Carbon Letters (2021) 31:941-956 Online ISSN 2233-4998
https://doi.org/10.1007/s42823-020-00205-2 Print ISSN 1976-4251

ORIGINAL ARTICLE t')

Check for
updates

Preparation and characterization of chars and activated carbons
from wood wastes

Qiangu Yan'® . Jinghao Li? - Zhiyong Cai?

Received: 22 August 2020 / Revised: 15 October 2020 / Accepted: 5 November 2020 / Published online: 22 November 2020
© Korean Carbon Society 2020

Abstract

Preparation of activated carbons from wood waste including northern hardwood pins-fines and wood dust was conducted and
then compared through the following methods: physical pyrolysis and CO, activation, vacuum pyrolysis and CO, activation,
CO, gasification, and vacuum CO, gasification processes. Experimental results show that chars and activated carbons with
high surface area and pore volume are produced from wood waste through a vacuum CO, pyrolysis/gasification process.
The effects of operation variables of vacuum pyrolysis/gasification on the properties of chars and activated carbons were
investigated to identify and optimize the temperature, heating time, and heating rate. The optimized vacuum CO, gasification
conditions were found to be a temperature of 800 °C, a heating rate of 20 °C/min, and a holding time of 2 h respectively.
The prepared wood-chars and activated carbons were characterized by nitrogen physisorption, scanning electron microscopy
(SEM). Fourier transform infrared (FTIR) spectra determined any changes in the surface functional groups produced during
different preparation stages.
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1 Introduction

D4 Zhiyong Cai Activated carbon (AC) is a highly porous carbonaceous

zhiyong.cai@usda.gov structure which is mainly composed of carbon atoms [1].
AC has a complex network of internal pore structures and
a large surface area, exhibiting variable surface chemistry
characteristics due to its specific production process and
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raw material source [1]. With tremendous oxygen-contain-
ing functional groups presenting on its surface which can
serve as adsorption centers or active sites, AC demonstrates
a high degree of reactivity to gaseous molecules and ionic
adsorbates [2]. Carbon consists of 85-97% activated car-
bon [3], therefore, any economical material with a high
carbon content can be used as a raw material resource to
produce AC. In recent years, agricultural wastes have been
investigated as precursors to produce ACs due to their high
carbon content [4], availability and relatively low mineral
content [5]. Schlesinger [6] reported that the carbon con-
tent of biomass is found to be approximately 45-50% (by
dry mass). On a moisture-free and ash-free basis, most bio-
mass contains ~80% volatile matter and 20% fixed carbon.
Thus, biomass is generally more reactive than coal during
the pyrolysis process making biomass more suitable to
produce high-quality ACs. Activated carbon can be made
from any biomass residues or agricultural wastes such as
grass, wood, root, stem, bark, flower, leaf, fruit peel, rice
husk, nutshell, and stone [7]. Approximately 100 billion
metric tons of carbon are fixed by greeneries on Earth each
year [8]. Biomass for AC production can be classified into
woody and non-woody resources. Cellulose, hemicellulose,
and lignin are three main compositions in woody products,
whereas non-woody resources are composed of cellulose,
hemicellulose, lignin, lipids, protein, sugar, hydrocarbon,
and starch [9]. The ash in biomass feedstocks is composed
of inorganic compounds containing mostly silicon, potas-
sium, calcium, sodium, phosphorus, and chlorine. There are
less mineral contents in woody resources (usually < 1%),
but more ash components (up to 15%) in herbaceous bio-
mass and agricultural residues [10]. A much higher por-
tion of feedstocks, such as animal manures, result in ash
often exceeding 20%. ACs are commercially manufactured
from coconut shell, hard and softwood, peat, lignite coal,
bituminous coal, olive pits and other carbonaceous materi-
als [11]. Large amounts of wood wastes are produced in
municipal solid waste (MSW), construction and demolition
(C&D) debris, wood residues from wood processing indus-
tries (WPI), primary timber process (PTP), and the paper
and pulp industry (PPI) [12]. Wood wastes generated from
MSW and from C&D debris have been marketed to fuel and
mulch [13]. C&D wood wastes are used to produce clean
pulp chips usable for the PPI [12, 14]. Wood waste resi-
dues from WPI, PTP and PPI include bark, sawmill slabs,
wood dust, wood pins/fines, sawdust, and peeler log cores
[15]. Nearly all these residues are currently used to produce
products, primarily, fiber for paper, building panels (parti-
cleboard, medium-density fiberboard, hardboard, and insula-
tion board), landscape mulch, animal bedding, and/or fuel
[16]. In past decades, much work has been done to valorize
agricultural residues, especially wood waste, to value-added
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products such as composites [17], bio-oils [18], and carbon-
based materials such as activated carbon [1], graphite [19],
graphene [20], etc.

