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Abstract Inorganic elements in biomass feedstocks can
influence thermochemical reactions as well as the resultant
char’s elemental, compositional, and thermal characteristics.
Chars were produced using slow pyrolysis under low
(≤400°C) and high (≥500°C) temperature regimes from
sugarcane bagasse, peanut hulls, pecan shell, pine chips,
poultry litter, and switchgrass. The chars and raw feedstocks
were characterized for their elemental, structural, and ther-
mal properties to ascertain the implications of feedstock
selection and pyrolysis temperatures on these properties.
Char mass yields from the six feedstocks ranged between
28% and 78% by weight while carbon yields ranged
between 44% and 89%. In both instances, lower yields were
obtained with increasing pyrolysis temperature. Higher
pyrolysis temperatures (≥500°C) resulted in more neutral
to alkaline chars possessing greater ash contents and
increased aromatic character with narrow O/C and H/C
ratios. A significant exponential curve response (r200.87,
P<0.001) was revealed between char mass yields vs. pyrol-
ysis temperature. All raw feedstocks and chars contained
mixed amounts of macro-, micro-, and trace element con-
centrations. The higher heating values (HHV) tended to
increase with heightened pyrolysis temperature with some
chars producing >30 MJ kg−1. The chars’ HHV values
inversely correlated to their total ash and Cl content. Ligno-
celluloses chars had better thermal characteristics and lower
ash quality concerns implying suitable service in thermal

energy production. In contrast, poultry litter char had greater
ash contents, medium HHV values, and contained corrosive
inorganic elements, which rendered it problematic as a feed-
stock for thermal energy generation.
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Abbreviations
BG Bagasse
DTA Differential thermal analysis
FC Fixed carbon
HHV Higher heating value
NMR Nuclear magnetic resonance
PC Pine chip
PH Peanut hull
PL Poultry litter
PS Pecan shell
SW Switchgrass
TGA Thermal gravimetric analyzer
TG Thermogravimetry
VM Volatile matter

Introduction

Both lignocellulosic and poultry litter feedstocks have
undergone extensive bioenergy production evaluations
using thermochemical conversion platforms such as co-
firing, gasification, and both slow and fast pyrolysis to
produce fuel products in gas, liquid, and solid fuel phases
[1–5]. Among these thermochemical conversion platforms,
pyrolysis is regarded as an effective method of processing
biomass to produce a combination of char, non-condensable
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gases, and hydrocarbon-rich bio-oil [6]. Slow pyrolysis
involves carbonizing the feedstock under a very low oxygen
atmosphere using temperatures between 300 and 700°C, and
heating ramps of 1 to 20°C min−1 lasting for a few hours to a
few days [7]. In contrast, fast pyrolysis employs rapid expo-
sure (1 to 5 s) of the feedstock to heat at temperatures
between 350 and 600°C [8]. Portions of the volatiles emitted
during both processes are later re-condensed downstream
into bio-oil, while the solid residue is called char.

Chars produced from thermochemical processes can find
utility as a substitute fuel for heat production [2, 9] or as a
soil amendment [10–12]. Chars made from lignocellulosic
and animal litter feedstocks will contain organic-C substan-
ces, but will also contain inorganic elements such as N, P,
Cl, Na, Si, S, and K. Their concentrations in chars will vary
due to differences in crop nutrient uptake [13], fortification
levels in animal feed [14], and by chemicals added to live-
stock bedding material [15]. In addition, differences in
char’s elemental composition are linked to pyrolysis temper-
ature variations employed during thermal conversion
[15–18].

The presence of certain inorganic elements is deemed an
obstacle for char’s use as an efficient fuel source [3, 4].
Reports in the literature reveal that K, Na, Cl, and SO4

in chars cause corrosion, fouling, deposition, slagging,
sintering, and agglomeration reactions in downstream
processing equipment during pyrolysis [19] as well as
influencing yields of both volatile compounds [20, 21]
and char [22, 23]. To minimize opportunities for these
reactions to occur, it is important to utilize the appro-
priate feedstock and temperature during pyrolysis. In
turn, the thermal production system can run more effi-
ciently since the technical difficulties associated with
certain elements can be adroitly avoided.

Feedstock selection and thermal processing conditions
could be important decisions for the nascent biofuel industry
in the Southeastern USA where biomass sources are abun-
dant. The Southeastern USA has one of the highest national
rates of net primary biomass productivity [24]; in turn, it is
viewed as capable of supplying the majority (50%) of
grasses, herbaceous crops, and forest feedstocks for the
entire USA biofuel production [25]. Moreover, the animal
production industry in four southeastern states (i.e., AL,
GA, NC, and SC) is quite large; thus, collective manure
production in these states is large with over 73 million Mg
as excreted per year [26]. However, there is limited infor-
mation on the impact of pyrolysis temperatures on char’s
compositional quality and thermal energy characteristics
made from feedstocks common to the Southeastern USA.
We hypothesize that the chemical composition of lignocel-
lulosic and poultry litter feedstock will influence the pyro-
lytic efficiency of bioenergy generation and the char’s
chemical characteristics. The objectives of this research are

to produce chars by pyrolyzing lignocellulosic and poultry
litter feedstocks under high and low temperature regimes
and to examine their impact on char yield and their elemen-
tal, structural, and thermal characteristics.

Materials and Methods

Feedstock Selection

All of the feedstocks processed as part of this study are
representative for the available feedstocks in the Southeast-
ern United States and were collected and processed in a
manner that is consistent with what would be envisioned
for a large-scale pyrolysis operation. Several USDA–ARS
and university teams were involved in a multi-location study
to process feedstocks grown or obtained from operations in
the Southeastern USA into chars to examine their quality
[12]. In turn, the chars used in this study were produced at
five facilities: peanut hull (PH) char at the University of
Georgia; poultry litter (PL) char at the USDA–ARS South-
ern Regional Research Center, New Orleans, Louisiana;
pecan shell (PS) and switchgrass (SW) chars at North Car-
olina Agricultural and Technical State University; and sug-
arcane bagasse (BG) and pine chip (PC) char at the USDA–
ARS Coastal Plain Research Center, Florence, South
Carolina (Table 1).

Pyrolysis of Feedstocks

All feedstocks required considerable processing before
pyrolysis including air-drying, grinding, and sieving to pass
a 6-mm sieve. These feedstocks were pyrolyzed either in a
low (≤400°C) or a high (≥500°C) temperature regime to
yield different structural and surface characteristics using
procedures previously described [12, 17, 27–29].

