individual pyrolysis reactions. Each component has different
thermal decomposition characteristics. For example, cellulose
has a unique thermal decomposition pattern with a sharp peak
decomposition temperature below which not much cellulose
decomposes, regardless of reaction time. In contrast, the thermal decomposition of animal manures is dependent upon reaction times at ranges of temperatures due to the complex makeup
of animal manures. Therefore, it is assumed that both reaction
time and pyrolysis temperatures influence thermal decomposition beyond temperatures above 423 K.
The optimal termination time or temperature for desired
biochar quality can be estimated by utilizing pyrolysis kinetics
and the feedstock proximate composition. Assuming the onestep global pyrolytic decomposition kinetic model, swine manure thermogravimetric data can be fitted using the wellknown Arrhenius equation (Eq. 1).

Kinetics of Pyrolysis

 . 
dα
A
exp −E RT dT
n ¼
ð1−αÞ
β

The kinetics of the pyrolysis (devolatilization) process are often
investigated through thermogravimetric analyses (TGA) using
He or N2 as a carrier gas. The weight loss profiles of animal
manure solids provide kinetic information about both decomposition temperatures and rates. As an example, the TGA
weight loss profile of swine manure is shown in Fig. 1. The
weight loss pattern appears to proceed in three consecutive
steps. In the first step, the sample is heated to about 523 K
and almost no weight loss occurs. In the second stage, which
takes place from 523 to 723 K, the samples’ volatile matter
(VM) is devolatilzed. This results in the rapid loss of weight.
In the final stage (723 to 1183 K), a slow decomposition takes
place. Here, the remaining sample is carbonized into stable char
consisting of mostly ash and fixed carbon contents. This scenario would be the case if one wants to produce biochar with a
maximum stability. However, a biochar with a volatile component might be desired for certain applications. In such case, the
carbonization process would be conducted at a lower temperature. A shorter carbonization time will also retain volatile components. Since animal manures are a complex mixture of
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Fig. 1 TGA weight loss profile for swine manure sample (Eq. 1 with
E = 92.7 kJ/mol, Log A = 8.0, β =10 K min−1, and n = 3.7 [25])

ð1Þ

where
A
E
R
T
t
n

pre-exponential factor (min−1)
activation energy (kJ mol−1)
gas constant (8.314 J mol−1 k−1)
temperature (K)
time (min)
order of reaction

α¼

mo −mT
¼ fraction of conversion
mo −m f

mo
mT
mf
β

initial dry mass (g)
mass at temperature T (g)
final residual mass, consisting of mostly fixed carbon
and ash (g)
constant heating rate = dT/dt (K min−1).

The fraction of VM conversion α can be calculated as a
function of pyrolysis reaction time at a desired pyrolysis temperature by substituting β = dT/dt into Eq. 1 and integrating it
with a constant T.

 
−E
∝ ¼ 1−exp −A exp
t f or n ¼ 1
ð2aÞ
RT


 1 =
1−n
E
f or n≠1
ð2bÞ
∝ ¼ 1− 1−ð1−nÞA exp −
t
RT
The swine manure weight loss data in Fig. 1 was fitted with
Eq. 1 using literature kinetic parameter values for swine

Bioenerg. Res. (2016) 9:447–453

449

where
Mbc
Mo
fFC(db)
fash(db)

biochar dry mass (kg)
initial feedstock dry mass (kg)
fixed carbon fraction of feedstock, dry wt. basis (−)
ash content of feedstock, dry wt. basis (−).

Table 1

Pyrolysis kinetic parameters for animal manures

Feedstock

n

E (kJ/mol)

Log A (min−1)

References

Swine manure
Chicken litter
Feedlot manure
Dairy manure

3.7–5.0
1
–
2.3–6.4

92.7–160.6
52.1–464
173.5
84.5–93.6

8.0–14.2
3.1–19.5
–
5.9–8.6

[4, 25]
[26–29]
[30]
[31]

