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ARTICLE INFO ABSTRACT

Keywords: Production of biochar from corn cob and corn stalk has gained great interest for efficient waste management with
Corn cob benefits of improving soil properties, increasing crop productivity, and contributing to carbon sequestration. This
Corn stalk study investigated slow pyrolysis of corn cob and corn stalk at 600 °C to characterize yields and properties of
lsali:’;:}(i:rWOOd products, with focus on solid biochar. Spruce wood, a rather well studied woody biomass, was also included for
Pyrolysis comparison purposes. It was observed that yields of biochar and condensates from corn cob, corn stalk, and
Properties spruce wood were comparable. However, gas release profiles and yields from the three biomasses were quite

different, which is mainly related to the different chemical compositions (i.e., hemicellulose, cellulose, lignin,
and inorganic species) of the studied raw feedstocks. The produced biochars were analyzed for proximate
analysis, CHNS-elemental analysis, specific surface area and specific pore volume for pores in the nm-range,
inorganic composition, solid functional groups, and aromaticity. The corn cob and corn stalk biochar pre-
sented significantly higher concentration of inorganic elements, especially P and K, favoring soil application. The
SEM analysis results showed that the spruce wood biochar has different microstructure than corn cob and corn
stalk biochars. Condensates and light gases, as by-products from biochar production, contained over 50% of the
energy and 40% of the total carbon of the initial biomass. Utilization of the condensates and light gases as
valuable resources is therefore critical for improving environmental and energy benefits of the biochar pro-
duction process.

1. Introduction now used as a raw material for few industrial processes [2]. Significant

amounts of CC are still employed as feedstock in making low-grade fuels

Corn is one of the most ubiquitous and extensively planted crops in
the world. Global production for 2019/2020 was 1,116.41 million
metric tons and is expected to be 1,133.89 million metric tons for 2020/
2021, with an increase of 17.47 million tons or 1.57% in corn production
around the globe [1]. The top three producers, U.S., China, and Brazil,
account for over 65% of the global production. In China alone, the yield
of corn was 260,670,000 t in 2021. The ratio between corn grain and
corncob (CC) can be around 100:18, which means approximately 3.7 x
107 t CC could be generated in China only [1]. CC is collected and
transported for further processing, which is a main mass stream after
separation from corn grain. Only small fractions of generated CC are
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and products or even burned directly in many parts of the world. Corn
stalk (CS) is a main residue after harvesting of corn, which is usually
kept in the farmlands [3]. Considering the large amounts of CC and CS
produced each year, attempts have been made to exploit these agricul-
tural wastes and convert them to different products [3-6]. However,
bottlenecks remain in efficient and economical conversion of them into
desired products. There are evident need to identify and assess measures
and technologies for proper processing and utilization of CC and CC to
yield valuable products.

Different thermochemical conversion processes have been developed
to produce biochar/carbonaceous residue from biomass, including
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torrefaction, pyrolysis and carbonization. Slow pyrolysis is currently the
most applied technology aiming to produce carbonaceous solid product
biochar with the possibility to alter biochar property through altering
process conditions [5,3,10]. Upon slow pyrolysis, degradation, decom-
position, and conversion of biomass occur with the formation of a car-
bon rich solid, as well as condensable and non-condensable volatile
products [6,7]. To optimize the biochar production, slow pyrolysis is
commonly applied to thermally convert biomass feedstock in a broad
temperature range from 300 to 800 °C, with a slow heating rate from 1
to 20 °C/min and residence times from hours to days. The biochar is a
porous, carbon rich material that has unique chemical, physical, and
biological properties [8]. The condensable volatile products generated
during biochar production can be condensed into liquid bio-oil. The
bio-oil mainly consists of organic and aqueous phases and can be used as
an energy vector or further upgraded into valuable chemicals [9]. The
non-condensable volatiles include light non-condensable hydrocarbons,
carbon dioxide, carbon monoxide, hydrogen, and methane. Biochar has
gained increasing interest and recognition as an efficient material for
versatile applications, including soil amendment, climate change miti-
gation, environmental remediation, and functional materials production
for different industrial applications [10]. However, previous studies on
biochar production and application are mainly focused on woody bio-
masses and certain crop residues [17-19]. There is a clear need to
evaluate the formation mechanisms and physicochemical characteristics
of biochars from other interesting agricultural residues such as CC and
CS.

Several factors significantly impact the conversion behavior of
biomass, and therefore yields and characteristics of biochar, bio-oil, and
non-condensable gases produced during pyrolysis processes [11]. The
characteristics and quality of biochar are critical for selecting the
strategy to upgrade and modify the targeted biochar properties and
determine its performance for a certain application. Feedstock type is
among the most influential factors that affect the final characteristics of
the biochar [6]. Biomass is biologically formed mainly by cellulose,
hemicellulose, and lignin. The overall composition varies significantly
among different biomass types, as well as within a single feedstock
category [12]. This variation is even higher for herbaceous feedstocks. It
has been reported that cellulose, hemicellulose, and lignin content of
woody biomasses can be 51.2%, 21.0% and 26.1%, respectively [12].
Whereas contents of these three main components in herbaceous bio-
masses have been reported to be 32.1%, 18.6% and 16.3%, respectively
[13]. During the pyrolysis process cellulose, hemicellulose, and lignin
decompose in specific ranges of temperature through very complex re-
action mechanisms [13], which considerably affect determine the
carbonaceous structure and physicochemical properties of the produced
biochar [14,15]. Pyrolysis of biomass with a high lignin content tends to
produce biochar with a high fixed carbon content, high specific surface
area, and a more stable aromatic structure [11]. Furthermore, biomass
contains diverse inorganic elements that remain in biochar in different
chemical states upon the pyrolysis process. The presence of these inor-
ganic elements can considerably influence the biomass conversion and
bestow functionalities and hence potential applications of the produced
biochar. Several studies stated that biochar derived from herbaceous
biomass materials have significantly higher content of inorganic ele-
ments than that of biochar derived from woody biomasses [11,13,14]. It
consequently affects key properties of biochar, such as pH, nutrient
availability, and surface charges, as well as further functionality and
performance of the biochar. Apart from the characteristics of the feed-
stock, conversion of biomass and product distribution and composition
are considerably affected by production conditions, mainly process
temperature and residence time [5,3,10], resulting in biochars with
different structures and physiochemical properties [10]. Typical tem-
peratures for slow pyrolysis are in the range of 400-700 °C. Biomass
pyrolysis at higher temperatures yields biochar with higher specific
surface area, pH value, ash and carbon content. Other relevant biochar
properties also change upon different pyrolysis temperature, including
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amount and type of surface functional groups, alkalinity, and stability,
which are critical for biochar as soil stimulator and sorbent for con-
taminants management [20]. Therefore, selection of appropriate tem-
perature is often a trade-off between yield, physiochemical properties,
and functional characteristics of the biochar [7].