To carbonize the feedstocks using the box furnace-retort
system (Table 1), between 0.5 and 1.5 kg of ground material
was loaded onto a stainless steel tray or into a crucible and
placed into a gas tight retort (Lindberg/MPH, Riverside, MI)
for 1 to 2 h under a stream of N2 gas at the desired pyrolytic
temperature. Char made from SW at the lower pyrolysis
temperature regime (in this case 250°C) was carbonized
using an 8-h residence time to ensure devolatilization of
compounds and parent carbon conversion into char. This
lower temperature provided a torrified-like product expected
to contain semi-degraded cellulose and hemi-cellulose com-
pounds, since 300 to 400°C was the critical temperature for
their structural breakdown [6]. Torrefaction is a similar
pyrolytic process performed on feedstocks, except it is con-
ducted under a milder (200 to 300°C) temperature regime
[30]. This process was established in the forestry industry
for densification of woody biomass to reduce transportation
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costs [31]. The torrified product was a material with a larger
heating value than the original feedstock that was suitable
for coal-blending and subsequent co-combustion [32–34].
In spite of the classification differences, we chose this lower
temperature threshold to have a different char-like material.
Its inclusion in our study, therefore, allowed for comparison
of materials obtained under a wide range of pyrolytic con-
ditions. As indicated in Table 1, char from PH was produced
using a heated rotary drum also employing a 1- to 2-h
residence time [17]. The rotary drum was filled with several
hundred kilograms of dry PH that was then carbonized into
char. After removal, the char mass yield (wt.% dry basis, db)
was calculated as a percentage ratio of the mass of raw
feedstock input (db) and char mass output (char mass db/
feedstock mass db). Afterwards, all chars were ground to
pass a 0.25-mm sieve and stored in a dessicator to minimize
adsorbed water surface effects.

Feedstock and Char Characterization

All raw feedstocks and char samples were characterized for
pH, HHV, ultimate, proximate, and total elemental compo-
sition. The pH was determined using a 1:2 ratio of char to di.
H2O (wt v−1) as described [12]. Proximate, ultimate, and
HHV analyses were performed by Hazen Research Inc.
(Golden, CO, USA) following ASTM D 3172, 3176, and
5865, respectively [35]. Proximate analyses provided a sam-
ple’s moisture, ash, volatile matter (VM), and fixed carbon
(FC) content. Meanwhile, the ultimate analysis for a bio-
mass sample determined the C, N, H, S, and O (by

difference) content. The char C recovery on a dry, ash-free
basis (daf) was calculated by a percentage ratio of C mass
output and char C mass input. The chars C, H, and O
contents were used to determine molar ratios, thus providing
a gross structural change evaluation between raw feedstock
and chars across pyrolysis temperature regimes.

The elemental composition of the raw feedstock and chars
were categorized as macro (g kg−1), micro (mg kg−1) based on
their concentration differences, and trace elements listed under
Title 40, Part 503, Code of Federal Regulations [36] to deter-
mine pollutant concentration. While only one replicate was
ran on the raw feedstock, triplicate samples of each char on an
oven dry basis were digested using EPA 3052 microwave-
assisted acid digestion method [37]. The digestions were
analyzed using an inductively coupled plasma spectrometer
as outlined [12] with the constituents sorted into macro: Al,
Ca, Fe, K, Mg, Na, Si, and P; micro: B, Cl, Co, Cu, Mn, Se,
Sn, V, and Zn; and a trace element category: Ag, As, Cd, Cr,
Ni, and Pb. Total Si in a single sample of each char was
determined using ASTM D 2795-86 [35] by initially fusing
it with NaHO2 in a Zr crucible, followed by dissolution in
dilute HCl. The prepared liquid sample was then analyzed for
total Si using a Perkin-Elmer AAnalyst 300 atomic absorption
spectrophotometer (Perkin Elmer, Waltham,MA, USA). Total
Cl concentrations in each char were determined using ASTM
D 2361 [35]. The sample was combusted in an oxygen bomb
containing 1 M NaOH. After cooling, the resultant solution
containing NaCl was acidified with HNO3 and then titrated
with AgNO3 using a Mettler DL 21 autotitrator (Mettler-
Toledo, Columbus, OH, USA).

Table 1 Description of feedstocks and pyrolysis conditions

Feedstock Collection location Pyrolysis (°C) Furnace Residence time (h)a Method reference

Bagasse (hybrid Saccharum spp.) Canal Pt., FL 0 Lindberg electric
box with retort

0 [27]
350 2

500 2

Peanut hull (Archis hypogaea) Tifton, GA 0 Heated rotary drum 0 [18]
400 1 to 2

500 1 to 2

Pecan shell (Carya illinoensis) Lumberton, NC 0 Lindberg electric
box with retort

0 [15]
350 1 to 2

700 1 to 2

Pine chip (Pinus taeda) Cordesville, SC 0 Lindberg electric
box with retort

0 [27]
350 2

500 2

Poultry litter (Gallus domesticus) Starkville, MS 0 Lindberg electric
bench with retort

0 [28]
350 1 to 2

700 1 to 2

Switchgrass (Panicum virgatum) Darlington, SC 0 Lindberg electric
box with retort

0 [29]
250 8

500 1 to 2

a Residence time that feedstock was pyrolyzed in furnace at maximum desired pyrolysis temperature
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For each char, a finer-scale assessment of functional
group diversity and core-structural characteristics were gath-
ered using 13C nuclear magnetic resonance spectroscopy
(NMR) using a Bruker DSX-300 NMR spectrometer (Karls-
ruhe, Germany) operated at a 13C frequency of 75.5 Mhz.
Operating conditions, spectral fine tuning, and spectral
interpretation were described [38]. The spectral area for
each char was thus divided into aliphatic-C (0–163 ppm),
aromatic-C (163–190 ppm), and carboxylic-C (190–
220 ppm). The 13C NMR spectra of the PL char at 700°C
had a poor signal-to-noise ratio due to resonance interfer-
ences caused by ferro-magnetic species; thus, no spectrum
was recorded.

The oxidative degradation (combustion) properties for
each raw feedstock and char samples were analyzed in
duplicate using a thermogravimetric (TG) analyzer (TGA/
DSC1; Mettler Toledo International, Inc., Columbus, OH,
USA) operating under a three-point calibration using In, Al,
and Au as standards. All samples were placed in a 70-μL
aluminum oxide crucible and dried as described [39] to
allow for results assessed on a dry-weight basis. These
samples were then heated under a constant 10°C min−1

temperature ramp from 40 to 950°C. Here, the mass loss
and temperature changes (differential thermal analysis,
DTA) of the samples were simultaneously recorded while
being oxidized under 60 mL min−1 flow of zero-grade air.
All DTA curves accounted for instrumental effects using
version 9.10 of STARe software (Mettler Toledo Interna-
tional, Inc., Columbus, OH). Enthalpy changes during com-
bustion (ΔH) were calculated by integration of the area
below the DTA curve between desired temperatures using
the STARe software.

