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Abstract. Influences of thermal treatment conditions of temperature, reaction cycle and time, and purge

gas type on nanocarbon formation over bio-chars from fast pyrolysis and effects of thermal reaction cycle

and purge gas type on bio-char surface functional groups were investigated by temperature-programmed

desorption (TPD) and temperature-programmed reduction methods. Nanospheres occurred on bio-chars

under the activation temperature of 700�C; more nanospheres occurred when temperature increased

to 900�C. Further increase of temperature to 1100�C yielded bio-char surfaces covered with a layer

of nanospheres between 20 and 50 nm. More carbon nanospheres formed by increasing thermal cycles

and reaction time. Scanning electron microscope images of char surfaces showed there were fewer or no

nanoparticles produced using H2 as the purge gas and they were porous. TPD results indicated that

H2, H2O, CH4, CO, and CO2 in gas phases evolved from chars heated to 1000�C during the first heating

cycle. H2 and CH4 peaked at 750 and 615
�C, respectively. Both H2O and CO had two peaks, and CO2 had

a broad peak. Only trace amounts of H2 and CO were detected in the second cycle. There was no detection

for CH4, H2O, and CO2 after the second cycle.
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INTRODUCTION

In addition to diamond and graphite, synthetic
carbon materials have been extensively studied
for a wide variety of applications for the past
decade (Mezohegyi et al 2012). These carbon
materials are defined not only by their primary
particle sizes on a nanometer scale, but also by
their structures and/or textures controlled on
the nanometer scale (Qureshi et al 2009). Both
nano-sized and nano-structured carbon mate-
rials must be prepared under deliberately con-
trolled conditions to yield specific properties
and functions (Dasgupta et al 2011). Generally,
the nano-sized/nano-structured carbon materials
include nanocarbon black, carbon nanotubes
(CNT) (Llobet 2013), carbon nanofibers (CNF)
(Lubineau and Rahaman 2012), carbon nano-
cones (Balaban et al 1994), carbon nanospheres
(Miao et al 2004), and graphenes (Geim and
Novoselov 2007).

Carbon-based nanomaterials can be produced
from carbon-containing compounds using ther-
mal, chemical, or hydrothermal processes in
their gas, liquid, or solid phases (Hwang 2010).
The physical and chemical properties as well as
the structure of the formed carbons are affected
by the reaction conditions and the feedstock
(Pierson 2006). Carbon materials have been
widely produced by thermochemical processes
in the gas phase. Chemical vapor deposition
(CVD) and pyrolysis techniques are the most
frequently used methods to form CNF, CNT,
carbon films, and carbon blacks. The feedstock
of the carbon precursors are selected from carbon-
containing gases, eg CO, CH4, C2H2, C3H6, C6H6,
or the vapor phase of biomass pyrolysis. The
CVD process usually is promoted by a metallic
catalyst such as iron, cobalt, or nickel (Li et al
2004). The thermochemical process is conducted
under high temperature (700-1000�C) and low
pressure, usually atmospheric pressure. Carbon
products can be obtained in liquid-phase reactions
using thermoplastic polymers or liquid hydro-
carbons under traditional carbonization condi-
tions, typically greater than 2000�C in a largely
nonreactive medium. Graphitizable carbon fibers,
cokes, and graphite can be produced by this car-

bonization process (Morgan 2005). Carbon mate-
rials, eg carbon nanospheres, have been fabricated
in the aqueous phase by a hydrothermal process
in recent years. The feedstock varies from glucose
and alcohols to organic acid molecules (Wang
et al 2001). Carbon formation processes can also
take place in the solid phase via the thermal
decomposition of coals, wood, some polymers,
and biomass in nonreactive mediums. Activated
carbon, activated carbon fibers, and carbon
molecular sieves have been produced by this pro-
cess (Serp and Figueiredo 2008). However, the
raw sources used currently are not sustainable or
renewable and the processes are expensive.