Production and application of biochar have been shown as a prom-
ising way to manage agricultural waste with benefits to improve soil
properties, enhance crop yield, and remediate environmental issues.
Corn cob and corn stalk are non-edible agricultural residues from corn
production. Utilization of CC and CS for production of biochar does not
compete or interfere with food production. Biochar production enables
the conversion of waste CC and CS into value-added products and the
realization of smart recycling of materials and nutrients in a circular bio-
based economy. The existing literature has primarily focused on pyrol-
ysis behavior of CC and CS and products yields [4,13,20-23]. Detailed
characterization of biochar produced from CC and CS is still limited. Cao
et al. [24] carried out slow pyrolysis of corncob powder under an Ny
atmosphere at temperatures of 350-600 °C by using a thermogravimetric
analyzer together with mass spectrometry. The yield and composition of
gas and liquid products from pyrolysis of corncob powder were char-
acterized. But both the sample size and mass of corncob studied in Cao’s
work are too small to give indications to practical production processes.
In the other work, production of biochar using self-purging and Nj
purging reactor was studied and reported by Intani et al [13]. However,
the main focus of Intani ’s work was to study effect of pyrolysis condi-
tions on biochar yields from corncob. Detailed characterization of the
produced biochars were not conducted. The current work aims to fill the
knowledge gap regarding characterization of CC and CS biochar with
combination of different analytical techniques. The results from this
work can be valuable for further assessing and comparing CC and CS
biochar with other well studied biochars and identitying proper ways for
efficient utilization of them. In addition to the solid biochar, there is also
increasing interest to exploit energy contained in the liquid and gases,
which are by-product streams from the pyrolysis of biomass materials.
One way to realize this is to combust the gas products to generate heat to
sustain the pyrolysis process and/or to dry the biomass feedstock [4].
Co-production of char, liquid bio-oil, and non-condensable gases,
together with the smart utilization of the last two can improve the ma-
terial conversion efficiency and energy efficiency of the pyrolysis system
[9]. However, very little is known about energy distribution of products
generated from the pyrolysis of CC and CS. Study results have been
obtained and reported regarding production, characterization and uti-
lization of biochar produced from woody biomasses for different ap-
plications [6,9-11]. The results illustrate positive effects and promising
roles of wood biochar as applied in different sectors. Due to the distinct
chemical compositions and physical characteristics of woody biomass
and herbaceous biomass such as CC and CS, the physiochemical prop-
erties of biochars produced by slow pyrolysis might be substantially
different. Therefore, it is valuable to compare biochars produced from
CC, CS, and woody biomass to assess the potential role and performance
of CC and CS biochars as used for a certain application.

The current study investigates the pyrolysis behavior of corn cob,
corn stalk, and spruce wood and the effect of feedstock on the yield and
properties of the produced biochars. A representative pyrolysis tem-
perature of 600 °C was selected for pyrolysis of biomass in a fixed-bed
reactor. The temperature was high enough to realize thermal decom-
position of the main constitutents in the studied biomass and obtain
biochars with comparable physiochemical properties. Biochars pro-
duced from the corn cob, corn stalk, and spruce wood were compared
based on detailed measurements and analyses of the mass yield,
elemental composition, chemical structure, morphology and micro-
structure, and ash content and composition. Based on the analysis of
these results, the utilization of corn cob and corn stalk for biochar
production and application was assessed and discussed. Additionally,
with mass yield and analyses on main products from the pyrolysis pro-
cess, energy stored in biochar, liquid and gas products were
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investigated, aiming for simultaneous biochar production and use of
pyrolysis gases as the energy source for the processes. The results pre-
sented in this work can offer valuable insights into the efficient con-
version and application of biochar produced from corn residues.

2. Biochar production and characterization
2.1. Raw feedstock

Corn stalk (CS) and corn cob (CC) were collected from an agricultural
field located in As, Norway. The collected corn stalk and corn cob were
air dried at room temperature for 48 h and then cut into pieces with
length of 3-5 cm. The spruce tree was harvested from a forest located in
Southern Norway. The stem wood was first debarked and shred into
chips with sizes in the range 3-5 cm. The corn stalk, corn cob and spruce
wood pieces were then placed in a drying oven at 105 °C for 12 h before
pyrolysis campaigns. The milled samples were oven dried at 45 °C for 6
h. For these oven dried samples, Klason and acid-soluble lignins were
determined. In brief, 1 g of the sample was mixed with 15 ml of 72%
H3S04 with reaction time of 2 h. Then the mixture was diluted to 3%
H2S04, which was further autoclaved at 121C for 30 min. The hydro-
lyzed mixture was filter and solid residues was washed by using
deionized water until sulfate ion was undetectable. The washed residues
were dried in an oven at 105 °C for measuring weight gravimetrically.
The amount of hemicellulose in biomass was determined by solvent
extraction. 1 g of sample was mixed with 150 mL of Sodium Hydroxide
(NaOH) solution (0.5 mol/L). The mixture was heated to temperature
80C for 4 h. Afterwards, the mixture was washed with deionized water
until Na+ is nondetectable by using pH paper. The content of cellulose is
calculated by difference of the initial weight of sample and weight of
lignin, hemicellulose and ash.

2.2. Biochar production

Biochar production experiments were carried out in a vertical
tubular fixed bed reactor, which was heated by an electrical furnace. For
each production experiment, biomass feedstock was loaded in the
reactor to form a bed height of about 35 cm. After being loaded with
sample, the tubular reactor was placed inside the furnace, sealed and
connected with a gas supply system and the condenser. The temperature
in the furnace was monitored by three thermocouples located on the top,
middle and bottom of the furnace. In addition, one thermocouple
inserted into middle of the reactor, monitored the temperature in the
center of the sample bed during each biochar production experiment.
The sealed tubular reactor was purged with 2 L min~! nitrogen to flush
away air before an increase of temperature to generate an inert atmo-
sphere, thereby avoiding possible oxidization and ignition of the solid
biochar and produced gases. After purging with nitrogen at room tem-
perature 25 °C for 1 h, the sample was heated up to 600 °C at a nominal
heating rate of about 10 °C min ™~ and kept at the final temperature for 1
h. Then the power supply to the furnace was cut off and the reactor was
cooled down to 30 °C with continuous purging of nitrogen. After the
reactor was completely cooled down to 30 °C, the biochar was collected
and weighed, and then stored for further characterization and testing
purposes. The solid product mass yield of one pyrolysis experiment was
calculated as the percentage of initially loaded pre-dried biomass sample