Characteristic zones and temperatures defined on the TG,
DTA, and DTG (rate of mass loss; derivative of TG) curves
were based on [40–42]: T25% and T97.5% temperature asso-
ciated with 2.5% and 97.5% of the total weight loss, respec-
tively; Ti and DTGi, temperature and rate of mass loss
associated with maximum rate of mass loss during active
(volatile) combustion zone (i0V) and char combustion zone
(i0C). The onset temperature of combustion, Tonset, was
defined as the temperature associated with the intersection
of lines tangent to the (1) baseline and (2) initial slope of the
first DTA curve passing through the first maxima. The
temperature and change in temperature for the maximum
DTA peak during volatile (subscript i0V) and char (sub-
script i0C) combustion zones on the DTA curve was repre-
sented as TiMax and ΔTiMax, respectively. The final
characteristic temperature was TEndset representing the tem-
perature associated with the intersection of lines tangent to
the ending baseline and slope of the final DTA curve pass-
ing through the maxima.

Combustion reaction kinetic parameters were determined
from the TGA data based on the following rate expression

(Eq. 1) where the rate constant (k) changed with absolute
temperature (T) according to the Arrhenius equation (Eq. 2):

dX

dt

� �
¼ �k X n ð1Þ

k ¼ A exp
�Ea

RT

� �
ð2Þ

here X is the weight of sample undergoing the reaction; n is
the order of the reaction; A is the pre-exponential factor; Ea

is the energy of activation; R is the universal gas constant
(8.314 J mol−1 K−1). Presented in a linearized form [43],
Eqs. 1 and 2 become

ln � �1

Xo � Xf

� �
dX

dt

� �� �
¼ lnðAÞ � Ea

RT

� �
þ n

� ln X � Xf

Xo � Xf

� �� �
ð3Þ

Where Xo is the initial weight of the sample and Xf is the
weight of the residue. The values of A, Ea, and n were
determined from the TGA curves using least sum of squares.

Statistics

The impact of pyrolysis temperature on char recovery was
examined by collectively (n012) plotting pyrolysis temper-
ature vs. char yields on both a mass (wt.%db) and a C basis
(wt.%daf). The plots were then evaluated using both simple
linear and polynomial regression (exponential decay) mod-
els to ascertain the best predictive fit between these varia-
bles. The best fit model was selected based on the highest r2

value and the most significant P value obtained.
Two approaches were used to examine the influence of

the char’s elemental composition on yields. In the first, the
total ash concentration expressed as a wt.%db in each of the
12 chars were compared to the char yields expressed on a
mass and C basis using a Pearson Product Moment correla-
tion analysis. Secondly, the test procedure was repeated
except the wt.%db of individual inorganic elements (e.g.,
Ca, Si, Cl, etc.) in the 12 chars were correlated against yields
expressed on both a mass and C basis.

To test if pyrolysis temperature regime had a significant
effect on macro-, micro- and trace element concentrations in
each char, their mean concentrations (n03) were compared
by temperature (high vs. low °C) per feedstock using a one-
way ANOVA at a P00.05 level of significance.

A Pearson Product Moment correlation test was initially
used to determine if the chars’ HHV measurements were
dependent on their total ash content and the concentration of
individual elements. Next, significant variables, as identi-
fied in the Pearson Product Moment correlation test, were
further used in both linear and polynomial regression
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models to refine char thermal relationships with their ash
contents and the individual elemental contents.

Energy contents of the raw feedstocks and chars were
tested for significant differences and if their HHV and ΔH
were temperature regime dependent using a one-way
ANOVA. Correlations were also used to examine relation-
ships between proximate concentrations in each char and
raw feedstock with results obtained from TG and DTA
analyses. All statistical tests were performed using either
SigmaStat v. 3.5 software (SSPS Corp., Chicago, IL, USA)
or version 9.2 of Statistical Analysis Systems (SAS Institute
Inc., Cary, NC, USA).

Results and Discussion

Char Yields

Char yields express on a mass and C basis were higher for
all feedstocks using the lower pyrolysis temperature regime
(Fig. 1a, b). Pooling char mass yields across these feed-
stocks (n06) showed that the mean yield was 51.3%
(SD014.9) using the lower pyrolysis temperature com-
pared to a mean yield of 31.7% (SD03.3) at the higher
temperature. Similarly, char yields on a C basis were
higher (mean 67.6%, SD011.7) using the lower pyrolysis
temperature regime compared to the higher temperature
(mean 51.6%, SD04.1). This was not unexpected
because pyrolysis at higher temperature using lignocellu-
losic materials [6, 44, 45] or animal manure [46, 47] as
feedstocks undergo a series of physically and chemically
destructive reactions during carbonization. Our char mass
yield percentages, after comparing to other studies
employing similar feedstocks and operating conditions,
were comparable to char mass yields from PL, PH, and
PC feedstocks [17], for nut shell feedstock [45], and
from grasses and BG [2, 48].

In this study, the highest char mass yield was almost 80%
from SW at 250°C, whereas the lowest yield was
obtained from BG pyrolyzed at 500°C (Fig. 1a). Pyrol-
ysis of the other four feedstocks, in comparison, had
char mass yields that ranged between 30%db and almost
60%db (Fig. 1a). Char % yields expressed on a C basis
(Fig. 1b) were slightly higher, but the same temperature
trends occurred. When expressed on a mass or a C yield
basis, the most char was recovered by carbonizing SW
at 250°C. This lower temperature regime resulted in less
dehydration and losses of VM relative to SW char made
at the higher temperature (Table 2).

To establish predictable trends of char yields with pyrol-
ysis temperature, both linear and polynomial regression
analyses were used to obtain the best predictive model fit.
There was a significant (P00.002–0.009), but poor regression

fit (r200.51–0.63) when ascribing a general linear model to
plots of char yield expressed on a %db mass or C basis vs.
pyrolysis temperature (plot not shown). Further analyses using
a polynomial model (exponential decay), in contrast, revealed
a significant curve linear response between variables that
predicted both char yields reasonably well (Fig. 1a–b,
r200 0.87–0.89 and P<0.001). For the six feedstocks
used in this study, this implied that both char yields had
a curve linear dependence on pyrolysis temperature. Yan
et al. [49] also reported an exponential relationship
between char yield obtained from southern pine and pyrolysis
temperature. This significant relationship allows for selection
of an appropriate pyrolysis temperature to obtain a predictable
yield. Using this relationship, for example, shows that if
higher char mass yields are sought, then the choice feedstock
should be pyrolyzed using the lower temperature regime (250
to 400°C). This finding was similar to Demirbas [16] who
reported that pyrolysis temperature during carbonization of
agricultural residues significantly influenced their yields.