AC products are prepared through different technologies
in the industry. Generally, production methods for ACs can
be classified into two clearly defined groups [21]: physical
activation and chemical activation [1] methods. Physical
activation is the first commercial and widely used AC pro-
duction process, and it consists of two consecutive stages:
the raw feedstock is first thermal pyrolyzed at high tempera-
ture under an inert atmosphere, then followed by activation
using gaseous oxidation agents (steam, CO,, air, O,, etc.).
Pyrolysis/carbonization, where devolatilization of biomass
takes place, is carried out at medium or high temperatures,
to produce a char rich in carbon [22]. Another commercial-
ized method for AC production is chemical activation, which
involves the reactions of a carbon precursor with chemi-
cal reagents. In the chemical activation process, raw carbon
precursors are directly impregnated with certain chemical
agents such as H;PO,, H,SO,, HNO;, ZnCl,, NaOH and
KOH. Occasionally H,0,, K,CO;, CaCl,, and formamide
are used at room temperature [23, 24]. Each activation
reagent produces a very different pore development in the
carbon precursor. During this step, the process variables
are carefully controlled to obtain AC products with differ-
ent pore structures for different end-uses. These important
process variables include the chemical agent and precursor
mass ratio, the impregnation agent, temperature, time and
stirring rates [25]. The resulting precursor-agent mixture is
later thermally treated at temperatures ranging from 500 to
800 °C under inert gases [1]. Significant levels of chemical
reagents are first added to biomass feedstock in the chemi-
cal activation process; therefore, the operability of chemical
activation processes is strongly dependent upon efficiently
recovering the reagent for recycling. This involves a conse-
quent leaching stage, followed by an additional operation
consisting of drying the washed carbon. Compared to the
two kilns that are normally employed for pyrolysis/car-
bonization and activation in industrial physical activation,
chemical activation requires only a single kiln. The chemical
activation method is generally used to produce powdered
activated carbon from sawdust, wood or peat [1]. Activated
carbon from the chemical activation process contains a con-
siderable inorganic content, which may lead to environmen-
tal contamination [26] and reduced the adsorption capability
of AC materials. Depending on the chemical reagents used,
impurities like zinc (Zn), phosphorus (P), and sulfur (S) can
be found in the AC product, which may also result in raising
the operating cost due to the additional purification process
[27]. The main advantage of physical activation is that it
avoids the mixing of impurities derived from the chemical
activating agent [26]. Therefore, physical activation is more
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favorable than chemical activation concerning environmen-
tal safety since no chemical reagents are used.

Two consequential steps are performed in the physi-
cal activation process, i.e., pyrolysis and activation. Chars
rich in carbon are first formed during the thermal pyroly-
sis steps. Based on reactions, the pyrolysis process can be
divided into two regions: primary pyrolysis and secondary
pyrolysis (Scheme 1). Primary pyrolysis occurs at relatively
low temperatures within a general temperature range of
200-400 °C [28]. By heating biomass under an inert atmos-
phere, gases (CO,, H,O, CO, CH, and H,), volatiles, tar, and
char are the main products derived through primary reac-
tions. With the increase of heating temperature and holding
time, the products of primary pyrolysis including some vola-
tiles and especially tar, experience further reactions (second-
ary reaction). Secondary pyrolysis reactions generally occur
at temperatures above 500 °C for biomass tar. The second-
ary reactions include thermal cracking, re-condensation, re-
polymerization, etc. During the secondary pyrolysis step,
the pores formed in the primary char are enlarged. These
pores offer many reaction sites where more secondary reac-
tions take place, leading to more carbon deposits to the char
matrix. Conversely, the volatiles generated from the inner
char matrix must diffuse through the pores in the char and
desorb from the outer char surface. At high temperature,
these secondary reactions are kinetically fast and non-selec-
tive processes resulting in more and more carbon deposits
on the pore walls, leading to the pores becoming smaller and
narrower. Thus, the retention time of the tars increases, lead-
ing again to more carbon deposition. Carbon deposition in
the pores can rapidly seal off the pores. Due to the restraint
of the diffusion, a closed pore is undesired in chars and is a
disadvantage for the further activation process [29].