as follows: mass yield = (W)x 100. During each biochar
dry basis feedstock

production experiment, the volatile products released from the sample
were first passed through a condenser. Condensable compounds were
cooled down at 5 °C and collected in a metal tank under the condenser.
The non-condensable gases were sampled and analyzed online by using
a micro-GC (Varian Cp-4900). The micro-GC was equipped with two
injectors connected to a chromatographic column individually. The first
column was a 10 m PoraPLOT type with using high purity Helium as a
carrier gas to measure CO, CHy4, CoH4 and CoHg, The second column was
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a 10 m long Molsieve 5 A and was purged with Argon. This column was
used to separate and measure concentration of Hp, O, N3, CH4 and CO.
The non-condensable gas masses were calculated knowing the N5 flow,
which was kept constant at 2 L min . Before one experiment, the Micro
GC is calibrated by the external standard method using certified gas
containing the target compounds. Standard gas mixtures containing
CHy4, CoHy, CoHg, Hy, CO and CO, with specified concentrations were
used for quantitative calibration and helium, ultra-high purity 99.999 -
99.9999% was for use as a carrier gas. Over time, small amounts of
contaminants accumulate especially in the column, and can cause peak
tailing and retention time shifts. Hence periodic bake out of the column
and detector are conducted to optimize the chromatography of the
instrument.

The higher heating value of corn cob, corn stalk, biochar and liquid
product from pyrolysis experiments were determined by using an IKA C
5000 bomb calorimeter. 0.5 g of dried solid sample was fed into the
calorimeter and burned in pure oxygen under 30 bar pressure. The
higher heating value of gas products was calculated by the following
equations:

HHV,, [MJ / Kg]= ((mpxHHVy;) + (mcoxHHV o) + (mcpaXxHHV cpyg)
+ (meaneXHHV can6) + (Mg XHHV e y6) /Migas )

The calorific value of biochar, liquid product and gases were then
used to determine energy distribution.

2.3. Biochar characterization

2.3.1. General analysis

Proximate analysis of pre-dried biomasses and produced biochar
samples was conducted in accordance with ASTM standard D1762-84.
For measuring moisture content the biochar sample of 1 g was placed
in a porcelain crucible and dried at 105 °C in a drying oven for 12 h. The
dried sample after moisture content measured was loaded in open cru-
cible and heated up to 950 °C in a muffle furnace for 11 min and for ash
content 750 °C for 8 h (uncovered crucible). The sample weight differ-
ences before and after heating was determined as moisture content,
volatile matter content and ash content. The difference between weight
of original sample and the sum of moisture content, volatile matter
content and ash content corresponds to the fixed carbon content. For
each sample, triplicate analyses were conducted and mean values
together with standard deviation are reported.

2.3.2. Element analysis

The elemental composition of pre-dried CC and CS and produced
biochar samples were analyzed by employing an elemental analyzer
(Eurovector EA 3000 CHNS-O Elemental Analyser). Oxygen content of a
sample was calculated by difference to avoid interference of inorganic
oxides in the ash.

2.3.3. FTIR analysis

Pellets were prepared by mixing 1 mg of finely ground biochar with
150 mg of dry KBr in an agate mortar. The spectra were collected with a
FT/IR-6300 Fourier Transform Infrared Spectrometer (JASCO Inc.
Japan). For each spectrum a total of 60 scans were collected from 800 to
4000 cm-1 with a resolution of 2 cm-1. The spectra were corrected by
using pure KBr as blank as indicated by the spectrometer’s JASCO®
software.

2.3.4. Inorganic element analysis

Contents of inorganic elements in the pre-dried feedstock and pro-
duced biochar were measured using an inductively coupled plasma-
atomic emission spectrometer (ICP-AES). Each sample was dissolved
in a mixture of acids (HNOs, HF and H3BOs3) and prepared through a
pressurized multi-step digestion process. The digested solution was then
analyzed by ICP-AES for elemental detection. Triplicate analyses were
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conducted for each sample and mean values are reported.

2.3.5. Specific surface area, specific pore volume, and pore size distribution
characterization

The pore structure of the produced biochar, including specific sur-
face area, specific pore volume, and pore size distribution, was charac-
terized with Ny and CO, adsorption. The N5 adsorption isotherms were
measured in the relative pressure (p/po) range of ~5-10° to ~1 at 77 K.
The CO, adsorption isotherms were determined in the relative pressure
(p/po) range of ~1-10~* to ~2.9-1072 at 273 K. Prior to the adsorption
measurements, the biochar samples were milled and degassed in vac-
uum at 150 °C for at least 8 h. The N, adsorption measurements were
performed in an analyzer Autosorb-1-MP (Quantachrome Instruments,
USA). The CO; adsorption isotherms were obtained in an analyzer Nova
2200 (Quantachrome Instruments, USA). The adsorption data were
evaluated with the software NovaWin (Quantachrome Instruments,
USA). From the Nj adsorption isotherms, the specific surface area was
determined by applying the BET method, the specific pore volume was
derived from the total volume of Ny adsorbed at a p/pg close to 1, and
the pore size distribution was characterized by applying the QSDFT
(quenched solid density functional theory) method on the adsorption
isotherm and considering slit/cylindrical pores. The range of application
for the BET method was selected following the recommendations pro-
vided by Maziarka et al. [38]. For the three biochars, the upper limit of
the p/po range for the application of the BET method was below 0.1
[38]. From the CO, adsorption isotherms, the specific surface area,
specific pore volume, and pore size distribution were determined by
applying the NLDFT (non-local density functional theory) method on the
adsorption isotherm. The true density of the biochar samples was
analyzed by using a helium pycnometer (Anton-Paar Ultrapyc 5000).
Before the analysis, the samples were milled and dried at 106 °C for 90
min.

2.3.6. Solid state 13C Nuclear magnetic resonance (NMR) analysis

Corn cob (CC), corn straw (CS), and spruce wood (SW) biochar
samples were analyzed in a 7 mm zirconium oxide rotor in a Bruker DSX
200 spectrometer to obtain 13¢ nuclear magnetic resonance (NMR)
spectrum, using cross-polarization magic angle spinning (CP/MAS)
technique. The sample was rotated at the magic angle (54.78°) with a
spinning speed of 6.8 kHz to avoid line broadening due to orientation-
dependent interactions. For each sample the number of scans was set
to 10,000 and the delay time was 1.0 s. The '3C-chemical shifts were
calibrated relative to tetramethylsilane (= O ppm) with glycine (176.04
ppm). Finally, the spectrum was divided into four different chemical
shift regions that were assigned as follows: 0-45 ppm (alkyl C), 45-95
ppm (O/N-alkyl C/ methoxyl C), 95-165 ppm (aryl C + intensity of the
spinning side bands), 165-220 ppm (carboxyl & carbonyl C). For
quantification, these regions were integrated using MestReNovalO®
software package for Mass Spectrometry (Mestrelab Research, Santiago
de Compostela, Spain).