Raw Feedstock and Char Compositional Characteristics

Chemical Properties

For the six feedstocks, increasing the pyrolysis temperature
to ≥500°C resulted in chars having alkaline pHs and greater
ash contents (Table 2). In fact, the pH values in most of the
chars obtained using the higher temperature regime were
between 9 and 10. The exceptions were for BG and PC 500°C
chars with a pH of 6.7 (Table 2). The ash contents were lowest
in chars made from pine chips (<25 gkg−1), with chars pro-
duced fromBG, PH, PS, and SW showing relatively moderate
levels (<100 gkg−1), while the greatest ash content occurred in
the 700°C PL char (<525 gkg−1). The VM and FC contents of
the chars behaved inversely with respect to one another with
increasing pyrolysis temperature: increases in pyrolytic tem-
perature caused decreases in VM and increases in FC. Volatile
matter is easily removed in pyrolysis and combustion pro-
cesses. However, the energy density of VM may not be as
great as that of FC. As demonstrated by Bridgeman et al. [42],
increases in FC directly correlated to increases in over-
all ΔH (from DTA analysis). In this study, correlations
for calculating HHV from the proximate analysis of
biomass, including chars, lend FC values to be twice
the weight of HHV as compared to VM [50]. Thus, the
greater the FC content, one would expect a more energy
dense fuel source.

The composition of the raw feedstocks contained a range
of C, H, O, N, and S concentrations and was provided for
baseline comparisons with corresponding elements in each
char (Table 2). Inspecting the magnitude of these elements
in the raw feedstocks showed, in general, that they were
lower than their char equivalents. After raw feedstock
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pyrolysis, however, some elements in char will be concen-
trated due to loss of VM, while some elements will experi-
ence concentration declines. This was apparent when
inspecting the chars’ C contents, which in general were
concentrated, while the H and O contents both decreased
with increasing temperature. The C content during carbon-
izing raw PS feedstock into char, for example, increased
from 516 to 912 gkg−1 by raising the pyrolysis temperature.
The one exception, however, was the C content in the raw
PL feedstock and both chars that changed slightly (362 vs.
440 gkg−1). Compared to the raw feedstocks, all chars
experienced declines in their H and O concentration because
of carbonization and dehydration reactions during pyrolysis.

The N contents in the chars varied greatly (Table 2).
Among the feedstocks, chars made from PC and PS both
had the lowest N contents (<5 gkg−1). Meanwhile, PL char
contained the greatest N and S amounts among the chars,
probably as a result of the litter containing uric acid and
undigested proteins [51] and being treated with a sodium-
bisulfate (NaHSO4) amendment to minimize NH3 volatili-
zation [15]. The high S contents in the PL feedstock and
char is a concern because S can accentuate thermal fouling
issues in downstream equipment. It would be prudent to
discern if poultry litter is treated with S-containing
amendments before its consideration as a feedstock for
pyrolysis.
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Fig. 1 Curve linear
relationship between pyrolysis
temperature and char yields on
a mass (a) and a C (b) basis
where sugarcane bagasse (BG),
peanut hull (PH), pecan shell
(PS), pine chips (PC), poultry
litter (PL), and switchgrass
(SW) feedstocks (pyrolysis
temperature in degrees Celsius
expressed after feedstock
abbreviation)

Table 2 Chemical properties of raw feedstocks and biochars (n01, dry basis, VM volatile material, FC fixed C)a

Feedstock Pyrolysis pH Ash VM FC C H Ob N S
(°C) g kg−1

Bagasse 0 5.3 54 847 99 481 55 406 3.6 0.4

350 5.5 38 406 556 752 46 158 6.6 0.6

500 6.7 44 346 610 854 33 61 7.9 0.6

Peanut hull 0 5.4 33 781 186 507 61 381 17 0.9

400 7.9 82 384 534 748 45 97 27 0.9

500 9.9 93 181 726 818 29 33 27 1.0

Pecan shell 0 4.8 16 785 199 516 57 410 3.0 0.2

350 4.6 24 616 360 645 53 28 3.0 0.1

700 9.1 52 97 851 912 15 16 2.6 0.1

Pine chip 0 3.9 8 835 157 530 59 401 2.3 <0.1

350 4.4 15 464 521 747 50 184 4.5 0.1

500 6.7 23 473 504 872 36 65 4.3 0.1

Poultry litter 0 8.4 244 678 78 362 48 244 41 3.2

350 7.7 359 363 278 461 37 86 50 7.8

700 9.6 524 141 335 440 2.5 0.1 28 8.8

Switchgrass 0 5.8 22 848 130 483 62 427 5.1 0.5

250 6.4 26 767 207 553 60 356 4.3 0.5

500 9.2 78 134 788 844 24 43 10.7 0.6

a Portions of these results were previously published in [15]
b Calculated according to ASTM D 3176 as 100 minus the sum (C-H-N-S-ash)
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Char Molar Ratios and Structural Composition

It is beneficial to characterize the structural make-up of
chars because the content of aromatic and O-containing
polysaccharides can influence (1) its reactivity during ther-
mal processing [49, 52] and (2) its ability to act as an
effective soil C sequestration agent by resisting microbial
oxidation [46, 53]. Moreover, assessment of the quality/
quantity of structural and O-, H-containing functional
groups in chars prepared under specific conditions allows
for the refinement of biomass conversion technologies to
obtain more thermally reactive chars. Therefore, each char’s
gross and fine-scale structural changes were investigated as
a function of pyrolytic temperature regimes. As shown in
Fig. 2, the widest O/C and H/C molar ratio differences
occurred in the SW char processed at 250°C, which was
consistent with the minimal loss of O and H (Table 2). For
all other chars, however, a striking narrowing in these ratios
occurred with increasing pyrolysis temperature. Chars pro-
cessed under increasing pyrolysis temperature from 250 to
700°C resulted in an O/C and H/C molar ratio decline,
respectively from 0.3 and 1.0 (PS at 350°C) to between
0.01 and 0.1 (PL at 700°C). The diminishing O/C and H/C
ratios for all chars were consistent with previous chemical
results showing loss of H and O (Table 2) and lower char
yields (Fig. 1) with increasing pyrolysis temperature.

The %C distribution among the three structural groups
for the 12 chars were plotted in a ternary diagram (Fig. 3).
The diagram shows conspicuous modifications in structural
characteristics as a function of pyrolytic temperature regime.
For example, pyrolysis in the lower temperature regime
(≤400°C) was shown to result in chars retaining a larger
portion of their VM compounds, which are mostly aliphatic-
C structures (35% to 63%C distribution). Chars pyrolyzed
at this lower temperature regime have a distinctly different

structural make-up than chars produced at the higher temper-
ature regime (≥500°C). Pyrolysis at the higher temperature
regime (≥500°C) resulted in more devolatilization of organic
compounds (i.e., aliphatic, O-containing polysaccharide-type,
etc.) from the char’s matrix. For example, the C distribution in
aromatic-C structures for chars produced between 250 and
400°C ranged from 29% to 57%, which increased to between
50% and 82% at pyrolytic temperatures greater than 500°C.
Per agreement with the H/C and O/C molar ratio results
(Fig. 2), higher temperature pyrolysis (≥500°C) favors chars
composed mostly of poly-condensed aromatic structures
[54–57].

Structural analyses reveals that chars lose their thermal
reactivity by loss of O-containing functional groups and by
a predominance of aromatic structures; therefore, choice of
pyrolysis temperature for processing raw feedstocks depends
on the end use of the char.