Production of high surface area and porous activated
carbons requires avoiding the formation of closed pores in
chars during the pyrolysis process. Several strategies have
been proposed to eliminate or reduce the formation of the
closed porosity in chars. The first strategy is to concurrently
feed in the activation gases (CO, and H,0) with inert gases
during the pyrolysis process. In this method, volatiles are
reformed to CO and H, by CO, or H,O at high temperature,
which prevents the blocking of pore mouths by reducing the

Volatiles
/ Tars
Primary l Secondary Secondary
Woody | _Reactions | Primary | Reactionsy | Char + Gases
Materials

Char

Scheme 1 Pyrolysis of woody materials and char formation

thermal cracking of tars [30]. Another method to reduce car-
bon deposition in the pores of the char is vacuum pyrolysis
[31]. Volatiles diffuse rapidly out of the inner pores of char
under vacuum pyrolysis leading to a much shorter residence
time as compared to atmospheric carbonization. Therefore,
secondary reactions of these volatiles in the pores of the
char are limited, and deposited carbon in pores is decreased
considerably. It was previously observed that wood char
from vacuum pyrolysis is more reactive to CO, oxidation
than those produced by atmospheric pyrolysis [32]. Char
from vacuum pyrolysis demonstrates more open pores and
is more easily activated by CO, and H,O [33]. It was found
that under the same activation conditions, vacuum pyrolytic
charcoal yields an activated carbon with a higher specific
surface area as compared to char from atmospheric pyroly-
sis [34]. It was found that charcoal from vacuum pyrolysis
reacts faster with steam as compared to charcoal produced
during atmospheric carbonization [35].

The objective of this present work is to study the pos-
sibility of preparing effectively activated carbons from
wood waste through physical pyrolysis and CO, activation,
vacuum pyrolysis and CO, activation, CO, gasification, and
vacuum CO, gasification processes. The effects of different
process conditions, such as the vacuum pyrolysis tempera-
ture, heating time, and heating rate on the surface area, the
pore structures, and surface functional groups were exam-
ined using various techniques such as N, physisorption, ther-
mogravimetric analysis (TGA), Fourier transform infrared
spectroscopy (FTIR), and scanning electron microscopy
(SEM).

2 Materials and methods
2.1 Materials

Northern hardwood wood dust and pins/fines (Fig. 1) from
the paper and pulping process were provided by Domtar.
The proximate moisture analysis was carried out following
ASTM D4442-07 standard [36]. The moisture contents of
these samples were 8.20+0.25 wt%, and 7.1 +0.23 wt%,
respectively (Table 1). The ash content of these samples was
measured according to ASTM D1102 [37]. The ash con-
tent of wood dust and pins/fines were 1.10+0.22 wt% and
1.26 £0.17 wt% respectively (Table 1). Elemental analysis
of the wood dust and pins/fines was carried out on a PE 2400
CHNS Elemental Analyzer (PerkinElmer, Waltham, MA,
USA). The oxygen content was calculated by the exclusion
of C, H, and N. The main element contents (C, H, O, and N)
are listed in Table 1.

Thermal degradation and stability of wood dust and pins/
fines were evaluated by thermogravimetric analysis (TGA,
PerkinElmer, Akron, OH, USA). TGA experiments were

@ Springer



944 Carbon Letters (2021) 31:941-956

performed at the temperature of 50 °C to 800 °C with a 2.2 Preparation of chars/activated carbon
heating rate 5 °C/min under nitrogen atmosphere (20 mL/

min), ~ 10 mg sample was used in each run. 2.2.1 Atmospheric pyrolysis (AP) and CO, activation

The pyrolysis and activation processes were performed on
a home-built fixed bed tubular reactor system (2-in O.D.,
316 stainless-steel) (Fig. 2) which was placed in an electri-
cal furnace. A mechanical vacuum pump was connected to

Northern hardwood plﬁs/f|ﬁes Northern hardwood wood dust

Fig. 1 Photos of northern hardwood pins/fines and wood dust samples provided by Domtar

Table 1 Elemental analysis of
northern hardwood wood dust

andpins/ﬁ;esbasedondry Pins/fines 4991+025 8.01+031  40.75+0.38  0.28+0.07 1.10+022  821+0.25
matter (%) Wood dust ~ 49.82+029  820+0.19  39.114045 0354008 126+0.17  7.23+031

Sample C H o N Ash Moisture
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@) |
@
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Fig.2 Schematic of the experimental system
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the outlet of the reactor system. The heating rate, pyrolysis
temperature, and heating time were programmed using the
control panel. For each pyrolysis run, 80 g of wood waste
were packed in the middle of the tubular reactor. A thermo-
couple (type K) was inserted and fixed in the center of the
sample bed to measure the sample temperature during the
temperature-programmed pyrolysis process. An argon flow
(99.99%) was first introduced into the reactor at a flow rate
of 500 mL/min for 30 min. The reactor was heated at a rate
of 10 °C/min to a pyrolysis temperature and kept at tem-
perature for 60 min. An on-line Hiden QGA quantitative gas
analysis system was used to monitor and analyze the gaseous
products [38]. The signals from the mass spectra of 2, 15,
28, 44, and 78 (m/z) were identified as major contributors
from the evolved gases and volatiles like H,, CH,, CO, CO,,
and benzene, respectively. Pyrolysis of the wood waste sam-
ples was accomplished at five temperatures (400 °C, 500 °C,
600 °C, 700 °C, and 800 °C). The produced chars from the
pyrolysis process were either taken out of the reactor and
denoted as Char-AP samples or further activated into AC
samples. The activation process was performed in the same
reactor system. For the activation experiments, the activation
temperature was selected as 800 °C. The reactor was heated
from room temperature to the activation temperature and
held for 60 min. Argon (100 mL/min) and CO, (400 mL/
min) were co-fed into the reactor during the activation pro-
cess. The products prepared through the activation process
are referred to as AC-AP-CO, (activated carbon) samples.
The yield of chars and ACs was calculated by the equation of