2.3.7. Scanning electron microscopy (SEM) analysis

The microstructure and morphology of biochar samples were
examined by using a scanning electron microscope (Zessia Ultra. 55
Limited Edition). The biochar samples collected from the reactor before
and after grinding were examined. To examine more details from the
biochar samples before grinding, the following pretreatment and ana-
lyses were carried out, including (1) top view scanning of the initial
sample, (2) top view scanning on horizontal cross-section area of hori-
zontally sliced sample, and (3) scanning on cross-section area of verti-
cally sliced sample.
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Table 1
Characteristics of corn stalk, corn cob and spruce wood for biochar production.

Corn stalk Corn cob Spruce wood
(Cs) (Co) swW)
Proximate analysis
Volatile matter wt% d. 82.42+0.36 82.38+0.15 86.6+0.19
content b.
Ash content wt% d. 2.91+0.07 5.04 +0.04 0.224+0.02
b.
Fixed carbon wt% d. 14.68+0.36 12.45+0.13 13.22+0.25
content b.
Element analysis
Carbon wt% d. 43.6+0.45 47.4+0.32 47.7+0.29
b.
Hydrogen wt% d. 5.84+0.06 5.84+0.03 5.74+0.02
b.
Nitrogen wt% d. 1.14+0.01 0.6+0.02 0.14+0.01
b.
Sulphur wt% d. 0.1+0.06 0.1+0.07 0.0+0.03
b.
Oxygen * wt% d. 49.44+0.43 50.1+0.39 46.5+0.27
b.
H/C 1.6 1.4 1.4
o/C 0.8 0.8 0.7
Cellulose wt% d. 33.6 29.6 40.1
b.
Hemicellulose wt% d. 29.7 37.9 20.3
b.
Lignin wt% d. 22.9 18.5 31.1
b.
Ash wt% d. 2.9 5.0 0.2
b.
Other wt% d. 10.9 9.0 8.4
b.
Inorganic element
K mg/kg 6460.0 10610.0 1001.5
d.b.
Ca mg/kg 1510.0 390.0 896.8
d.b.
P mg/kg 870.0 1590.0 63.6
d.b.
Mg mg/kg 1336.0 916.0 10.3
d.b.
S mg/kg 880.0 870.0 0.3
d.b.
Si mg/kg 8711.8 4139.1 109.4
d.b.
Na mg/kg  625.6 273.6 99.7
d.b.
Al mg/kg 2127.0 957.0 25.8
d.b.
Zn mg/kg 4.4 26.0 3.4
d.b.
Pb mg/kg 2.9 0.4 0.5
d.b.
Mn mg/kg 36.0 28.0 0.4
d.b.
Fe mg/kg  1102.0 657.0 3.9
d.b.
Cu mg/kg 4.7 6.7 37.8
d.b.

d.b.: dry bas; daf: dry ash free basis.
" Calculated by difference.

3. Results
3.1. Feedstock

Table 1 shows characteristics of oven dried corn cob (CC), corn straw
(CS), and spruce wood (SW) samples. The proximate analysis results
show that the CS and CC samples had high content of volatile matter.
The ash content of CC was 5.0 wt% and relatively higher than that of CS.
The elemental composition of CS and CC were rather similar, with
exception of slightly higher nitrogen content for CS. The chemical
composition of biomass can be generally characterized by three primary
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components including cellulose, hemicellulose and lignin. The absolute
amount and chemical structure of cellulose, hemicellulose and lignin
differ naturally between biomass materials at various level, i.e., between
and within species and between components, which are affected by
plant growth conditions and environment stress [25]. As shown in
Table 1, CC and CS contained less lignin and cellulose as compared to the
SW and had a relatively high content of hemicellulose. The lignin con-
tent in woody biomasses is generally higher than those herbaceous
biomasses [12]. The lignin content of CS was slightly higher than that of
CC. The lignin is more abundant in stem part of crop, which presents
hydrophobicity for transporting water and solutes from bottom to top of
the plant [26]. As a major cell wall component, lignin is of great
importance to provide rigidity and strength of the cell wall and give
mechanical support for the plant organs [26]. The major chemical
compositions in the biomass material will decompose and interact
during pyrolysis process, giving significant impacts on general conver-
sion process and yield and property of final products. As shown in
Table 1, both ash content and absolute concentration of inorganic ele-
ments in CC and CS were significantly higher than that of SW. It has been
reported that inorganic element usually present higher concentrations in
herbaceous materials, especially for annual crops [23]. The concentra-
tion of P and K in CC were considerably higher than those in CC, which
are particularly important at growing points like leaves and grains. On
the other hand, Si content in CS was about two times higher than that in
CC. The Si in most cereal and crop species forms a silicate network
structure and silicate skeleton on the external surface of the stalk/stem,
which provides structural strength and protection against microor-
ganism [27]. The alkali earth metals Ca and Mg are also required for
plant growth, which occurs largely in the leaves and stem part of the
cereal and crop, but with lower concentrations in the seeds and fruits
[28]. It partially explains the higher concentrations of the Ca and Mg
measured from CS as shown in Table 1.

3.2. Product yields

Table 2 shows yield of products from slow pyrolysis of CC, CS and
SW. The yields of biochar were similar for CC and CS, which were
25.90% and 26.56%. respectively. It is interesting to note that the bio-
char yields from slow pyrolysis of CS and CC at 600 °C were comparable
or even slightly higher than that of SW. Normally, the yields of biochar
from herbaceous biomasses are lower in comparison to those of woody
biomasses, since the latter have high bulk density and content of lignin
[23]. The condensate yield from pyrolysis of CC was higher than that of
CS. Table 2 illustrates that CO and COy were the two main components
of gas products released from pyrolysis of CC, CS and SW, accounting for
16.65%, 17.33% and 15.16% of the total product yield. In addition, the
yield of CO; from pyrolysis of the three biomasses was nearly three times
higher than the CO yield. Compared to SW, the yields of CO3 from CC
and CS were higher, which can be partially related to of the higher
concentration of hemicellulose in these two biomasses. As shown in
Table 1, the content of hemicellulose in CC and CS was 9.7% and 17.9%
greater than that in SW, which decompose mainly in the temperature
range of 200-400 °C and is the main contributor to CO, production
during the pyrolysis process. In contrast, the yields of CO and CH4 from

Table 2
Product yields from slow pyrolysis of corn stalk, corn cob and spruce wood.
CS 600 CC 600 SW 600