Inorganic Composition

Quantifying the macro-elemental composition of raw feed-
stocks and the subsequent chars has significance for the
thermal energy and agricultural sectors. Some macro-
elements (i.e., Ca and K) present in the raw feedstock matrix
can influence the thermal reactivity of chars by acting as a
catalyst [4], while other macro-elements (i.e., Na, Cl, S, and
Si) can interfere with downstream thermal energy process-
ing [19, 59, 60]. As a soil amendment, however, chars with a
preponderance of Ca, K, Mg, K, P, etc. concentrations can
supply soil with nutrients for crop fertilization [53].

O/C

H
/C

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

BG350

BG500 

PH400

PH500

PS350

PS700

PC350

PC500

PL350

PL700

SW250

SW500

Feedstock (
o

C)

Increasing pyrolysis temperature

0.0 0.2 0.3 0.4 0.5 0.60.1

Fig. 2 Van Krevelen diagram showing molar O/C and H/C ratios for
each char as a function of pyrolysis temperature (arrow indicates
direction of increasing temperature)

C distribution in biochar types

Aliphatic

0 10 20 30 40 50 60 70 80 90 100

Aromatic

0

10

20

30

40

50

60

70

80

90

100

Carbonyl

0

10

20

30

40

50

60

70

80

90

100

PH400
PH500
PS350
PS700
PL350
SW250
SW500
BG350
BG500
PC350
PC500

Fig. 3 Ternary diagram exhibiting C distribution among aliphatic,
aromatic, and carbonyl groups in each char (the NMR spectra for PL
700°C biochar was unobtainable)

Bioenerg. Res.



In this study, each raw feedstock (Tables 3, 4, and 5) had
relatively high Ca, K, Mg, and P concentrations, with raw
PL containing some of the highest Na and P concentrations
(Table 3). Among the micro-elements, raw PL also had the
relatively greatest amounts of Cu, Mn, and Zn, whereas raw
PS contained the next greatest amounts of Cu and Zn
(Table 4). The remaining raw feedstocks had mixed
amounts of macro- and micro-elements, but raw PC
contained some of the lowest concentrations (Tables 3
and 4).

After pyrolysis of the six raw feedstocks, the macro- and
micro-elemental concentrations in the chars varied consid-
erably. For example, Ca and K concentrations in chars from
the five plant- and wood-based feedstocks (all, except PL)
were the greatest among the macro-elements (Table 3).
There were relatively medium P and Mg concentrations in
the chars among the same five feedstocks with lower
amounts of Al, Fe, and Na (Table 3). Amid the micro-
nutrients, all chars contained mixed levels of Ba, Co, Cu,
Mn, Mo, and Zn, but the presence of B, Se, Sn, and V were
sporadic (Table 4). Among the 12 chars, Cl, Cu, Mn, and Zn
concentrations were greatest in chars produced from PL
feedstock (Table 4). The assortment of macro- and micro-
elements in the PL chars suggests that it is a suitable soil
amendment for fertility improvements; however, it has

several undesirable elements that can interfere with thermal
energy production. The presence of K, Si, S, and Cl in the
PL chars can reduce thermal conversion efficiencies and
increasing corrosion issues [3]. On the other hand, PC and
PS char have lower macro-element concentrations and could
serve as a more optimum feedstock for thermal energy
production.

The assortment of macro- and micro-elements along with
their relatively high concentrations in this raw PL feedstock
was not surprising. As noted with S levels in Table 2,
poultry feed can be over-fortifying with both macro- and
micro-element to account for losses via unassimilated ele-
ments excreted by poultry [14]. This action probably caused
the PL chars in this study to contain various elements.

Pyrolyzing the six feedstocks into chars at the higher
temperatures produced mixed results with respect to con-
centrating macro-elements (Table 3). On one hand, pyrolysis
at higher temperature levels caused Ca in PC and Fe in PH
concentration reductions, probably due to thermal instability
of the associate atoms or by loss via ion-pair formation via
devolatilization [3, 51, 58]. Conversely, pyrolysis of PL
feedstock at the higher temperature resulted in that char’s
containing significantly higher K, Na, and P concentrations.

In this study, the concentrations of micro-elements in the
chars varied widely between feedstock and pyrolysis

Table 3 Macro-elemental composition in raw feedstocks and chars produced under different pyrolysis temperatures (standard deviation in
parentheses)

Feedstock Pyrolysis Macro-elements (g kg−1)b

(°C) Al Ca Fe K Mg Na P Sia

Bagasse 0a 0.29 0.90 0.23 1.44 0.35 0.01 0.28 19.5

350 0.11 (0.01)a 2.04 (0.15)a 0.26 (0.004)a 3.78 (0.05)a 0.84 (0.02)a 0.03 (0.02)a 0.50 (0.06)a 11.6

500 0.18 (0.03)b 3.28 (0.69)b 0.34 (0.009)b 5.01 (0.10)b 0.89 (0.02)b 0.03 (<0.01)a 0.63 (0.07)a 15.9

Peanut hull 0a 0.48 1.64 0.23 5.94 0.82 <0.01 0.69 4.2

400 2.69 (0.41)a 5.21 (0.26)a 1.79 (0.04)a 18.55 (0.14)a 2.63 (0.47)a 0.06 (<0.01)a 2.58 (0.03)a 8.3

500 2.99 (0.50)a 6.22 (0.30)b 1.22 (0.33)b 19.09 (0.60)a 2.97 (0.32)a 0.09 (<0.01)b 2.61 (0.02)a 12.5

Pecan shell 0a 0.03 6.21 0.23 2.11 0.29 0.07 0.13 0.2

350 0.04 (0.01)a 11.0 (0.01)a 0.01 (0.01)a 2.34 (0.17)a 0.32 (0.01)a 0.10 (0.005)a 0.25 (0.15)a 0.2

700 0.03 (<0.01)b 23.3 (1.3)b 0.06 (<0.01)b 4.56 (0.04)b 0.65 (0.02)b 0.21 (0.007)b 0.46 (0.02)a 0.3

Pine chip 0a 0.11 0.70 0.11 0.79 0.35 <0.01 0.10 1.2

350 0.25 (0.01)a 3.32 (0.11)a 0.14 (0.007)a 1.93 (0.06)a 0.87 (0.04)a 0.01 (<0.01)a 0.21 (0.01)a 1.9

500 0.35 (<0.01)b 0.05 (0.15)b 0.23 (0.10)a 2.70 (0.02)b 1.37 (0.01)b 0.04 (0.08)b 0.28 (<0.01)b 2.1

Poultry litter 0a 0.47 17.73 0.48 30.98 4.76 8.61 10.32 15.2

350 0.95 (0.35)a 44.3 (0.94)a 2.13 (0.16)a 58.86 (0.17)a 11.22 (0.73)a 18.78 (0.22)a 29.43 (0.21)a 15.9