1.0

713 K
773 K
873 K

Conversion,

0.8
0.6
0.4

Chicken Litter

0.2
0.0
0

10

20

30

Time (min)
1.0

713 K
773 K
873 K

Conversion,

0.8
0.6
0.4

Swine Manure

0.2
0.0
0

10

20

30

Time (min)
1.0

713 K
773 K
873 K

0.8

Conversion,

manure [25]. Values of various animal manure pyrolysis kinetic parameters from the literature are shown in Table 1. The
kinetic information is useful in estimating the extent of reaction (or the fraction of VM conversion) and eventually designing pyrolysis system such as size, reaction time, and processing flow rate to produce biochar with desired characteristics.
Using Eqs. 2a and 2b along with these kinetic parameters,
the pyrolysis reaction time required for desired conversion and
temperature can be estimated theoretically (Fig. 2). The higher
the pyrolysis temperature, the more conversion was achieved
for all three animal manures. For chicken litter, it took less
than 9 min to achieve 99 % conversion at 873 K. At 774 K,
25 min was required for the same conversion. At 713 K, the
poultry litter only achieved 93 % conversion even after 30 min
of pyrolysis. In contrast, because of their higher reaction orders, the conversions of either swine or dairy manures quickly
increased to more than 60 % in the first few minutes. After the
initial rapid conversions, the conversions of both manures
increased very slowly. At 15 min of reaction time, the conversions at 773 K for chicken litter, swine manure, and dairy
manure were 94, 94, and 92 %, respectively. The extent of
VM conversion during carbonization process influences the
proximate composition of the biochar produced.
The proximate composition of biochar consists of the fractions of moisture, volatile matter (VM), fixed carbon (FC),
and ash contents. Because VM plays an important role on its
stability, soil nitrogen transfer formation, and plant growth
when applied to soil [32, 33], it is desirable if we can produce
biochar with a certain VM content. The kinetic information
can assist in producing biochar with desired biochar yields and
proximate compositions. The biochar yield (Y) along with its
proximate component distribution as a function of pyrolysis
reaction time can be estimated by Eq. 3.

M bc 
Y ¼
¼ 1− f FCðdbÞ −f ashðdbÞ ð1−αÞ
Mo


ð3Þ
þ f FCðdbÞ þ f ashðdbÞ

0.6
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0
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Fig. 2 Fraction of conversion at three different pyrolysis temperatures
[Kinetic parameters used for chicken litter [26], A = 1.76 × 103 min−1,
E = 58.76 kJ mol−1, and n = 1; swine manure [4], A = 1.02 × 108 min−1,
E = 92.7 kJ mol−1, and n = 3.7; dairy manure [31], A = 7.33 × 105 min−1,
E = 84.53 kJ mol−1, and n = 2.33]

The fraction of conversion (α) in Eq. 3 is determined from
Eqs. 2a and 2b at a defined pyrolysis temperature and a reaction time. The first term in Eq. 3 represents the volatile matter
(VM) of dry matter (i.e., 1-fFC(db)-fash(db))(1-α) at various pyrolysis reaction time. At time = 0 (α = 0), the first term becomes VM of feedstock. The second term represents the inert
material, i.e., fixed carbon and ash.
Using Eqs. 2a. 2b, and 3 along with proximate analysis
results of animal manure feedstock, the yield and various fractions of biochar can be estimated. For example, Fig. 3a shows
the yield, volatile matter, fixed carbon, and ash contents of
chicken litter biochar pyrolyzed at 773 K at different reaction
times. The same kinetic parameter values used for Fig. 2 were
used to generate Fig. 3. The chicken litter biochar yield at the
end of 30 min of pyrolysis was 43 %. The volatile matter
fraction decreased to negligible while the fix carbon and ash
fractions increased to 21 and 79 % of dry biochar, respectively. Figure 3c shows the yield also decreased with increase in
pyrolysis temperature until all VM had been devolatilized at
773 K, then stayed at 43 %. The FC and ash contents increased
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Fig. 3 Yields and various fractions of chicken litter and swine manure biochar samples a, b Pyrolyzed at 773 K for different reaction time. c, d Pyrolyzed
for 30 min at different pyrolysis temperature

with pyrolysis temperature up to 773 K, then stayed at 21 and
79 %, respectively. Similar trends were observed for swine
manure pyrolysis (Fig. 3b and d). These analyses demonstrated that the biochar’s volatile fraction decreases with the increase in pyrolysis temperature and reaction time as observed
by other researchers [16].