Biochar wt% d.b. 25.90 (£ 0.6) 26.56 (£ 0.7) 25.60 (£ 0.5)
Condensates wt% d.b. 55.86 (+ 0.2) 54.46 (£ 0.6) 57.43 (£ 0.4)
CO, wt% d.b. 12.31 (£ 0.2) 13.12 (£ 0.3) 9.02 (£ 0.2)
Cco wt% d.b. 4.34 (£ 0.3) 4.21 (£ 0.4) 6.14 (£ 0.2)
CHy4 wt% d.b. 1.06 (+ 0.4) 1.12 (+ 0.5) 1.58 (+ 0.2)
H, wt% d.b. 0.19 (£ 0.1) 0.16(+ 0.3) 0.08 (£ 0.1)
CoHy-CoHy wt% d.b. 0.10 (£ 0.05) 0.09 (£ 0.08) 0.12 (£ 0.04)
CoHg wt% d.b. 0.25 (+ 0.04) 0.28 (£ 0.1) 0.03 (£ 0.03)
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SW were higher than those from the CC and CS. Product yields from
pyrolysis of lignocellulosic biomass can be affected by several factors
including absolute and relative concentration of cellulose, hemicellulose
ad lignin, reactions between the three components, inherent structures
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Fig. 1. Release profiles gas (a) CO,, (b) CO, (c) CHy, (d) CoHg, and (f) CoHa-
CyHy during pyrolysis of corn cob, corn straw and spruce wood.
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and chemical nature of the three components, and effect of biomass
structure (i.e., size and density) on these reactions [10°15'6°30]. The
differences in the absolute concentrations of three components in the
CC, CS and SW possibly account for the different gas product yields
obtained in the current work.

Fig. 1 illustrates the release profiles of the main gases CO2, CO, CHy,
H,, CoHg and CoHy-CoHy produced from pyrolysis of CC, CS and SW. It
can be seen that the release intensity of oxygenated gases such as CO and
CO, was considerably higher than CH4 and H; during the pyrolysis of the
studied feedstocks. During pyrolysis of the CC, CS and SW, release of
CO,, started from about 250 °C and finished at about 500 °C, which is
probably associated with linkages break and dehydration reactions of
hemicellulose and initial degradation of cellulose [26]. The profile of CO
formation started at temperature about 300 °C and had peaks at tem-
perature of 380 °C, which ended at around 550 °C. Intensive formation
of CO5 in the temperature range of 250-500 °C is mainly related to
conversion of cellulose and lignin that are the main components of the
biomass materials [30]. Fig. 1 shows that the profiles of gas release from
CC and CS were similar, and there were clear overlapping peaks of COy
and CO. However, the release profile of CO; and CO from SW showed
evident differences in comparison to those of CC and CS. In comparison
to pyrolysis of CC and CS, the release of CO, and CO from SW started at
higher temperatures about 350 and 380 °C with maximum release
values at around 460 °C. This different behavior may be partially
attributed to variations in the transport phenomena in the fixed bed. The
CO, and CO release behaviors observed during pyrolysis experiments
might be related to both different absolute concentration and chemical
structure of hemicellulose and cellulose in of CC, CS and SW. For
example, hemicelluloses in woody biomass often constitute g (1,
4)-linked glucan, xylan, galactan, mannan, or glucomannan backbone
that are branched with single or longer glycosyl residues. Whereas for
major cereals, mixed-linkage f (1-4):$ (1-3) glucans and arabino glu-
curonoxylans are abundant [29]. The compositional and structure
property of the three components can undergo their own reaction
pathways and actively interact with others during the pyrolysis process
[30]. It will influence greatly the overall pyrolysis behaviors of the
biomass and yields of products. On the other hand, more significant
release of CH4 and Hy was observed from pyrolysis of SW as the tem-
perature was higher than 450 °C. This is associated with rearrangement
of the aromatic rings from conversion of lignin in the temperature range
of 500- 600 °C[17°18]. In addition, the biomass material was loaded and
pyrolyzed in a tubular reactor in the current work, which forms a packed
sample bed. The transport phenomena and residence time of the vola-
tiles and gases in the reactor will be different, considering sample bulk
density and shape. With different residence time in the reactor, contact
time of volatiles and gases with pyrolyzing biomass particles can vary,
enabling secondary reactions (both homogeneous and heterogeneous)
and different gas release behaviors.

Table 3
Characteristics of biochar produced from corn stalk, corn cob and spruce wood.
CS 600 CC 600 SW 600

Proximate analysis
Volatile matter content wt% d.b. 15.4+0.31 18.3+0.18 10.5+0.21
Ash content wt% d.b. 9.6+0.02 12.44+0.05 1.5+0.09
Fixed carbon content wt% d.b. 75.0+0.22 69.6+0.33 88.1+0.23
Element analysis
Carbon wt% d.b. 73.4+0.46 79.5+0.38 86.7+0.29
Hydrogen wt% d.b. 1.7+£0.21 2.24+0.27 2.4+0.16
Nitrogen wt% d.b. 1.3+£0.02 0.8+0.04 0.1+0.01
Sulphur wt% d.b. 0.1+0.12 0.1+0.08 0.0+0.03
Oxygen * wt% d.b. 23.5+0.15 17.4+0.17 7.7+0.08
H/C 0.28 0.33 0.33
0o/C 0.24 0.16 0.07

" : calculated by difference
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3.3. Biochar characterization

3.3.1. Proximate and element analysis

Table 3 summarizes characteristics of CC, CS and SW biochar pro-
duced at 600 °C. The volatile matter and ash content varied between
biochar derived from CC, CS and SW, which confirms the effects of
biomass on the biochar properties. In comparison to the raw feedstock,
the volatile matter contents of the produced biochars were considerably
lower. The VM/FC ratios of produced biochar samples decreased from
5.8, 6.7 and 6.6 to 0.2, 0.3 and 0.18, respectively. The low VM/FC ratios
of the biochars suggest high recalcitrance towards further biological and
thermal decomposition. Table 3 also lists the results of element analysis
of the produced biochars. The biochar samples presented a carbon
content of 73.4%, 79.5% and 86.7%, respectively. Elemental analyses on
biochar samples were conducted to calculate the H/C and O/C molar
ratio. As shown in the Table 3. the O/C molar ratio of CS biochar was
0.24, whereas for CC and SW biochar was lower. This indicates the latter
are more stable and might have half-time of more than 1000 years as
claimed and categorized by Spokas et al. [31], which is a great benefit
for carbon sequestration. The molar H/C ratio has been used to access
the thermochemical alteration degree of biomass and as an indicator of
the biochar C structure [32]. The molar H/C ratios of CC and CS biochar
were low and comparable with that of SW biochar, indicating high
aromaticity and resistance to microbial and chemical degradation.