700 0.77 (0.26)a 62.8 (1.12)b 2.56 (0.32)b 86.64 (2.02)b 12.63 (0.24)a 26.9 (0.58)b 42.79 (0.72)b 26.8

Switchgrass 0a 0.04 0.63 <0.01 4.02 0.84 0.01 0.84 4.2

250 0.04 (0.01)a 1.12 (0.15)a 0.05 (<0.01)a 4.87 (0.07)a 1.16 (0.05)a 0.03 (<0.01)a 1.01 (0.16)a 5.0

500 0.10 (<0.01)b 5.12 (0.14)b 0.15 (0.01)b 11.59 (0.05)b 3.79 (0.07)b 0.10 (0.01)b 2.39 (0.70)b 13.9

a Only a single measurement was collected per sample
bMeans determined from triplicate measurements were compared between lower and higher pyrolysis temperature for each feedstock using a one-
way ANOVA with values followed by a different letter being significantly different at P00.05
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temperature (Table 4). Similar to the char’s macro-elemental
concentrations, raising the pyrolysis temperature showed
mixed results on increasing micro-elements levels. For
example, the Cu and Zn concentrations in the PL char both
increased nearly 50% with increasing pyrolysis temperature.
A few micro-nutrient concentrations, in contrast, had no
impact of temperature.

Although trace element concentrations in chars are
not often scrutinized for their impact on thermal energy
considerations, their presence becomes apparent when
considered for use as soil amendments. Maintaining
highly fertile soils through char applications requires
that the chars should not contain appreciable quantities
of hazardous elements. Therefore, the raw feedstocks
and chars were analyzed for six of nine hazardous trace
elements listed on the USEPA Code of Federal Regu-
lations Part 503 [36]. None of the six trace element
concentrations in these chars exceeded the EPA ceiling
concentrations. While not exceeding the ceiling concentration,
trace element accumulation in soil treated with these
chars could eventually be reached after long-term,
heavy applications rates. All raw feedstocks and chars
contained relatively low amounts of Ag, As, Cd
(<3.6 mg kg−1, Table 5). In contrast, Cr and Pb
occurred in modest amounts (<48 mg kg−1). Nickel

was measured in both raw PL and PS at concentrations
between 24 and 41 mg kg−1, respectively. The Ni con-
centration in PS char pyrolyzed at both temperatures
declined relative to the raw PS probably due to chela-
tion by organic acids that were susceptible to vapor-
ization as VM (Table 5). In contrast, Ni concentrations
were significantly greater in PL chars with increasing
pyrolysis temperature (93 mg kg−1). This may be a
result of salt formation with anionic species (i.e., Cl,
SO4) that were more thermally stable and resisted
removal via a volatilization pathway.

Char Combustion Properties

Thermal degradation assessment of the raw feedstocks dem-
onstrated two combustion macro-steps: an active combus-
tion segment where there is a release of volatiles and their
immediate oxidative degradation that transitioned into a
char oxidation step [41, 61] (Fig. 4). Thus, two peaks occur
in the DTG plots (Fig. 5) whose maxima (Tv and Tc) are
identified in Table 6. In the char oxidation phase, which
contains partially carbonized residue from the initial phase
and the original fixed carbon, there was a slow and contin-
uous weight loss until an average T97.5% of 480±9°C (aver-
age among plant-based feedstocks); whereas PL chars

Table 5 Mean concentrations for trace elements in raw feedstocks and chars (standard deviations in parentheses)

Pyrolysis Elemental concentration (mg kg−1)b

Feedstock (°C) Ag As Cd Cr Ni Pb

Bagasse 0a 0 0 0 0.6 0.3 0.2

350 0 0.11 (0.03) 0 1.1 (0.2)a 0.6 (0.1)a 2.2 (0.3)a

500 0 0 0 1.3 (0.1)a 0.5 (0.1)a 3.1 (0.8)a

Peanut Hull 0a 0 0.2 0 0.4 0.3 0.3

400 0.4 (0.3)a 0.3 (0.1)a 0.2 (0.1) 11 (4)a 6.4 (2)a 1.8 (0.1)a

500 3.6 (1.6)b 0.1 (0.1a 0 13 (3)a 10.2 (3)a 2.6 (0.2)b

Pecan shell 0a 0 0 0.6 4.3 41 37

350 0 0 0 0.8 (0.8)a 1 (0.4)a 0.2 (0.1)a

700 0 0 0 0.2 (0.1)a 2.8 (1)a 1 (0.7)a

Pine chip 0a 0 0 0.2 0.2 0.12 0

350 2.0 (1.8)a 0 0.2 (0.01) 0.6 (0.1)a 1.2 (0.5)a 1.7 (0.3)a

500 1.0 (0.7)a 0 0 0.8 (0.1)a 1.1 (0.3)a 4.1 (0.4)b

Poultry litter 0a 0 1.3 0.1 3 24 0.6

350 0 2 (0.1)a 0.2 (0.1)a 20 (0.4)a 51 (1)a 2.1 (0.1)a

700 0 2.6 (0.2)a 0.1 (0.1)a 47 (3.7)b 93 (2.3)b 2.6 (0.1)b

Switchgrass 0a 0 0 0 0 0.1 1.1

250 0 0 0 0.2 (0.2)a 1 (0.2)a 1.9 (0.4)a

500 0 0 0 0.5 (0.2)a 9 (1.2)b 2.9 (0.1)b

a Only a single measurement was collected per sample
bMeans determined from triplicate measurements were compared between lower and higher pyrolysis temperature for each feedstock using a one-
way ANOVA with values followed by a different letter being significantly different at P00.05
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finished with a T97.5% of 521±1°C. The mass loss during the
active (volatile) combustion segment can be attributed to the
volatile portion undergoing a series of rapid devolatilization
and oxidation reactions. Therefore, during the combustion
of biomass, our results show that both pyrolysis and com-
bustion occurred in series as evidence by the Tv being less
than TVMax, the maximum heat flow temperature in the
volatile combustion stage (Tables 6 and 7). The transition
to the second char oxidation phase exhibited a minor pla-
teau, especially for the raw PL and PS feedstocks (Fig. 4),
signaling a constant mass loss rate (DTG value). This phase
has been described as a pre-combustion or introductory
region of the reaction where diffusion and beginning char
combustion were taking place [62, 63].

As the individual feedstocks were pyrolyzed, the DTG
curves slowly shifted from prominent dual peak curves to a

singular peak with maxima occurring at greater tempera-
tures. This intense char combustion peak indicated both a
higher char yield and catalyzed char combustion brought on
by the presence of inorganic elements [64]. The previous
was true for all feedstocks except PL; even at 700°C, the
two combustion stages were still noticeable albeit the differ-
ence between peak temperatures decreased appreciably
(Table 6). A one-way ANOVA revealed that the T2.5% and
TCh results were temperature regime dependent. In fact, as
the char’s pyrolytic temperature increased, these character-
istic DTG temperatures also increased indicating an increase
in required energy to begin combustion. As a consequence,
the DTG curves were shifted toward the greater temper-
atures (Fig. 4).