Biomass is an abundant and low-cost carbon
source for value-added carbonaceous nanoparti-
cle production. However, limited studies have
been reported on the use of wood or annual
agricultural biomass as the carbon source. In
biofuel research, most attention has been con-
centrated on bio-oil upgrading and syngas for-
mation and use and less attention has been paid
to the use of its byproduct wood char, which
accounted for 30-50% of the carbon in the wood
(Mohan et al 2006). The synthesis of value-
added carbonaceous nanomaterials from bio-
chars, and also carbon-rich and renewable
biomass such as wood and agriculture plants,
can be an attractive option to use carbon resources
in a sustainable and “CO2-neutral” way com-
pared with fossil resources (Hüttinger and
Michenfelder 1987). More than 90 wt% of the
content in bio-char is elemental carbon. Using
bio-chars to fabricate nanocarbon materials will
add value to this byproduct and eventually help
improve the wood pyrolysis process economics
(Yan et al 2013).

Özçimen and Ersoy-Meriçboyu (2008) exam-
ined the effect of temperature, sweep gas flow
rate, and heating rate on the yield of bio-chars
from grape seeds and chestnut shells. It was
found that yield decreased with increasing tem-
perature, heating rate, and sweep gas flow rate,
and temperature had a significant effect on the
bio-char yield compared with nitrogen gas flow
rate and heating rate. Dalai and Azargohar
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(2007) converted bio-char to activated carbon
through physical (steam) and chemical (potas-
sium hydroxide) activation. Azargohar and
Dalai (2006) attempted to produce activated
carbon from bio-char through chemical activa-
tion using potassium hydroxide. Demirbas et al
(2006) studied adsorptive properties of activated
carbons and fly ashes from Turkish coal and
biomass resources. Satya Sai and Ahmed (1997)
prepared activated carbons from coconut shell
char using steam or CO2 as the reacting gas in
a 100-mm-diameter fluidized bed reactor.

The objectives of this study were to characterize
the bio-char from fast pyrolysis of pinewood,
understand the structure and surface properties
of the bio-char, and investigate the effect of
thermal treatment conditions such as tempera-
ture, reaction cycle and time, and purge gas type
on the nanocarbon formation over the bio-char.
The ultimate goal was to find a value-added use
for the bio-char, which is a byproduct of the
biomass fast pyrolysis process.

MATERIALS AND METHODS

Pretreatment of Char

Bio-char used in this study was obtained from an
auger-type fast pyrolysis reactor with a feed
stock of southern yellow pine wood chips
(Mohan et al 2006). The fast pyrolysis experi-
ments of pine wood chips were performed in a
stainless steel auger reactor located at the Depart-
ment of Forest Products, Mississippi State Uni-
versity. A detailed description of the reactor was
reported elsewhere (Ingram et al 2008). The pine
wood chips were fed into a cylindrical reactor
(76 mm in diameter and 1.02 m long) at the rate
of 1 kg/h. The auger rate applied was 12 rpm at a
pyrolysis temperature of 450�C. Pyrolysis breaks
wood chips into three fractions: vapor, gas, and
char. The char was first boiled in 0.1 M HNO3

solution for 12 h remove any soluble alkali ions,
alkaline earth ions, and bio-oil residue. Char was
then washed several times using hot deinonized
H2O followed by drying in an oven at 105�C
for 12 h.

Thermal Treatment of Char

Experiment I was to heat-treat 15 g pretreated
char using the setup shown in Fig 1 at three
temperatures (700, 900, and 1000�C) with a
nitrogen flow under atmospheric pressure to
study temperature effects on nanocarbon forma-
tion. A Lindberg/Blue tube furnace (Thermo
Scientific, White Deer, PA) was used in this
work. For each temperature run, the gas flow
rate, heating rate, and heating time at the final
temperature were 50 mL/min, 10�C/min, and
60 min, respectively. In addition, the pretreated
char was heated to 1000�C for extended times
of 3 and 5 h.

Experiment II was to heat-treat 200 mg pre-
treated char to 1000�C using the setup shown in
Fig 2 without extended time for one, three, and
five cycles. A Lindberg/Blue M Mini-Mite tube
furnace (Thermo Scientific) was used in this
experiment. All experiments were under a nitro-
gen atmosphere at a heating rate of 10�C/min
with a nitrogen flow rate of 50 mL/min. This
experiment was designed to investigate the evo-
lution of surface functional groups such as H2

(m/z ¼ 2), CH4 (m/z ¼ 15 or 16), H2O (m/z ¼
18), CO or nitrogen (m/z¼ 28), and CO2 (m/z¼
44) on the pretreated char and nanocarbons
using a temperature-programmed decomposition
(TPD) process. The TPD experiment involved
heating a sample in a purging gas environment at
a programmed heating rate to induce thermal
desorption of adsorbed species from the surface.