X% = (%)me%

where A is the mass of the solid carbon residue after heat-
ing, and B is the mass of raw feedstock before heating.

2.2.2 Vacuum pyrolysis (VP) and CO, activation

The vacuum pyrolysis process was carried out in the same
reaction system as atmospheric pyrolysis (Fig. 2). For each
vacuum pyrolysis run, 80 g of wood waste was placed in the
reactor. The air in the reactor was evacuated by the vacuum
pump before the pyrolysis process and steady pressure of
about 0.5 atm vacuum was attained by flowing 500 mL/min
argon. The reactor was heated at a specific rate from room
temperature to a selected pyrolysis temperature and held for
60 min. After pyrolysis, the reactor was naturally cooled
down to room temperature while kept in the same vacuum.
The produced chars from the vacuum pyrolysis process were
either removed from the reactor and denoted as Char-VP
samples or further activated using CO, at 800 °C for 60 min.
The chars from the vacuum pyrolysis were then activated by
CO, to prepare the final activated carbons. For the activation

process, the activation temperature selected was 800 °C.
During the CO, activation process, argon (100 mL/min)
and CO, (400 mL/min) were co-fed into the reactor. The
activated carbons prepared in this process are referred to as
AC-VP-CO, samples.

2.2.3 Atmospheric CO, gasification (AG-CO,)

The CO, gasification process was performed on the same
system as the atmospheric pyrolysis process. For each CO,
gasification run, 80 g of wood waste was packed in the mid-
dle of the tubular reactor. Argon (100 mL/min) and CO,
(400 mL/min) were first introduced into the reactor for
30 min. The reactor was then heated at a rate of 10 °C /
min to a gasification temperature and kept at temperature
for 60 min. After gasification, the furnace was cooled down
to room temperature while under the Ar/CO, atmosphere.
The chars from the CO, gasification process were denoted
as Char-AG samples.

2.2.4 Vacuum CO, gasification (VG-CO,)

The vacuum CO, gasification (VG-CO,) process was carried
out in the same reaction system as atmospheric pyrolysis
(Fig. 2). For each VG-CO, run, 80 g of wood waste was
placed in the reactor. The air in the reactor was evacuated by
the vacuum pump before the pyrolysis process and a steady
pressure of about 0.5 atm vacuum was attained by flowing
100 mL/min argon and 400 mL/min CO,. The sample in the
reactor was vacuum gasified with flowing CO, at a heat-
ing rate of 10 °C/min to a final temperature and kept at the
temperature for 60 min. After VG-CO,. The resulting chars
from the VG-CO, process were denoted as Char-VG-CO,
samples.

2.3 Characterization of the prepared activated
carbons

The specific surface area and pore structure characteristics
of the prepared chars and activated carbons were measured
by nitrogen adsorption over a surface area analyzer (Tristar
II, Micromeritics, USA). The sample was degassed under
a vacuum at 300 °C for 3 h before measurement. The spe-
cific surface area (Sggy) of prepared chars and AC samples
were measured by N, physisorption and calculated using
the Brunauer—-Emmett-Teller (BET) method. Elemental
analyses of solid chars and ACs were performed using a
CHNS/O analyzer (Perkin Elmer PE2400 series II, Perki-
nElmer, Billerica, MA, USA). The ATR-FTIR spectra of
wood wastes, wood char, and activated carbon samples were
recorded with a ATR-FTIR spectrometer (Thermo Scientific,
Nicolet iZ10,Thermo Fisher, Waltham, MA, USA) at a reso-
lution of 4 cm™! for 64 scans in 500-4000 cm™! range. The
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morphology of solid products was investigated using a scan-
ning electron microscope (SEM) operated with accelerating
voltage of 3 kV, all samples were plasma coated with 10 nm
Pt before being transferred into the vacuum chamber.