For the DTA curves (Fig. 4), combustion of a feedstock
was represented by two clear thermo-positive peaks. As

Fig. 4 Combustion profile
(DTG and DTA) of pecan shell,
poultry litter, and switchgrass
raw feedstock and biochar
counterparts
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with the DTG curves, the DTA curves associated with the
charred materials shifted toward a singular higher temper-
ature peak indicating a more uniform material was combust-
ing (except for PL). Concordantly, TOnset and TEndset
increased with pyrolytic temperature (Table 7). Comparing
raw feedstocks to their char counterparts, active volatile
combustion produced a larger maximum differential temper-
ature ΔTVMax (except for PC). The increase in ΔTVMax

suggested that the volatile compounds remaining in the
chars were more energy dense. The ΔTCMax values of the
chars were found to also increase with pyrolysis temper-
ature, except for BG. Char from BG actually experienced a
decrease in ΔTCMax with an increase in pyrolysis temper-
ature. Meanwhile, the ΔHTotalRelative value for this char
increased to 2.88, which was the largest change in value
among the chars examined in this study.

Combustion of the chars produced greater ΔHTotal values
relative to the raw feedstocks. As pyrolysis temperature
increased for the plant- and wood-based materials, this

property increased 1.28- to 2.88-fold relative to values
measured in the raw feedstock (Table 7). Poultry litter char
was an improved fuel source compared to its raw counter-
part (ΔHTotalRelative01.44); however, additional increases in
pyrolytic temperature did not greatly improve its fuel quality
(ΔHTotalRelative01.40).

Few chars (or raw feedstocks) component concentrations
correlated to characteristic TG and DTA temperatures. Col-
lectively, char TC negatively correlated with both VM and H
contents. The TOnset was correlated with C and FC (positive)
and VM and H (negative). Within a low or high temperature
regime char, C and FC both had strong positive correlations
with TV and T2.5%, respectively. Conversely, H and N were
found be negatively correlated to ΔTCMax.

Energy contents of the raw feedstocks and chars behaved
much in the same manner as ΔHTotal values (Table 7). After
analysis by a one-way ANOVA, the HHVand ΔHTotal values
were found to be temperature regime dependent. Pyrolysis
increased the energy content with additional temperature
increases generating a more energy dense product. The PL
char was also found to be statistically different than other
chars largely attributed to its higher ash content and lower C
content. When assessing the HHV values of the chars and
raw feedstocks on a daf basis, essentially the energy content
of the organic combustible material alone, materials within a
temperature regime (including feedstocks) were statistically
similar. As reported in this study, however, PL contains a
diversity of inorganic elements that reduces its relative HHV
content. Thus, washing or some other ash reducing techni-
que could make PL as valuable an energy resource as plant-
based feedstocks and associate chars [19, 65].

Kinetic parameters were assessed for the raw feedstocks
and chars using Eqs. 1, 2, and 3. Because of the two
macro-steps during combustion, kinetic parameters were
determined for each step since one set of parameters would
not accurately characterize across the entire combustion
temperature range (Table 6). As shown in Table 8, no
singular general trend could be reported regarding the
effects of pyrolysis on the feedstocks examined. When
observing the trend for the order of the reaction, n, which
is the dependence of the reaction rate on one or many
reactants, we found that n during char combustion (second
stage) gradually reduced for BG, PL, and PS chars. This
suggested that pyrolyzing these raw feedstocks generated
a more uniform carbon structure. For PH and PC feed-
stocks, pyrolysis initially increased the reaction order and
then decreased the reaction order to approach first order,
where combustion would depend on only one reactant.
Switchgrass demonstrated an initial decrease in reaction
order when torrified and then an increase suggesting the
possible rearrangement to carbon structures when pyro-
lyzed at greater than 250°C that influence the combustion
kinetics.
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Table 6 Thermogravimetric analysis of raw feedstocks and chars (– indicates data not available)

Feedstock Pyrolysis (°C)

T2.5%

Volatile combustion Char combustion

T97.5%

Residual

TV DTGV TCh DTGCh

°C °C %°C−1 °C %°C−1 °C wt.%db

Bagasse 0 254 322 1.188 440 0.376 478 0.83

350 300 – – 422 0.967 492 0.74

500 366 – – 463 1.111 512 2.00

Peanut hull 0 219 290 0.743 386 0.347 500 2.59

400 275 – – 428 0.578 669 5.95

500 323 – – 449 0.448 693 7.92

Pecan shell 0 251 308 0.790 427 0.359 636 0.85

350 271 306 0.472 418 0.505 663 1.29

700 419 537 0.391 772 4.01

Pine chip 0 252 318 0.978 411 0.494 488 0.00

350 306 – – 433 0.876 498 0.00

500 364 – – 463 0.849 577 0.58

Poultry litter 0 230 269 0.513 454 0.337 521 20.5

350 277 318 0.127 445 0.309 618 32.0

700 286 – – 422 0.209 623 47.0

Switchgrass 0 242 308 0.923 395 0.349 474 0.73

250 270 314 1.10 404 0.445 487 1.36

500 363 – – 451 1.056 506 5.41

Table 7 Differential thermal analysis and energy content of feedstocks and chars (– indicates data not available)

Feedstock Pyrolysis (°C) Energy content

TOnset

Volatile combustion Char combustion

TEndset

ΔHTotal ΔHTotalRelative

db daf ΔTVMax TVMax ΔTCMax TCMax

MJ kg−1 °C °C °C °C °C °C kJ g−1

Bagasse 0 18.6 19.7 254 2.30 335 4.30 439 477 7.65 1.0

350 29.0 30.2 283 6.95 325 11.59 424 488 20.1 2.63

500 32.1 33.6 268 – – 8.18 467 509 22.0 2.88

Peanut hull 0 20.5 21.3 278 15.22 318 11.05 400 492 11.68 1.0

400 28.4 30.9 275 – – 11.03 436 514 22.26 1.91

500 30.0 33.1 298 – – 12.82 455 521 24.03 2.06

Pecan shell 0 20.3 20.7 300 12.69 339 12.41 439 501 10.39 1.0

350 24.2 24.8 258 – – 435 516 16.40 1.58

700 31.9 33.6 390 – – 13.44 619 621 22.81 2.20

Pine chip 0 20.3 20.5 273 11.49 344 12.07 422 480 9.69 1.0

350 28.8 29.3 241 8.46 351 12.84 438 493 19.47 2.01

500 32.3 33.1 359 – – 13.04 467 519 23.15 2.39

Poultry litter 0 15.0 19.8 244 3.18 312 14.96 478 530 9.03 1.0

350 18.0 28.0 234 9.12 317 15.98 490 603 13.03 1.44

700 14.2 29.8 303 – – 16.19 447 571 12.67 1.40

Switchgrass 0 18.1 18.6 261 2.75 324 3.22 427 475 9.45 1.0

250 20.5 21.1 262 4.14 335 3.70 446 482 12.09 1.28

500 30.8 33.3 372 – – 9.53 457 511 22.63 2.39
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With respect to Ea values for the low and high temper-
ature char materials, PS700 char had the lowest Ea value of
58.2 kJ mol−1. This was closely followed by BG350,
PH400, PH500, PC350, and PL700 with average Ea values
of 69.7±3.9 kJ mol−1. The char requiring the greatest
amount of energy to begin combustion was SG pyrolyzed
at 500°C with an Ea value of 136.0 kJ mol−1. Compared to
their feedstock counterparts, pyrolysis decreased Ea values
creating a less energy intensive combustion char feedstock.