3.3.2. Inorganic element analysis

Table 4 lists the concentrations of inorganic elements in the pro-
duced biochars. K, Ca, P, Mg and Si were dominant elements in the CC
and CS biochar, with concentrations significantly higher than those in
SW biochar. The CC biochar contained the highest amount of K and P
(28410 mg/kg and 4550 mg/kg, respectively), while the highest content
in Mg and Si content was detected in CS biochar (6203 mg/kg and 16949
mg/kg). Silicon is usually abundant in the stem part of the crops,
especially in rind of stem part, i.e., corn stalk. Silicon has high stability
during pyrolysis and retains in the produced biochar, explaining the
pronounced high concentration of Si in the corn stalk biochar. P is
normally concentrated at the most actively growing points of a plant and
stored within seeds in anticipation of their germination [33]. In addi-
tion, the calcium content of in the CS biochar was considerably higher
compared to that in CC biochar. Calcium is an important element that
regulates transportation of other nutrients into the plant from the root to
above-ground part, which is particularly active in the root and stem part
[2]. Similar high concentrations of K, P, Mg and Ca in the corn stalk
biochar were also reported by Intani et al. [13]. The large amount of K
and P in the CC and CS biochar suggests they can be promising candi-
dates for soil application with objective of enhancing nutrient content.
In addition, biochars with such concentrations of alkali and alkaline
earth elements are most likely to have high pH, which can provide a
liming effect to soil [34°35]. Corn cob biochar produced at different
temperatures have, by others, been tested for amending soil quality,

Table 4

Inorganic elements in produced corn stalk, corn cob and spruce wood biochar.
Inorganic element CS 600 CC 600 SW 600
K mg/kg d.b. 21150 28410 1908
Ca mg/kg d.b. 6530 1530 3298
P mg/kg d.b. 3230 4550 225
Mg mg/kg d.b. 6203 2564 35
S mg/kg d.b. 1850 1110 10.5
Si mg/kg d.b. 16949 1118 398.2
Na mg/kg d.b. 918 910 101.5
Al mg/kg d.b. 2107 3908 50.1
Zn mg/kg d.b. 84 92 102.9
Pb mg/kg d.b. 10 8 4.0
Mn mg/kg d.b. 109 99 0.7
Fe mg/kg d.b. 1318 2342 6.6
Cu mg/kg d.b. 28 54 213.2
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increasing pH and improving plant crop growth. The results showed soil
P and K increased following application of CC biochar, with improve-
ment of soil salinity and pH [36]. Moreover, application of CC biochar
was reported to improve soil macro-aggregation and bacterial commu-
nity structure [37]. It can consequently improve and enhance avail-
ability, uptake and use efficiency of the nutrient elements, mainly P and
K, with observation of increase of plant tissue K and growth of plants.

3.3.3. Surface area, pore volume, pore size distribution and true density
The role and performance of biochar in different applications mainly
rely on its physicochemical properties. Surface area, pore volume, and
pore size distribution are among the most important ones, potentially
exerting a vital impact on the performance of biochar in most of appli-
cations [38]. During pyrolysis, the decomposition of the carbon matrix
and release of volatiles lead to the development of pores (mainly in
nm-range) and consequently the formation of the biochar porous
structure together with the pores in the um-range, originating mainly
from the parent material. The pores in the nm-range are generally
divided into three groups including micropores (pore diameter/width
smaller than 2 nm), mesopores (pore diameter/width in the range of 2 to
50 nm), and macropores (pore diameter/width larger than 50 nm), ac-
cording to the IUPAC classification. To characterize pore specific surface
area, specific pore volume, and pore size distribution in the nm range,
gas adsorption in a prescribed atmosphere is typically conducted [38].
In the present work, both CO, adsorption and Ny adsorption was com-
bined, yielding more detailed information about the biochar porosity.
Both CO5 and N3 adsorption isotherms for the three biochar samples are
presented in Fig. 2. With CO2 adsorption, micropores up to approxi-
mately 1.5 nm in diameter are characterized, while Ny adsorption is
applied to measure microporosity, mesoporosity, and macroporosity up
to around 200 nm in pore size. However, N, adsorption presents some
challenges regarding the characterization of biochar samples dominated
by microporosity (especially with small micropores), mainly due to the
lower measurement temperature (77 K) and consequent increased
intra-particle transport limitations, as well as potential pore deforma-
tion, resulting often in an underestimation of biochar microporosity
[38-40]. This effect is yet worsened by the complex structure and con-
nectivity that characterizes biochar porosity, especially in the nm-range,
as well as by the presence of condensed volatiles and inorganic species
on the biochar internal structure, potentially blocking some micropores.
The porosity in the nm-range of the three biochars analyzed in the
present work was dominated by micropores (pore diameter/width
smaller than 2 nm). This can be seen in the form of the N3 adsorption
isotherms (Fig. 2, right), with little to negligible No uptake at high
relative pressures (p/po), as well as in the derived pore size distribution
(Fig. 3), resulting in negligible specific surface due to mesopores (pore
diameter/width in the range of 2 to 50 nm) in comparison to that
resulting from micropores. The pore size distribution for micropores
yielded by N5 adsorption was not included in Fig. 3, in favor of the pore
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size distribution resulting from CO, adsorption. The N5 adsorption re-
sults were used to determine the specific surface area distribution ac-
cording to pore size in the mesoporous region. The values for specific
surface area (SSA) and specific pore volume (SPV) resulting from Ny and
CO4 adsorption, as well as the material true density (determined with
He-pycnometry) for the three biochar samples (SW 600, CS 600, and CC
600) are provided in Table 5. The formation of pores in the nm-range
and increase of SSA during pyrolysis of biomass are mainly attributed
to the volatilization of organic compounds. The decomposition of
hemicellulose and cellulose takes place in the temperature range of
200-400 °C, while lignin has a more complex structure and intricate
degradation mechanisms [38]. Decomposition of lignin mainly takes
place in the temperature range of 350-500 °C and continues gently up to
900 °C [16°30]. Therefore, dramatic increase in surface area and pore
volume in the nm-range mainly occurs in the range of 300-500 °C [16].
At temperatures above 500 °C, the decomposition and devolatilization
of biochar is minor; however further restructuring of the solid phase
takes place. The development of pores in the nm-range during pyrolysis
has been reported to be closely related to the chemical structure and the
lignin content of raw biomasses [14°16]. The higher the lignin content of
in the biomass feedstock, the greater the biochar surface area and pore
volume in the nm-range should be, when produced via slow pyrolysis in
the mild temperature range from 350-600 °C [42]. As displayed in the
Fig. 1, release of CH4 during pyrolysis of SW was significantly more
intensive in the temperature range of 450-500 °C, which continued after
the temperature reached 600 °C. This is partially related to degradation
of the lignin in the SW. Decomposition of lignin in biomass at a higher
temperature often leads to formation of pores and increase in surface
area. It can partially explain that SW 600 showed highest porosity
(specific surface area and specific pore volume) in the nm-range than CC
600 and CS 600. This biochar also presented the lowest ash content and
highest C content. CS 600 and CC 600 biochars showed similar specific
surface area and specific pore volume, according to the CO5 adsorption
results (Table 1), but lower values in comparison to SW 600. Noteworthy
to mention is the larger variability in the CO5-isotherms from CC 600 in
comparison to those for CS 600 and SW 600 (larger error bars based on
standard deviation, see Fig. 2). Since the three biochars were produced
in the same conditions, the differences in porosity in the nm-range are
mainly attributed to the different physiochemical properties of parent
materials. The high content in lignin of SW may partially explain the
higher specific surface area and specific pore volume of the biochar
sample SW 600, as previously discussed. However, the different ash
content must also be taken into consideration. The pores can be blocked
and filled with ash after transformation and migration, particularly for
micropores [40]. The blockage of micropores due to migration and
sintering of inorganic elements has been observed in biochars from
herbaceous biomasses. In a recent review, a survey on biochar produced
from a wide range of biomasses showed that biomass with high ash
content had lower specific surface area attributed to micropores,
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Table 5