3 Results and discussion
3.1 Thermogravimetric analysis (TGA)

Figure 3 shows mass loss curves and derivative thermo-
gravimetry (DTG) curves for northern hardwood pins-fines
(Fig. 3a) and wood dust samples (Fig. 3b). The results show
a scheme of pyrolysis in the pins-fines sample that is clearly
different from wood dust. With respect to the pins-fines
sample, significant mass loss was observed between 180
and 550 °C, and two major peaks were present at 329.8 and
403.7 °C and one shoulder between 180 and 300 °C. The
mass loss shoulder is ascribable to hemicelluloses and the
amorphous fraction of cellulose [39]. The first major mass
loss peak at 329.8 °C could be attributed to the decompo-
sition of crystalline cellulose (ranging between 200 and
370 °C). The second major mass loss peak could be related
to the decomposition of lignin and related compounds con-
taining phenol structures (ranging between 370 and 530 °C)
[40]. Pyrolysis reactions occur in this zone (ranging between
180 and 550 °C), and a primary wood char is obtained. The
carbonization process is ongoing with increasing tempera-
ture from 550 to 800 °C. After the primary pyrolysis step,
mass loss is very little during the carbonization process.
Figure 3b shows TGA/DTG curves obtained in the wood
dust sample. In the wood dust scheme, pyrolysis shown
in the DTG curve presents a single major mass loss at
329.8 °C and one shoulder at 326.6 °C in the temperature
range of 170-500 °C. The shoulder mass loss is essentially
pronounced for hemicellulose and amorphous cellulose
decomposition. The only strong mass loss peak is mainly
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contributed by the hemicellulose and cellulose decomposi-
tion [41]. There should be small amounts of lignin in the
wood dust sample and decomposition of lignin might be
overlapped by the sharp cellulose peak since decomposi-
tion of lignin usually goes through a wide temperature range
[42]. Figure 3b demonstrates that the wood dust sample is
mainly composed of cellulose and hemicellulose compo-
nents while the composition of the pins-fines sample is more
similar to the whole wood samples [43].

3.2 Fourier transform infrared spectroscopy (FTIR)

Cellulose, hemicelluloses and lignin in woody resources
demonstrate different characteristics and specific FTIR
absorptions. Figure 4 shows the infrared spectra recorded for
the northern hardwood pins/fines: raw pins-fines, thermally
treated by VP at 500 °C, thermal treated by VP at 800 °C,
and activated by CO, at 800 °C. Figure 4a shows the FTIR
spectra of wood waste (northern hardwood pins/fines) in the
ranges of 3800-2500 cm™'. The first band (3700-3000 cm™")
corresponds to the hydroxyl groups adsorbed by the wood
(especially the hemicellulose and lignin molecules) and
the bands at 2800-2980 cm™! correspond to asymmetric
-CH; and symmetric -CH,. Figure 4b illustrates the FTIR
spectra of wood waste (northern hardwood pins/fines) in
the ranges of 1800 to 800 cm™!. A strong band is found at
1732 cm™! that can be associated with unconjugated C=0
in unconjugated ketone, carboxyl, and ester groups. A shoul-
der absorption peak at 1650 cm™! is related to ring conju-
gated C=O0 stretch. Bands located at around 1595, 1505,
and 1420 cm™! were assigned to vibrations of aromatic
rings [41, 42]. The bands at 1456, 1368 and 1325 cm~! are
related to aliphatic (~CH-), (-CH,) and (—-CH;) deforma-
tion. The peaks at 1266 and 1234 cm™' were assigned to the
aryl breathing with C=0 stretch, and C-C, C-0O, and C=0
stretches, respectively [44, 45]. The band in 1156 cm™! was
assigned to aromatic C-H in plane deformation. The band
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Fig.3 Typical TGA and DTG of wood wastes: northern hardwood pins-fines (a) and wood dust (b)
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Fig.4 Typical FTIR spectrum of wood waste (northern hardwood pins/fines) in the ranges of 3800-2500 cm™! (a) and 1800-800 cm™! (b)

at 1105 cm™! was contributed to the vibration of C-O and
O-H. The peaks at 1056 and 1029 cm™! were contributed
by aliphatic ether C—O-C and alcohol C-O stretching in
secondary alcohol [46]. The band at 895 cm™! was assigned
to the deformation vibrations of C—H bonds in the aromatic
rings [47]. The band at 815 cm™! was generated by the out
of plane vibrations of aromatic C—H [48]. Both the north-
ern hardwood pins/fines and wood dust samples demon-
strate typical FTIR absorption peaks of cellulose [49], and
the wood dust shows stronger absorption bands of cellulose,
this means more cellulose and hemicellulose contents in the
wood dust sample, it is in agreement with the TGA results
(Fig. 3b). After thermal treatment by VP at 500 °C, the
bands detected were 1595, 1420, and 863 cm™! which were
attributed to the deformation of (C=C) the aromatic cycle of
lignin, scissoring (CH, and CHj) of lignin, and the deforma-
tion vibrations of C-H bonds, respectively. The bands due to
C=0, C-0, aliphatic C-O=C, and —OH represent oxygen-
ated functional groups of cellulose and lignin and are mostly
eliminated after heating at 500 °C in vacuum condition for
60 min. The FTIR spectra of thermally decomposed wood
pins-fines samples demonstrate that almost all the func-
tional groups existing in wood have disappeared after going
through the thermal decomposition at 800 °C.