Energetics of Producing Biochar from Pyrolysis
Another important factor for developing, evaluating, designing carbonization processes is the amount of the total energy
required to convert the raw animal manure feedstock into

Table 2 Proximate compositions
of various animal wastes

biochar (Qinput). This greatly depends on its proximate composition, especially moisture contents, which can vary greatly
from farm and animal. The proximate composition, consisting
of moisture (MC), ash, VM, and FC, of the various animal
wastes is listed in Table 2. Although the moisture contents of
animal manures as excreted have relatively narrow range of 74
to 92 % [34], that of animal manures from different manure
management practices greatly vary from 6 to 98 % as shown
in Table 2. The higher the moisture contents, the more energy
is required to carbonize the animal manure into biochar because of high drying energy requirement.
Qinput includes the energy to dry raw animal manure (Qdry),
sensible heat to raise the temperature of dried manure to a

Manures

VM (Wtdb)c

FC (Wtdb)

Ash (Wtdb)

MCwetd

References

Dairya
Paved feedlotb
Unpaved feedlotb
Poultry litter
Swine
Turkey litter

80.7–83.8
64.6–76.7
33.8
40.3–74.3
68.7–73.6
74.0

4.5
7.9–15.2
7.5
8.8–15.8
5.6
5.7

14.8–16.2
15.4–20.2
58.7
16.9–43.9
20.9–31.3
20.3

54–98
49–86
33
30–65
90–99.6
6–47

[16, 34, 35]
[16, 35, 36]
[34, 35]
[16, 34, 35]
[16, 34, 35]
[16, 36]

a

manure from dairy operations for milk

b

manure from cattle feeding operations for meat

c

Wtdb = % oven-dry (100 °C) weight basis

d

MCwet = % moisture as received
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desired pyrolysis temperature (Qsen), heat of pyrolysis reaction
(Qrxn), and the energy lost to due to imperfect insulation and
heat transfer (Qloss).
Qinput ¼ Qdry þ Qsen þ Qrxn þ Qloss

ð4Þ

where
Qinput
Qdry
Qsen
Qrxn
Qloss

total energy required for carbonization (kJ hr−1)
drying energy (kJ hr−1)
sensible heat required (kJ hr−1)
heat of reaction (kJ hr−1)
heat lost (kJ hr−1).

(0.717 kJ kg−1 K−1) was used for that of FC. An average heat
capacity (2.77 kJ kg−1 K−1) of primary volatile matter (VM
released at relatively lower temperatures) of coal [39] from
450 to 750 K was used for that of VM. An average heat
capacity of coal ash (0.93 kJ kg−1 K−1) from 373 to 773 K
was used for that of ash. Using these values, the sensible heat
requirement to raise the dried biomass to the desired pyrolysis
temperature can then be estimated using Eq. 7.
Z
Qsen ¼

T


md 2:77f VM þ 0:717f
̇

FC


þ 0:93f ash dT ð7Þ

373

where
The drying energy requirement Qdry consists of the
energy to raise both moisture and dry matter mass fractions of the raw biomass feedstock to 100 °C and the
latent heat of vaporization to evaporate moisture. We
assumed complete drying of feedstock when it reaches
100 °C. The drying energy requirement can be calculated as follows:
Z 373
Qdry ¼
C p;feed m dT þ γ w f w m:
ð5Þ
T∞

where
Cp,feed
m:
fw
γw
T∞

specific heat capacity of feedstock (kJ kg−1 K−1)
mass flow rate of as received feedstock (kg hr−1)
initial mass fraction of water, wet basis (−)
latent heat of vaporization of water (2257 kJ kg−1)
ambient temperature (K)

Assuming the heat capacity of initial wet animal manure
(or as received) is the sum of individual heat capacities of
moisture (MC), dry-ash-free matter (daf) and ash, the following equation was used to estimate the heat necessary to dry the
manure feedstock at 100 °C.
C p;feed ¼ f w C w þ f da f C da f þ f ash C ash

ð6Þ

where
fdaf, fash
Cw, Cdaf,
Cash

initial mass fractions of daf and ash, respectively,
wet basis (−)
heat capacity of water, daf, and ash, respectively,
(kJ kg−1 K−1).

The heat capacity of daf was assumed to be the average
heat capacity of cellulose avicel between 40 and 80 °C,
1.39 kJ kg−1 K−1 [37]. An average heat capacity of coal ash
(0.79 kJ kg−1 K−1) from 298 to 373 K [38] was used for Cash in
Eq. 6.
The heat capacity of dried feedstock beyond 373 K was
assumed to be made up of each component according to its
mass fractions, volatile matter (VM), fixed carbon (FC), and
ash contents. The heat capacities of graphite

mass flow rate of dried feedstock (kg hr−1)
mass fractions of FC and VM in dried feedstock,
respectively, (−).