Specific surface area, specific pores volume, and material density of the produced biochars at 600 °C (CS 600, CC 600, and SW 600).
Pore structure characterization CS600 CC600 SW600
Specific surface area (CO,, NLDFT) SSA m? g’1 470.74 + 6.31 477.11 + 23.13 587.53 + 12.25
Specific pore volume (CO5, NLDFT) SPV cm® g’1 0.126 + 0.002 0.129 + 0.004 0.162 + 0.004
Specific surface area (N, BET) SSA m? g ! 140.60 94.17 + 10.15 465.14 + 22.83
Specific pore volume (N5) SPV em®g! 0.085 0.050 =+ 0.004 0.216 =+ 0.002
Density (He-pycnometry) D gem ™3 1.53 1.62 1.52

whereas biomass with low ash content and high organic carbon content
(i.e., woody biomass) typically possessed a higher specific surface area
[40]. This trend was more evident for biochars produced at tempera-
tures higher than 500 °C [40-42]. With respect to the pore size distri-
bution in the micropore range (derived from CO; adsorption, see Fig. 3),
it is possible to see that the three samples showed qualitatively the same
characteristics. The specific surface area distribution with respect to the
pore size was concentrated in two regions, with peaks for pore diame-
ter/size of 0.35 and 0.5 nm. The ratio of the specific surface area due to
the smallest pores (peaking at around 0.35 nm) to the specific surface
area for pores around 0.5 nm was larger for CS 600 and CC 600 in
comparison to SW 600. This suggests CS 600 and CC 600 has more
smaller pores. The lower specific surface area and specific pore volume
observed for N5 adsorption for CS 600 and CC 600 may be attributed to
the higher content in inorganic species of these two biochars, influ-
encing the transport of Nj into the smallest pores, either due to pore
partial blocking or pore deformation. The three biochars showed
negligible mesoporosity, as it can be seen by the negligible specific
surface area for pores larger than 2 nm (see Fig. 3). The true density of
biochar studied in the current work are listed in Table 5. The density and
porosity of biochar affect its mobility in the environment and interaction
with the soil hydrologic cycle since material with bulk densities less than
water (<1 g cm ™) will float [43]. All three produced biochar in the
present work had relatively higher density than water, indicating low
tendency of them to float under certain hydrologic conditions.

3.3.4. NMR analysis

The solid-state 13C NMR spectra of produced CC, CS and SW biochar
samples are shown in Fig. 4. Similar as carbon structure identified in
biochar [15716], the carbon structure of three biochars were mainly
composed of alkyl-C (0-45 ppm), O-alkyl-C (45-90 ppm), aryl-C
(95-165 ppm), and carboxylic-C (165-200 ppm). The relative contents
of the four carbon groups were quantified using peak area quantification
method and results are shown in Table 6. The relative content of aryl-C
(95-165 ppm) is in the range of 90-94%, whereas the relative content of

350 300 250 200 150 100 50 0 -50 -100 -150
(ppm)
Fig. 4. CPMAS '3C NMR spectra of corn cob, corn stalk and spruce
wood biochar.

carboxyl C fraction are less than 4%, indicating highly aromatic struc-
ture of the three biochars (Table 6). Although the structures of CC, CS
and SW biochar produced at 600 °C were rather similar, CC600 showed
a slightly greater functionality. This is consistent with observations
obtained by using solid-state *C NMR spectroscopy and modeled
changes for the physical nature of biochar derived from different plant
biomasses[14718]. The ubiquitous peaks at about -10 and 260 ppm are
spinning sidebands (SSBs) associated with the aromatic signal. The
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Table 6
Relative intensity distribution (%) of solid-state 13C NMR spectra of corn cob,
corn stalk and spruce wood biochar.

0-45 ppm 45-95 ppm 95-165 ppm 165-220 ppm
Sample Alkyl-C N-alkyl C/ methoxyl C Aryl C Carboxyl C
CC600 2 4 90 4
CS600 2 4 91 3
SW600 2 2 94 2

predominance of aromatic C is in a good agreement with several pre-
viously published NMR spectra of biochar [44746]. It indicates severe
condensation and aromatization of biochar both between and within
molecules as it is produced a high pyrolysis temperature (i.e., 600 °C).
There was also a small peak around 35 ppm, which is related to meth-
ylene carbon (CH,). However, the low relative abundance of alkyl-C
signals (2%, Table 6) confirmed the high aromaticity of the three bio-
chars. CC and CS biochars also showed some small contribution of
O/N-alkyl C (up to 4% of the spectra), which may be derived from
surviving ether bonds. The NMR has been recognized as a useful char-
acterization of biochar in terms of stability [44745]. The NMR analysis
results indicated that the biochars produced in the current work had
high aromaticity, and this characteristic will affect their carbon
sequestration potential and the duration during which it can provide
benefit to the soil.

3.3.5. FTIR analysis

The results of the FT-MIR analysis of SW, CC and CS biochar samples
are shown in Fig. 5. FT-IR spectra indicated that the three biochars were
composed by similar functional groups. The great band width maxima at
1540 cm™! is attributable to the aromatic C=C vibration, possibly
formed by heat induced dehydration of cellulose and to aromatic C=0
vibrations[47][48]. This signal was shown to decrease with rising
temperature by Zhao et al. [42]. The shift of this band in the CS biochar,
with a maximum at 1620 cm ™!, has been attributed as typically indic-
ative for graphite moieties [49,50][’], which is in agreement with the
low H/C ratio measured for this sample. However, this signal at CS could
also be derived from N-H vibration. All the spectra showed a major band
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Fig. 5. FTIR spectrum of corn cob, corn stalk and spruce wood biochar.
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centered at 1080-1085 cm ™! which can be caused by C-O stretching
vibrations in polysaccharides (cellulose and hemicellulose) or in pyra-
noses and furanoses derived from of partially converted cellulose and
hemicellulose. The peaks at 2920 and 2840 cm ™, more evident for CC
and CS biochar, correspond to asymmetric CHy stretching and sym-
metric CHj stretching, respectively, and aresigns of remains of aliphatic
C [48].