3.3 Main gaseous products during different
thermal treatment processes

Figure 5 shows the typical gas profiles of H,, CH,, CO and
CO, evolved from northern hardwood pins-fines under three
different thermal treatment processes. The temperature was
increased to 800 °C by 20 °C/min and kept for 60 min.
Table 2 summarizes the evolution temperature ranges, peak
temperatures and the maximum formation rate of four main
gaseous products.

Hydrogen presented in wood is mainly as C—H in ali-
phatic CH, (x=1, 2, or 3) and aromatic rings. The car-
bon-hydrogen bond (C-H) is very stable, the dissocia-
tion energy to break apart C—H [49] is over 350 kJ/mole,
therefore, it can only be broken down when the heating
temperature is high enough (> 700 °C) [40]. The hydrogen
formation under the AP process (Fig. 5a) demonstrates two
peaks: a shoulder peak at 615.4 °C and a very sharp peak
at 781.1 °C. The hydrogen generation rate at the two peaks
are 3.73 and 7.04 mL/min g (wood waste) respectively. The
low-temperature hydrogen creating peak could be attributed
to the secondary pyrolysis reaction and the decomposition of
C-H in cellulose and hemicellulose, while the high-temper-
ature hydrogen peak is contributed by the thermal cracking
of C-H in aliphatic CHx (x=1, 2, or 3) and aromatic rings
in lignin [40]. The H, evolution profile of wood pins-fines
during AG was similar to that of the AP process (Fig. 5b).
However, H, formation was promoted in the presence of CO,
since CO, is a strong oxidation agent at high temperature.
Both hydrogen peaks were shifted to lower temperatures
of 547.2 °C and 751.9 °C, respectively, but the hydrogen
formation rates were reduced to 1.18 and 5.35 mL/min g
because of the reverse water—gas shift reaction (RWGSR)
(CO,+H,=CO+H,0) [39]. In this reaction, the hydrogen
from the thermal dissociation of C—H in aliphatic chains
and aromatic rings in cellulose and lignin was consumed
through RWGSR. The H, evolution curve during AP-CO,
is dramatically different from those during the AP and AG
processes (Fig. 5c). Only a trace amount of H, (0.11 mL/min
g) was produced at 800 °C since most of the hydrogen was
released under AP treatment.

Three CH, evolution peaks at 488.9, 560.3 and 766.1 °C
were observed during the thermal decomposition of wood
pins-fines by AP process (Fig. 5a). The maximum methane
formation rates were 2.07, 2.25, and 0.80 mL/min g, respec-
tively. The first two peaks with higher formation rates were
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rate of 20 °C/min and kept for 60 min: a atmospheric pyrolysis under

Table2 Summary of

gas evolution time, peak
temperatures and peak
generation rate of wood
pins-fines under different
thermal treatment processes
by increasing to 800 °C with a
heating rate of 20 °C/min and
kept for 60 min: atmospheric
pyrolysis under argon (AP),
atmospheric CO, gasification
(AG), and CO, activation after
AP at 800 °C

mainly caused by the breaking of weakly bonded methoxy
groups (O-CHj;) [40, 51, 52] in cellulose and lignin and the
fragmentation of side aliphatic chains [47, 50]. The evolution
of CH, at high temperatures was attributed to the secondary
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T
100

argon (AP), b atmospheric CO, gasification (AG), and ¢ CO, activa-
tion after AP at 800 °C (AP-CO,)

Gas Thermal treatment processes
AP AG AP-CO,
Time (min), Peak temperature, °C (peak generation rate, mL/min g)

H, 31.1,615.4 (3.73) 26.7,547.2 (1.18) 46.6, 800 (0.11)
39.1, 781.1 (7.04) 36.9, 751.9 (5.35)

CH, 24.4,488.9 (2.07) 23.6, 485.5, (2.83) -
28.0, 560.3 (2.25) 28.0, 569.5 (1.53)
38.4,766.1 (0.80)

CcO 22.2,443.7 (6.52) 22.5,465.2 (8.45) 33.2, 687.0 (0.06)
27.8,557.0 (3.79) 39.9, 800 (7.26) 57.6, 800 (5.69)
38.2,764.8 (1.74) 688-1000 (745)

Co, 21.7,433.6 (8.29) 22.1, 455 (10.51) 33.2,687.0 (0.05)*

26.6, 531.2 (3.30)