md ̇
fFC,
fVM

The heat of reaction Qrxn is determined by the sum of heat
of formation of reactants and products. For exothermic reactions, Qrxn is negative. If the heating values of the feedstock
and the pyrolysis products are known along with their elemental compositions, the values of heat of formation can be estimated using heats of combustion of C, H, N, and S to CO2,
H2O, NO2, and SO2. However, complete elemental compositions of all end products of pyrolyzing animal manures especially tar vapors and the corresponding heating values are not
available in the literature. Therefore, the heat of reaction of
animal manure pyrolysis was assumed to be similar to that of
cellulosic pyrolysis. The following linear relationship was
established using the heat of cellulosic pyrolysis reaction data
reported in Fig. 19 of [40].
Qrxn ¼ −41:23 Y char þ 702:13

ð8Þ

where
Qrxn
Ychar

heat of pyrolysis reaction (kJ kgdaf−1)
char yield based on dry-ash-free, daf (%)

The dry-ash-free (daf) matter consists of VM and FC.
Based on this equation, the heat of the pyrolysis reaction becomes exothermic for Ychar >17 %. For the swine manure
biochar in Fig. 3, Y is 33 %, but the yield based on daf
(Ychar) is 12 %. The heat of pyrolysis reaction for swine manure is then 207.4 kJ kgdaf−1 according to Eq. 8.
Using the above equations, the total and the individual
components of energy requirements for producing 1 kg of
biochar from pyrolyzing swine manure were calculated.
Various energy requirements for pyrolyzing a swine manure
with 70 % of the dry matter as VM to achieve Ychar = 12%daf
are shown in Fig. 4. Since swine manure gathered by flushing
the stalls contains only about 5 % solids and 95 % water, but
the moisture content can be reduced by subsequent dewatering
process, the energy requirement is shown as a function of
moisture fraction from 70 to 95 % moisture contents. The heat
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Fig. 4 Total and individual components of the energy requirements for
producing 1 kg biochar from swine manure with various moisture
contents

loss was estimated assuming 80 % thermal efficiency in drying and 5 % of sensible heat loss due to imperfect insulation
[3]. Based on these assumptions, the total energy required to
produce 1 kg of biochar from the flushed swine manure was
179 MJ, of which 82 % was used to dry the flushed swine
manure (146 MJ). Both the sensible heat requirement and the
heat of reaction were negligible, 2.6 and 0.5 MJ, respectively.
The heat loss was about 16 % of the total heat requirement
(29 MJ). The total energy requirement would be substantially
reduced if the wet flushed swine manure were to be dewatered
to a solid cake with 25 % solids (31 MJ). Energy requirements
of other animal manures such as dairy manures were omitted
due to space limitation but could easily be calculated with the
same procedure.
In contrast to pyrolysis oil, which needs to be further
upgraded to be useful, pyrolysis gas products are combustible
and can be readily used to sustain pyrolytic carbonization
process. Assuming about 25 % of energy content of raw swine
manure (i.e., 19.5 MJ kg−1 dry matter) converts to combustible gas after pyrolysis [3], the useable energy from the combustible gas would be 9.6 MJ kg −1 biochar. Even with
dewatered swine manure with 75 % MC, the energy from
the pyrolysis gas would not be enough to sustain pyrolytic
carbonization process and would need additional energy of
21 MJ to produce 1 kg biochar. One can utilize produced
biochar to provide additional energy needed for pyrolysis.
However, utilizing biochar as an energy source will not be
profitable as the biochar price is very high compared to energy
costs. For example, the price of coal is only about $50/t while
that of biochar ranging from $82 to 4590/t [41]. The gaseous
energy production can be increased by mixing with highenergy density feedstocks such as agricultural waste plastics.
Ro et al. (2014) reported that only about 20 % (w/w) plastic
mulch waste (HHV = 39.7 MJ kg−1 dry matter) mixed with the
flushed swine manure with 97 % MC produced enough energy from its pyrolysis gas to offset the energy requirement in
producing 1 kg of biochar [4]. By adding more plastic wastes
to the swine manure in the pyrolysis process, surplus energy
would be generated, which could be used for local power
generation. Although the biochars produced from pyrolyzing

The kinetics and energetics of producing animal manurebased biochar were reviewed and analyzed. Kinetic analysis
of animal manure pyrolysis showed that most of the raw manures were devolatilized after 15 min of pyrolysis reaction at
873 K. Increase in pyrolysis temperature or reaction decreases
the yield and VM content of biochar. Pyrolysis kinetic information can be used to produce biochar with desired proximate
composition. Pyrolysis of wet swine manure even after
dewatering was not energetically sustainable due to very high
drying energy required. However, co-pyrolyzing with highenergy content feedstocks such as plastic mulch waste produced enough energy in the form of combustible gas that it
would not only produce energetically sustainable biochar but
surplus energy as well. That surplus energy could be used for
local power generation.