The peak appearing over 1380 cm™! clearly shown in CC and CS
biochars, was again correlated with aliphatic groups (-CHs. -CHa.
-asymmetric bending), whereas the peak at 873 cm ™ could be related to
out-of-plane bending of the aromatic ring G-H bonds or CO% bending
[51].

3.3.6. SEM analysis

Figs. 6-8 show SEM images of CC, CS and SW biochar took from three
view directions, which show significant differences could be distin-
guished between CC, CS and SW in terms of microstructure and
morphology. The top three show general view of one scanned biochar
grain, and the bottom three are zoom in view with higher magnification
to show detailed microstructure of a scanned area. Fig. 6 (a) and (d)
display rind layer of the CS biochar, which had a compact and intact
surface. The cross section of CS biochar is shown in Fig. 6 (b) and (e) and
the latter displays zoom in view of with a higher magnification. The
Fig. 6(e) shows the middle part of the corn stalk that consisted of pa-
renchyma tissue and vascular bundles that transport photosynthesis
products to the other organs and brings water and salts from under-
ground [33]. Significant differences were found between CC and CS
biochar in terms of microstructure as shown in Fig. 7. Fig. 7(a) and (d)
show outer chaff part of the scanned corn cob grain, which had a light
and stiff wrinkled structure. Fig. 7 (b) and (e) illustrate distinct struc-
tural differences between outer woody ring (Fig. 7(b)) and inner pith
(Fig. 7(b)). The woody ring had dense structure, which was composed of
small size parenchyma structure and vascular bundles. On the other
hand, the pith part had spongy honeycomb structure (Fig. 7 €), which is
related to preservation of biological capillary structure of corn cob. In
comparison to CC and CS biochar, the SW biochar had cellular structure
with vertical microchannels and highly elongated tracheids, with
observation of longitudinal openings and cracks and pores with different
sizes in the cell wall (Fig. 8a and d). Fig. 8b and e display the top view of
the vertically cross-sectioned SW biochar, showing it has channel
structure and contained both polygonal and elliptical cells. The SEM
analyses showed considerably different shapes, densities and physical
structures between the produced CC, CS and SW biochar. Such differ-
ences indicate variability and structural of three produced biochar,
which have recalcitrance and conversion behavior during further
applications.

Fig. 9 shows representative SEM images of ground CC, CS and SW
biochar used for surface area analysis. As shown in Fig. 9(a), there are
large particles greater than 15 um and small particles that are discrete
and aggregated together the large ones. For the larger CC particles,
openings and pores with size in the range of 3-10 um can be observed
(indicated with arrows). While for the ground CS biochar, thin flake-like
particles can be seen, with openings and pores in similar size around 2-3
um (indicated with arrows). For the ground SW biochar, in addition to
fine flake-like particles, there are some retain tubular structure with
spherical pores in the cell wall, which have size in the range of 1-2 pm.
The Fig. 9 shows that even after grinding treatment, the biochar can
partially persevere structure of parental one and have different
microstructure.

3.4. Carbon and energy distribution of the products

Recovery and use of by-products is critical to improve efficiency and
sustainability and economic profitability of the biochar production
process. Considering this, distribution of carbon and energy between
products from pyrolysis of the CC, CS and SW were assessed based on
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Fig. 8. Top view SEM images of (1) surface (a, d), (2) vertically cross sectioned (b, e) and (3) horizontally cross sectioned (c, f) spruce wood biochar grain.

their mass yields, atomic composition and energy content. As shown in retainment of carbon in the biochar produced from different biomass
Table 7, CS, CC and SW biochar retained over 50% of the carbon in the materials has been well reported and summarized [5'6°31]. Biochar is a
biomass feedstocks. Effect of feedstock and production conditions on the preferred material rich in carbon with highly aromatic carbon skeletons
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Fig. 9. SEM images of ground (a) corn cob, (b) corn stalk and (c) spruce wood biochar.

Table 7
Carbon distribution between pyrolysis products from corn stalk, corn cob and
spruce wood biomass.

CS CC SW
Biochar 61.24 60.31 56.02
Condensate 29.00 31.02 33.88
Gas 10.13 8.94 10.21
Table 8

Energy distribution between pyrolysis products from corn stalk, corn cob and
spruce wood biomass.

CS CcC SwW
Biochar 47.72 47.99 47.47
Condensate 32.88 33.71 38.79
Gas 19.40 18.30 17.87

for carbon sequestration and storage applications [9]. For example, if
the CS biochars produced in the current work applied to soil remains
without further decomposition, the equivalent CO, weight can be 69%
(=Ybiochar, Wet X Chiochar, dry x 44/12) of the air-dried biomass. This
value is comparable with estimated values obtained from studies of
biochar from other crop residues [52]. The bio-oil was the second
dominant product from biochar production, which had yields of
29.00-33.88% for pyrolysis of CS, CC and SW at 600 °C. As shown in
Table 6, the yield of condensates from the CS, CC and SW were rather
similar. However, energy content of the condensates produced from SW
was higher than those produced from CS and CC. This can be related to
different chemical compounds contained in the condensate. The con-
densates and pyrolytic gases had up to about 38.79% and 19.40% energy
yields, when produced from SW and CS, respectively. It is important to
note that the by-products of biochar production, condensate and gases,
contains over 50% of the energy content compared to that of biochar.
Therefore, biochar production can be planned and conducted also
considering utilization of by-products as valuable resources.

4. Conclusion

In this work, pyrolysis of corn cob, corn stalk, and spruce wood was
carried out at 600 °C under inert conditions. The conversion behavior,
yields and physico-chemical properties of the biochar products were
significantly influenced by the characteristics of the tested biomass
feedstocks. Yields of biochar from the CC and CS were comparable with
that of SW, which were about 25.90% and 26.56%, respectively. Higher
production of CO, was observed from pyrolysis of CS and CC, which may
be related to their greater content in hemicellulose. On the other hand,
larger production of CO and CH4 was observed in pyrolysis of SW in
comparison to CS and CC, partially due to high content of cellulose and
lignin in this woody biomass.

The produced biochars were analyzed via a combination of different
analytical techniques. Compared to CS and CC biochars, biochar from
SW had a larger surface area in the nm-range, which are favorable for
soil application. On the other hand, the CC and CS biochars had
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evidently high concentrations of inorganic elements (i.e., K and P),
which is a desirable property for improving soil fertility. NMR and FTIR
analysis results indicated that the biochars produced at 600 °C, irre-
spective of biomass feedstock, had high aromaticity and stability which
suggests greater potential for carbon sequestration application. Con-
densates and light gases, as by-products from biochar production, con-
tains about 50-60% of energy in total, which are comparable to that of
the biochar. Therefore, it is important to assess and utilize the by-
products from biochar production as valuable resources for improving
carbon and energy conversion efficiency and increasing the economic
profitability of the process.
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