Figure 1. Experiment I setup.
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The TPD profiles (showing the number of peaks
of each species and the temperature of desorp-
tion) provide information on the types of species
desorbed from the carbon surface, from the
decomposition of surface functionalities, and on
the nature of interactions of the gaseous species
and carbon.

Experiment III was a temperature-programmed
reduction (TPR) run performed using the setup
shown in Fig 2. The experiment was designed
to study the purge gas effect on the surface func-
tional groups present on the char and nano-
carbon formation. Each sample of 200 mg
pretreated char was first pretreated in helium at
110�C for 1 h and then cooled to room tempera-
ture under a helium flow. Then, the helium flow
was replaced by a N2 or 10% H2 and 90% argon
mixture flow at a rate of 50 mL/min as a purging
gas. After the concentration of effluent became
steady, the temperature was ramped at a rate of
10�C/min to 1000�C without extended hours.

Experiment IV was a thermogravimetric analysis
(TGA) performed using TGA 50H to evaluate the
weight loss occurring at different temperatures

during the heating process up to 1000�C with a
heating rate of 10�C/min and under N2 atmo-
sphere. For the run, 20 mg of pine char were used.

Characterization of Char and

Nanocarbon Samples

Sample morphology was investigated with a
scanning electron microscope (SEM) equipped
with energy-diffusive X-ray spectroscopy
(EDX) (JSM-6500F; JEOL, Peabody, MA).
The instrument was coupled to X-EDS and
WDS (wavelength dispersive X-ray spectros-
copy) spectrometers and Oxford Instruments
(Oxfordshire, UK) INCA Energyþ software for
electron-beam-induced X-ray elemental analysis.
All samples were precoated with 5 nm platinum
before being introduced into the vacuum cham-
ber. The system was operated with accelerating
voltage of 5-10 kV. Char morphology and par-
ticle sizes were also examined with a JEOL
JEM-100CX II transmission electron microscopy
(TEM) operated at an accelerating voltage of
100 kV. All samples were sonicated in ethanol
solution for 20 min before being transferred to
copper supports.

Figure 2. Experiment II and III setup.
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RESULTS AND DISCUSSION

Morphology

Effect of temperature. Figure 3 shows the
temperature effect on the char morphology. The
bio-char (Fig 3b) from fast pyrolysis at 500�C
was more porous than the raw pinewood chips
(Fig 3a). Nanospheres appeared on the char sur-
face (Fig 3c) at 700�C because of the secondary
pyrolysis reactions that continue to break down
C-O, C-H, and other C-O bonds to promote car-
bonization or graphitization of the char. More
nanospheres (Fig 3d) occurred when the temper-
ature was raised to 900�C. A further increase of
the activation temperature to 1000�C resulted in
the carbon material being covered with a layer
of nanospheres (Fig 3e). These nanospheres
were between 20 and 100 nm.

Figure 4 shows SEM images of bio-char ther-
mally treated at 1000�C with different magnifi-
cations. Figure 4a taken at 800� magnification
only demonstrated the morphology and micro-
structure of the char surface. When magnification
increased to 5500�, the surface of thermally
treated chars was observed to be covered with a
layer of nanoparticles (Fig 4b). At 30,000� mag-
nification, these nanoparticles measured between
20 and 100 nm (Fig 4c).

Effect of reaction time. Figure 5 shows SEM
images of bio-char thermally treated at 1000�C
for 3 extended hours. With the extension of
reaction time, carbonization and activation
occurred during the thermal activation of the
char. The elements (oxygen, nitrogen, and
hydrogen) were removed in gaseous form by
pyrolytic decomposition of the char. Secondary
pyrolytic reactions of char were slow under the
conditions studied (1000�C). The C-H bond in
aromatic or aliphatic structures was very stable
and broke slowly at 1000�C. Oxygen atoms
existing as quinone and phenol groups were also
firmly combined in the char matrix and
decomposed gradually to gaseous CO at
1000�C (Figueiredo et al 1999). With the heating
time extended, the freed carbon atoms then
recombined and condensed to nano-structured

graphite. Thus, the number of nanocarbon spheres
increased with reaction time because of char
matrix structure development.