26.7,531.5 (1.63)
41.0, 800 (3.15)*

57.6, 800 (3.48)*

“Means values in parentheses are gas consumption

pyrolysis of cellulose and aromatic volatile intermediates
[40, 53] and the rearrangement of the skeleton of cellulose
and lignin structures [40, 51-53]. The CH, evolution profile
during AG process was different from that of AP process,
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the main evolution peak shifted to a lower temperature of
485.5 °C with the generation rate of 2.83 mL/min g. This
indicated that the presence of carbon dioxide accelerated
the cracking of lignin methoxy [40] and aliphatic groups.
In addition, the disappearance of the high-temperature CH,
evolution peak suggested that the secondary pyrolysis of vol-
atiles in the wood char matrix was suppressed by the exist-
ence of CO,. Volatile intermediates adsorbed in micropores
in char were gasified to CO, H,O and H, products [30, 40].
No CH, formation was detected during AP-CO, process
because of the AP treatment.

Three CO evolution peaks were observed during AP, at
443.7,557.0 and 764.8 °C, respectively (Fig. 5a). The maxi-
mum CO evolution rates were 6.52, 3.79, and 1.74 mL/min
g, respectively. The lower temperature CO evolution peak
of 443.7 °C was due to the rupture of weakly bonded ether
bridges and the decomposition of carbonyl groups [40, 54].
The CO evolution peak 557.0 °C was mainly because of
the cleavage of aromatic bonded oxygens (i.e. methoxy and
phenolic groups). The higher temperature CO formation at
764.8 °C was assigned to the secondary cracking of oxygen-
ate volatiles and tars. Wood pins-fines gasification under
atmospheric CO, (AG) showed two CO evolution peaks
(Fig. 5b) at 465.2 and 800 °C with the formation rates of
8.45 and 7.26 mL/min g respectively. The first CO formation
peak was assigned to the decomposition of ether, carbonyl,
methoxy, and phenolic groups. The CO peak at 800 °C had
a strong evolution trend, indicating that most of the oxygen-
ate volatiles, tars, and part of the wood char residue was
consumed by the gasification reactions (Cs+CO, =2CO)
to produce CO during the AG process.

CO, exhibited two evolution peaks (Fig. 5a, and Table 2)
during the AP process. CO, mainly originated from the ther-
mal decomposition of carboxyl (-COO™) and ester (-CO-O-
R) groups [41]. The CO, generation peak at lower tempera-
tures (centered at 433.6 °C, the generation rate of 8.29 mL/
min g) was because of decarboxylation reactions, while the
cleavage of ester groups was predominantly responsible
for the CO, evolution at 531.2 °C with a formation rate of
3.3 mL/min g. The evolution of CO, was significantly pro-
moted under the CO, gasification (AG) process compared to
that under AP, i.e., only one CO, formation peak appeared
at 456 °C with a high generation rate of 10.51 mL/min g.
CO, was observed to be consumed from 550 °C during the
AG process (Fig. 5b). At low temperatures (550-600 °C),
CO, might be consumed by active volatiles, tar and solid
residues to form various acids and ketones as previously
reported [42], while the consumption of CO, at high temper-
atures (600-800 °C) was because of the gasification reaction
(C+CO,—2CO0) along with CO releasing (Fig. 5b). Dur-
ing the AP-CO, process (Fig. 5¢), CO, began to be con-
sumed from 687 °C and reached a steady consumption rate
of 3.5 mL/min g at 800 °C. Char-AP demonstrates a higher

CO2 consumption temperature, indicating that Char-AP
has a relatively lower gasification activity compared to the
direct gasification of wood pins-fines. The evolution of gas
products from the wood dust sample under different thermal
treatment processes was also analyzed and the similar results
were observed (the results were not presented here).

3.4 Yield of chars and activated carbons

Figure 6 displays the yield of the prepared chars and acti-
vated carbons from northern hardwood pins-fines at different
activation temperatures (400 °C, 500 °C, 600 °C, 700 °C,
and 800 °C) through different thermal treatment processes,
the heating rate and holding time of the thermal processes
were 20 °C/min and 60 min, respectively. The yield of the
chars and ACs are decreasing with the increase of the pyrol-
ysis/gasification/activation temperature. From Fig. 6, it is
observed that the char yield was in the range of 34.5-20.0%
at pyrolysis temperature between 400 and 800 °C by atmos-
pheric pyrolysis (AP). The char yield decreased from 33.9
to 16.5% by the atmospheric CO, gasification (AG-CO,).
The yield of the chars from the vacuum pyrolysis (VP) is
between 18.9% and 33.3%. The yield of Char-VG-CO, is in
the range of 32.7-14.9%. The yield of AC-AP-CO, and AC-
VP-CO, are in the ranges of 24.8-15.8% and 23.2-15.5%,
respectively. The yield of the prepared chars and activated
carbons from northern hardwood wood dust under differ-
ent thermal treatment processes were also investigated and
similar yield trends were obtained.