Acknowledgments The author would like to acknowledge the technical and editorial support provided by Dr. Judy A Libra of Leibniz Institute
for Agricultural Engineering (ATB), Potsdam-Bornim, Germany. This
research is part of the USDA-ARS National Program 214 Agricultural
and Industrial Byproduct Utilization. Mention of trade names or commercial products is solely for the purpose of providing specific information
and does not imply recommendation or endorsement by the US
Department of Agriculture.

References
1.
2.

3.

4.

5.

6.

Bridgewater AV (2003) Renewable fuels and chemicals by thermal
processing of biomass. Chem Eng J 91(2–3):87–102
Peterson AA, Vogel F, Lachance RP, Froling M, Antal MJ Jr, Tester
JW (2008) Thermochemical biofuel production in hydrothermal
media: a review of sub- and supercritical water technologies.
Energy Environ Sci 1:32–65
Ro KS, Cantrell KB, Hunt PG (2010) High-temperature pyrolysis
of blended animal manures for producing renewable energy and
value-added biochar. Ind Eng Chem Res 49:10125–10131
Ro KS, Hunt PG, Jackson MA, Compton DL, Yates SR, Cantrell K,
Chang SC (2014) Co-pyrolysis of swine manure with agricultural
plastic waste: laboratory-scale study. Waste Manag 34:1520–1528
Libra JA, Ro KS, Kammann C, Funke A, Berge ND, Neubauer Y,
Titirici MM, Fuhner C, Bens O, Kern J, Emmerich K-H (2011)
Hydrothermal carbonization of biomass residuals: a comparative
review of the chemistry, processes and applications of wet and
dry pyrolysis. Biofuels 2(1):71–106
Boateng AA, Jung HG, Adler PR (2006) Pyrolysis of energy crops
including alfalfa stems, reed canarygrass, and eastern gamagrass.
Fuel 85:2450–2457

Bioenerg. Res. (2016) 9:447–453
7.

8.

9.
10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

Abel S, Peters A, Trinks S, Schonsky H, Facklam M, Wessolek G
(2013) Impact of biochar and hydrochar addition on water retention
and water repellency of sandy soil. Geoderma 202–203:183–191
Gaskin JW, Steiner C, Harris K, Das KC, Bibens B (2008) Effect of
low-temperature pyrolysis conditions on biochar for agricultural
use. Trans ASABE 51(6):2061–2069
Lehmann JA (2007) A handful of carbon. Nature 447(7141):143–
144
Novak JM, Spokas KA, Cantrell K, Ro KS, Watts DW, Glaz B,
Busscher WJ, Hunt PG (2014) Effects of biochars and hydrochars
produced from lignocellulosic and animal manure on fertility of a
Mollisol and Entisol. Soil Use Manag 30:175–181
Ro KS, Novak JM, Johnson MG, Szogi AA, Libra JA, Spokas KA,
Bae S (2016) Leachate water quality of soils amended with different
swine manure-based amendements. Chemosphere 142:92–99. doi:
10.1016/j.chemosphere.2015.05.023
Sun K, Gao B, Ro KS, Novak JM, Wang Z, Herbert S, Xing B
(2012) Assessment of herbicide sorption by biochars and organic
matter associated with soil and sediment. Environ Pollut 163:167–
173
Sun K, Ro KS, Guo M, Novak JM, Mashayekhi H, Xing B (2011)
Sorption of bisphenol A, 17a-ethinyl estradiol and phenanthrene on
thermally and hydrothermally produced biochars. Bioresour
Technol 102:5757–5763
Spokas KA, Novak JM, Stewart CE, Cantrell K, Uchimiya M,
DiSaire MG, Ro KS (2011) Qualitative analysis of volatile organic
compounds on biochar. Chemosphere 85:869–882
Antal MJ Jr, Gronli M (2003) The art, science, and technology of
charcoal production. Ind Eng Chem Res 42:1619–1640
Cantrell K, Hunt PG, Uchimiya M, Novak JM, Ro KS (2012)
Impact of pyrolysis temperature and manure source on physicochemical characteristics of biochar. Bioresour Technol 107:419–
428
Cao X, Ro KS, Chappell M, Li Y, Mao J (2011) Chemical structures
of swine-manure chars produced under different carbonization conditions investigated by advanced solid-state 13C nuclear magnetic
resonance (NMR) spectroscopy. Energy Fuels 25:388–397
Singh K, Risse M, Worley J, Das KC, Thompson S (2007) Adding
value to poulty litter using fractionation, pyrolysis, and pelleting.
ASABE Paper 074064
Novak JM, Cantrell KB, Watts DW (2012) Compositional and
thermal evaluation of lignocellulosic and poultry litter chars via
high and low temperature pyrolysis. Bioenerg Res 6:114–130
Chan KY, Van Zwietern L, Meszaros I, Downie A, Joseph S (2008)
Using poultry litter biochars as soil amendments. Austr J Soil Res
46(5):437–444
Sheth AC, Bagchi B (2005) Investigation of nitrogen-bearing species in catalytic steam gasification of poultry litter. J Air & Wastes
Management Assoc 55:619–628
Ro KS, Lima IM, Reddy GB, Jackson MA, Gao B (2015)
Removing gaseous NH3 using biochar as an adsorbent.
Agriculture 5:991–1002
Lima IM, Marshall WE (2005) Granular activated carbons from
broiler manure: physical, chemical and adsorptive properties.
Bioresour Technol 96:699–706