Effect of thermal cycles. Figure 6 shows
SEM images of bio-chars thermally treated at
1000�C for different cycles. Images of chars
demonstrate more carbon nanospheres formed
with increasing thermal cycles. These carbon
nanoparticles ranged from 10 to 20 nm. Increas-
ing thermal cycles can improve the productivity
of nanocarbon, but it is not as significant as
reaction time because this experiment did not
hold with the extended time at 1000�C.

Effect of purge gas. Figure 7 shows the SEM
image of bio-chars thermally treated at 1000�C
with the purging gas of 10% H2 and 90% argon
mixture. There are few or no nanoparticles
observed on the char surface because the reac-
tion between carbon and hydrogen occurred at
high temperatures (Shahin 1965). Under these
conditions, reactions of char with H2 prevent it
from carbonization and secondary pyrolytic
reactions. Therefore, H2 purge gas is detrimental
to development of these nanocarbon spheres.

Surface Functional Groups

Effect of thermal cycles. TPD experiments
followed by an online residue gas analyzer were
conducted to detect gases produced during the
thermal activation of pine char. The surface
functionalities chemically bound to the char
decomposed after heating by releasing gaseous
compounds at different temperatures. Interpreta-
tion of the thermal desorption profiles provides
useful information on the types of species
desorbed from the char surface and on the nature
of interactions of the gaseous species and
carbon. The amounts of these different surface
groups can be estimated from the TPD spectra.

Figure 8 shows a typical profile recording the
evolution of five species in gas phase: H2, H2O,
CH4, CO, and CO2 when the pine char was
heated to 1000�C with one heating cycle. The
dominant gas species that evolved during ther-
mal desorption were the carbon oxides, ie CO
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Figure 3. Scanning electron microscope images of pine wood and its bio-char thermally treated at different temperatures:

(a) raw pine wood, (b) char heated at 500�C, (c) 700�C, (d) 900�C, and (e) 1000�C.
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and CO2. Oxygen-containing functional groups
decomposed mostly as CO, CO2, and H2O. Sur-
face complexes yielding CO2 groups decomposed
at three different temperatures corresponding to
three types of functional groups (carboxylic acids,
carboxylic anhydrides, and lactones). Figure 8
shows a broad CO2 peak between 100 and 680�C
with the concentration level up to 5 vol% (Yan
et al 2013) in the purging gas. This peak can be
deconvoluted to three peaks; the low-temperature
peak (100-400�C) is assigned to the decomposi-
tion of carboxylic acids (—COOH ! CO2), and
the high-temperature CO2 evolution peaks are
attributed to carboxylic anhydrides (300-630�C)
and lactones (390-680�C) (Figueiredo et al 1999).

The CO-yielding groups are also represented by
two distinct groups of peaks corresponding to
carboxylic anhydrides (300-630�C) and ether
structures (�700�C) (Figueiredo et al 1999). The
peak concentrations of CO in the carrier gas were
6% (�600�C) and 9% (�700�C) (Fig 8). A rela-
tively higher level of CO than CO2 was observed
during the thermal decomposition of pinewood
char because most of the functional groups
related to CO2 were decomposed during the pine
wood fast pyrolysis process. The peak of H2O
released at low temperatures was generally attrib-
uted to the removal of physisorbed H2O (room
temperature to 200�C). The peak at high temper-
atures (�530�C) was assigned to evolution of

Figure 4. Scanning electron microscope images of bio-chars thermally treated at 1000�C with different magnifications

of (a) 800�, (b) 5500�, and (c) 30,000�.
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H2O hydrogen-bonded to oxygen complexes, to
condensation of phenolic groups, or to dehydra-
tion reactions of neighboring carboxylic groups to
give carboxyl anhydrides. Figure 8 demonstrates
that most of the oxygen-containing functional
groups in the char were eliminated after heating
at 1000�C. The CH4 peak at 615�C originated
from decomposition of the methyl group attached
to aromatic units. Significant amounts of hydro-
gen in wood are chemically bonded to the back-
bone of cellulose, hemicellulose, and lignin
through C-H bonds. The C-H bond is very stable
but breaks with high-temperature heating. Never-
theless, complete desorption of hydrogen does
not happen at temperatures below 1000�C. Usu-
ally, the biomass fast pyrolysis process is per-

formed at about 500�C. Therefore, significant
amounts of hydrogen in biomass are left in resi-
due char. Part of the hydrogen on a char exists as
chemisorbed H2O or as surface functionalities
(eg carboxylic acids, phenolic groups, amines),
and more is bonded directly to carbon atoms as
part of aromatic or aliphatic structures. Heat treat-
ment in an inert atmosphere eliminates part of the
hydrogen via surface reduction. Figure 8 shows
hydrogen desorption began at 400�C, increased
gradually, and reached a maximum level of
20 vol% at 775�C. Then it decreased to 6.75
vol% at 1000�C (Yan et al 2013).