Relationships between Char Yields, Composition,
and Thermal Properties

A char’s thermal properties were influenced by its total ash
content as well as the quantity of individual elements in the
ash [3, 15, 23]. For example, a char’s high ash content along
with its entrained K and Cl concentrations can lower heating
values by reducing biomass conversion via the devolatiliza-
tion process and by acting as a heat sink that lowers thermal
efficiencies [60]. Therefore, our results were examined for
similar impacts of ash contents on char yields and HHV
results. A Pearson Product Moment Correlation analysis
revealed no significant relationship between the collective
(n012) char yields expressed on a mass or C basis (%db) and
the char’s total ash content nor the concentration of
individual elements measured in the ash (all r2 and P
values were <0.09 and >0.05, respectively). The lack of
a relationship between these variables was unexpected

considering others reported significant associations
between char yields and ash characteristics [3, 15, 23].

Using each char’s HHV properties, a Pearson Product
Moment Correlation test revealed that there was a relation-
ship with the char’s total ash contents, and only with the
char’s Cl concentration. There was no significant relation-
ship between each char’s HHVand the remaining individual
elements (i.e., Al, Ca, Fe, K, Mg, Na, P, S, Si, and Zn)
entrained within the ash. The chars’ HHV relationship with
their total ash content and Cl concentration were further
refined using linear regression analyses (Fig. 5a, b). A sig-
nificant inverse linear relationship occurred between the
chars’ HHV properties and their total ash and Cl contents.
This is a well-known concept in the biomass thermal energy
literature and corroborates that each char’s thermal charac-
teristics decline with higher ash and Cl contents entrained
with the ash. Additional analyses using polynomial
regression models did not improve (higher r2 or lower
P value) the predictive fit between the chars HHV and
their ash characteristics.

Conclusions

Char yields, thermal energy values, and both the inorganic
and organic characteristics were influenced by raw lignocel-
lulosic and PL feedstock selection and by choice of pyrol-
ysis temperature. Slow pyrolysis of six common raw
feedstocks from the Southeastern USA using a low

Table 8 Combustion kinetic
parameters of raw feedstocks
and chars (– indicates data not
applicable)

Feedstock Pyrolysis (°C) Volatile combustion Char combustion

logeA Ea n logeA Ea n
kJ mol−1 kJ mol−1

Bagasse 0 20.0 111.5 0.94 42.8 259.6 1.65

350 – – – 9.56 73.6 0.93

500 – – – 16.0 115.4 0.88

Peanut hull 0 14.1 82.4 1.72 8.27 62.9 1.10

400 – – – 9.12 68.6 1.82

500 – – – 8.08 70.4 0.97

Pecan shell 0 18.9 105.0 0.92 21.3 134.9 1.67

350 25.8 138.3 0.79 16.7 110.0 1.70

700 – – – 4.00 58.2 1.16

Pine chip 0 16.9 97.5 0.91 22.2 142.0 1.16

350 – – – 9.27 72.1 1.51

500 – – – 14.0 103.8 0.99

Poultry litter 0 17.2 93.4 1.17 38.7 240.6 2.79

350 8.83 60.8 0.60 14.1 106.8 2.04

700 – – – 7.1 63.6 1.66

Switchgrass 0 27.0 140.0 3.15 22.7 142.5 1.37

250 23.5 131.6 1.08 18.9 125.3 1.16

500 – – – 20.0 136.0 1.29
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(≤400 °C) and high (≥500 °C) temperature regime resulted
in char yields on a mass and C basis of between 28%db and
almost 80%db. The higher pyrolysis temperature resulted in
lower char yields, caused the chars to have elevated ash
contents, alkaline pH values, more aromatic character, and
narrow O/C and H/C ratios.

All raw feedstocks and chars contained mixed amounts of
macro-, micro-, and trace element concentrations, and it was
difficult to express compositional generalities about four of
the raw feedstocks. But, for two of the feedstocks, there
were large differences in compositional characteristics. Char
made from PC had among the lowest macro-, micro-, and
trace element compositions, but had some exceptional HHV
values. In this study, the raw PL feedstock and its chars
showed the highest diversity and largest concentration of
inorganic elements within all the examined feedstocks and
chars.

Pyrolysis of these common lignocellulosic and litter feed-
stocks generated a char product whose characteristic com-
bustion temperatures were found to correlate to its C, H, and
N contents. As the char’s pyrolysis temperature increased,
DTG and DTA combustion curves shifted upward towards
higher temperature peaks indicating combustion of a more
uniform material. Chars HHV tended to increase with
heightened pyrolysis temperature with some chars produc-
ing >30 MJ kg−1. The chars’ HHV characteristics were
significantly inversely correlated with the chars total ash
and Cl contents.

Combustion kinetics parameters were found to vary with
feedstock and pyrolysis temperature with SG chars having
the greatest Ea values for combustion. Based upon the order
of reaction, n, pyrolysis of lignocellulosic and poultry litter
feedstocks gradually declined with increasing temperature,
suggesting the creation of a more uniform product. This
allows for the characterization of combustion kinetics
among our samples to be based upon a single reactant.

Lignocelluloses chars had more suitable thermal charac-
teristics and lower mineral matter, implying acceptable serv-
ice in thermal energy production. In contrast, PL char
obtained from one source had relatively medium HHV
values for energy applications and its assortment of inor-
ganic elements will cause additional technical difficulties.
These difficulties arise from this PL char having greater ash
contents and containing corrosive inorganic elements that
renders it problematic with maintaining the thermal integrity
of downstream energy conversion and clean-up equipment.
Nevertheless, these characteristics could be overcome
through additional processing such as quick wash with
water or alkali agents or addition of amendments to capture
the alkali elements [3]. Here, our results show that it would
be prudent to determine the total elemental composition and
structural characteristics of raw feedstocks before pyrolysis,
thus allowing for an assessment of their suitability for

thermal energy processing without jeopardizing the mechan-
ical integrity of downstream processing equipment. In turn,
feedstock selection and pyrolysis temperatures can be
selected to insure that char ash amounts and qualitative
characteristics do not detract from obtaining optimum ther-
mal energy production and fuel yield recoveries.
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