453
24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Lima IM, McAloon A, Boateng AA (2008) Activated carbon from
broiler litter: process description and cost of produciton. Biomass
Bioenergy 32:568–572
Ro KS, Cantrell KB, Hunt PG, Ducey TF, Vanotti MB, Szogi AA
(2009) Thermochemical conversion of livestock wastes: carbonization of swine solids. Bioresour Technol 100:5466–5471
Kirubakaran V, Sivaramakrishnan V, Premalatha M, Subramanian P
(2007) Kinetics of auto-gasification of poultry litter. Int J Green
Energy 4:519–534
Whitely N, Ozao R, Artiga R, Cao Y, Pan WP (2006) Multiutilization of chicken litter as biomass source. Part 1.
Combustion. Energy Fuels 20:2660–2665
Kim S-S, Agblevor FA (2007) Pyrolysis characteristics and kinetics
of chicken litter. Waste Manag 27:135–140
Whitely N, Ozao R, Cao Y, Pan WP (2006) Multi-utilization of
chicken litter as a biomass source Part II. Pyrolysis. Energy Fuels
20(6):2666–2671
Raman R, Walawender WP, Fan LT, Howell JA (1981)
Devolatilization studies on feedlot manure. Ind Eng Chem
Process Des Dev 20:630–636
Wu H, Hanna MA, Jones DD (2012) Thermogravimetric characterization of dairy manure as pyrolysis and combustion feedstocks.
Waste Manag Res 30(10):1066–1071
Deenik JL, McClellan T, Uehara G, Antal MJ Jr, Campbell S (2010)
Charcoal volatile matter content influences plant growth and soil
nitrogen transformations. Soil Sci Soc Am J 74(4):1259–1270
Enders A, Hanley K, Whitman T, Joseph S, Lehmann J (2012)
Characterization of biochars to evaluate recalcitrance and agronomic performance. Bioresour Technol 114:644–653
NRCS (2009) part 651 - Agricutlrual Waste Management Field
Handbook. USDA. http://directives.sc.egov.usda.gov/viewerFS.
aspx?hid=21430. Accessed 9/25 2015
Cantrell KB, Ro KS, Mahajan D, Anjom M, Hunt PG (2007) Role
of thermochemical conversion in livestock waste-to-energy treatments: obstacles and opportunities. Ind Eng Chem Res 46:8918–
8927
NCSU (1994) Animal and poultry manure production and characterization. http://www.bae.ncsu.edu/topic/animal-waste-mgmt/
program/land-ap/barker/a&pmp&c/content.htm. Accessed 9/25
2015
Dupont C, Chiria R, Gauthier G, Toche F (2014) Heat capacity
measurements of various biomass types and pyrolysis residues.
Fuel 115:644–651
Eisermann W, Johnson P, Conger WL (1980) Estimating thermodynamic properties of coal, char, tar, and ash. Fuel Process Technol
3:39–53
Dahlquist E (2013) Technologies for converting biomass to useful
energy: combustion, gasification, pyrolysis, torrefaction and fermentation, Sustainable energy developments. CRC Press, Boca
Mok WS-L, ANtal MJ Jr (1983) Effects of pressure on biomass
pyrolysis. II. Heats of reactions of cellulose pyrolysis. Thermochim
Acta 68:165–186
Jirka S, Tomlinson T (2014) 2013 State of the biochar industry a
survey of commercial activity in the biochar field.