Figure 9 shows the evolution of H2, CH4, H2O,
CO, and CO2 detected while the chars underwent

Figure 5. Scanning electron microscope images of bio-chars thermally treated at 1000�C (a) without extended time and

with extended (b) 3 and (c) 5 h.

444 WOOD AND FIBER SCIENCE, OCTOBER 2014, V. 46(4)



five cycles of temperature-programmed thermal
treatment. Traces of H2 and CO were detected in
the second and higher cycles. Intensities of both
H2 and CO were much lower than that formed in
the first cycle, and intensities decreased with
increasing numbers of thermal treatment cycles.
No CH4, H2O, or CO2 was detected after the
second thermal cycle. Oxygen-containing groups
were the most common functionalities present on
the carbon surface. Carboxylic acid liberated CO2

when it underwent decomposition, whereas car-
boxylic anhydrides produced both CO and CO2

peaks. Phenols, ethers, and quinones produced a
CO peak. After the first cycle, carboxylic acid,
carboxylic anhydrides, and phenols should be

completely destroyed. Ether and quinine struc-
tures are more stable; they undergo gradual
decomposition and can persist for many cycles
of thermal treatment.

Usually, hydrogen is present on a char matrix
as chemisorbed H2O as surface functionalities
(eg carboxylic acids, phenolic groups, amines)
or is bonded directly to carbon atoms as part of
aromatic or aliphatic structures. Heat treatment
in an inert atmosphere eliminates part of the
hydrogen via surface reduction. Hydrogen in
chemisorbed H2O and surface functionalities
is easily decomposed and desorbed when the char
is heated, whereas the C-H bond in aromatic or

Figure 6. Scanning electron microscope images of bio-chars thermally treated at 1000�C with (a) one cycle, (b) three

cycles, and (c) five cycles.
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aliphatic structures is very stable but breaks when
heating to approximately 1000�C. Nevertheless,
complete desorption of hydrogen does not happen
at temperatures below 1100�C during TPD.

Effect of purge gas. Figure 10 indicates that
there was one hydrogen consumption peak at
approximately 600�C and one hydrogen evolu-
tion peak at about 800�C. These peaks were
attributed to the sequential, dissociative adsorp-

tion of hydrogen that occurs first to form C-H,
then C-(H2), then C-(H3), followed by formation
of CH4. The hydrogen desorption peak centered
at �800�C is assigned to the breaking down
of the C-H bond in the bio-char matrix during
thermal treatment. Hydrogen is released when
the C-H bond is broken.

Thermogravimetric Analysis

Figure 11 shows thermogravimetric and differ-
ential thermal thermogravimetric curves of the
pine char heated at a rate of 10�C/min in an N2

atmosphere. A continuous weight loss associ-
ated with increasing temperature was observed,
which may be attributed to breaking of chemi-
cal linkages and removal of volatile products
from the char. There are six possible steps
of weight loss. The initial weight loss corre-
sponds to the loss of physically adsorbed H2O
and occurs between ambient temperature and
110�C with a peak loss at 74�C. It is followed
by a plateau region for the rate of weight loss
from 110-190�C.

The first significant weight loss, at about 190-
350�C, corresponds to the decomposition of all
the carboxylic acids and part of the carboxylic
anhydrides and lactones. These results indicate
that oxygen functional groups start to decom-
pose in this temperature zone, which leads
to the aromatization of the char matrix. The
greatest weight loss of the char occurred in the
temperature zone of 350-700�C. This mass loss
step mainly corresponds to the decomposition
of the rest of the carboxylic anhydrides and lac-
tones, part of the phenols, quinine, and ether
structures released as volatile products, CO2,
CO, CH4, H2O, and H2.

The third significant mass loss happened at 700-
900�C. In this zone, the mass loss was mainly
attributed to the decomposition of phenols,
quinine, ether, and C-H groups, which produce
CO and H2 as the main products (Fig 8). Above
900�C, the mass decreased gradually as the tem-
perature increased up to 1000�C and only trace

Figure 8. H2, CH4, H2O, CO, and CO2 evolution for the

temperature-programmed thermal treatment of pine chars

heated to 1000�C for one cycle at a heating rate of 10�C/min

and with a nitrogen flow rate of 50 mL/min.

Figure 7. Scanning electron microscope image of bio-

chars thermally treated at 1000�C with a flow of hydrogen

and nitrogen mixture.
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amounts of H2 were released. The carbonization

process of the char was completed because

almost all the oxygen-containing functional

groups were eliminated from the char.

Elemental Composition of Nanospheres

To analyze the elemental composition of the
nanospheres, SEM-EDX (Fig 12) was used to
identify the surface elemental composition of

Figure 9. H2, CH4, H2O, CO, and CO2 evolution in five cycles for the temperature-programmed thermal treatment of pine

chars heated to 1000�C for five cycles at a heating rate of 10�C/min and with a nitrogen flow rate of 50 mL/min.
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the pretreated char. The results are shown in
Table 1 and demonstrate that the nanospheres
were mainly composed of carbon (>95%). Thus,
carbon nanospheres were formed during thermal
treatment of the bio-char.

Nanocarbon Particle Characterization

Figure 13 shows TEM images of nanoparticles
washed off from pine chars thermally treated at
1000�C for 3 h. Nanocarbon spheres are the

main content of the sample, and these particles
had diameters between 20 and 100 nm. Large
amounts of nanocarbon spheres mixed with
amorphous carbon or graphene film (Fig 13a-b)
were found for the pine chars.

CONCLUSIONS

The influence of thermal treatment conditions
of temperature, reaction cycle and time, and
purge gas type on nanocarbon formation over
the bio-char from fast pyrolysis and the effect
of thermal reaction cycle and purge gas type on
the bio-char surface functional groups were
investigated by TPD and TPR methods. SEM
image analyses of the morphology of bio-chars
heat-treated at different temperatures indicated
that some nanosphere formation started on the
surface of the bio-char under an activation tem-
perature of 700�C. A greater number of nano-
spheres occurred when the temperature was
increased to 900�C. With further increase of

Figure 11. Thermogravimetric (TG) and differential ther-

mal thermogravimetric (DTG) curves of pine char heated

at a rate of 10�C/min in N2 atmosphere.

Figure 12. Scanning electron microscope energy-diffusive

X-ray spectra of a bio-char sample thermally treated at 1000�C.
Figure 10. H2, CH4, H2O, CO, and CO2 evolution for the

temperature-programmed thermal treatment of bio-chars

with 10 vol% H2-Ar (50 mL/min) as the purging gases and

10�C/min to 1000�C.

Table 1. Scanning electron microscope energy-diffusive

X-ray spectroscopy results of produced chars.

Element Weight (%) Atomic (%)

Carbon 95.41 96.65

Oxygen 4.21 3.21

Sodium 0.12 0.07

Potassium 0.26 0.08

Total 100.00
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activation temperature to 1100�C, the bio-char
surface filled with a layer of nanospheres
between 20 and 100 nm in diameter. SEM-EDX
results confirmed that these observed nano-
spheres were carbon-based nanoparticles formed
during thermal treatment of the bio-char.

SEM image analyses of the morphology of bio-
chars heat-treated at different thermal treatment
cycles and times indicated that more carbon
nanospheres formed with an increased number
of thermal cycles and thermal treatment hours.
TPR run results indicated that there were few or
no nanoparticles observed over the surface of
the char produced when the purge gas contained
hydrogen. The surface of the hydrogen-treated
char was porous.

TPD results indicated that five species of H2,
H2O, CH4, CO, and CO2 in their gas phases
evolved from pine char heated to 1000�C at the
first heating cycle. H2 and CH4 peaked at 750
and 615�C, respectively. Both H2O and CO had
two peaks, and CO2 had a broad peak. Only

trace amounts of H2 and CO were detected in
the second cycle. No CH4, H2O, or CO2 was
detected after the second thermal cycle.
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