351 —&— Char-AP
—— Char-AG
Char-VP
30 4 —¥—AC-AP-CO,
AC-VP-CO,

—— Char-VG-CO2
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J
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Heating Temperature (°C)

Fig. 6 Effect of heating temperature on the yields of char and acti-
vated carbon from wood pins-fines with different thermal treatment
processes: atmospheric pyrolysis under argon (AP), atmospheric CO,
gasification (AG), vacuum pyrolysis (VP), CO, activation after AP,
CO, activation after VP, and vacuum CO, gasification (VG). The
heating rate and holding time of the thermal processes were 20 °C/
min and 60 min, respectively
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Effect of heating temperature on the surface area (Fig. 7a)
and the pore structure (Fig. 7b) of chars and activated car-
bons from wood pins-fines with different thermal treatment
processes are profiled in Fig. 7. The heating rate and holding
time of the thermal processes were 20 °C/min and 60 min.
Figure 7a shows the effect of heating temperature on the
surface area of chars and activated carbons. With increasing
pyrolysis/activation temperature from 400 to 800 °C, the
BET surface areas of Char-AP samples are relatively low
for all the processing temperatures; they increase from 5.6
m?/g of Char-AP-400 °C to 15.3 m?/g of Char-AP-800 °C.
BET surface areas of active carbon samples from AP-CO,
and VP-CO, processes are higher than those from other pro-
cesses, and they do not change much with the increase of
activation temperature. The surface area of the ACs from
AP-CO, decreased from 586.2 m*/g at 400 °C to 515.8 m%/g
at 800 °C, CO, is an etching agent, the micro/meso-pores
will be enlarged/etched by CO, at high temperature, parts
of the pore structure will be collapsed/destroyed by CO, at
a higher temperature which leads a decreased surface area;
the surface area of the ACs from VP-CO, increased from
705 m?%/g at 400 °C to 769 m%/g at 600 °C, then decreased
to 745 m?/g at 800 °C. The surface area of Char-VP sam-
ples increased from 25.9 m%/g at 400 °C to 228.3 m*/g at
800 °C. BET surface areas of Char-AG and Char-VG-CO,
increase rapidly with increasing gasification/pyrolysis tem-
perature. The surface area of the Char-AG increased from
7.5 m?%/g at 400 °C to 678.2 m%/g at 800 °C. The surface area
of the Char-VG-CO, increased from 78.0 m%/g at 400 °C to
786.1 m?/g at 700 °C, then further increased to 855.3 m?/g
at 800 °C. Char-VG-CO, samples exhibit higher surface area
compared to those of other processes.

As previously discussed, the pyrolysis of biomass
includes two main steps: primary and secondary pyrolysis.
In primary pyrolysis, the biomass degrades into volatile

900

gases, tar and char. The primary pyrolysis products are non-
condensable (light) gases (e.g., CO, CO,, H,0, and H,),
light hydrocarbons (e.g., CH,, C,H,), condensable gases and
tars, solid residue (char), and mineral ash. If the products of
primary pyrolysis undergo further reactions at higher tem-
peratures and longer reaction times, secondary pyrolysis will
dominate the reaction system. Secondary pyrolysis is a very
complex process, a series of reactions occurred including
cracking, polymerization, condensation, and carbon depo-
sition [55]. These reactions can occur in the gas phase, at
the char surface, or in the inner pores of the char. Signifi-
cant condensable volatiles and tar in the primary pyrolysis
are trapped in char micropores due to the diffusion limita-
tion. These volatiles and tar will be cracking and thermally
decomposing to carbon and hydrogen. Carbon atoms deposit
on the micropore wall, while hydrogen atoms recombine
into hydrogen molecules. With more volatiles cracking and
the pores becoming smaller and smaller, the retention time
of the tars increases. The increased retention time of tars
results in more cracking and carbon deposition, while the
greater retention time of the volatiles leads to a higher level
of secondary reactions and increase the yield of solid char.
Carbon deposition in the pores will lead to complete fill-
ing or blockage of the micropores which will significantly
decrease the surface area of the char. This pore blockage can
explain why the surface areas of the Char-AP samples are
smaller, while the pore volumes and average pore diameters
are larger than those produced from other processes: surface
area of the Char-AP sample is mainly contributed by the
macropores since the sample is lacking micropores.
Deposited carbon from the secondary pyrolysis will
impact the further activation of the char. Due to the
restraint of the diffusion, activation reagents like CO, and
water molecules are limited to diffusion into micropo-
res of the char and an extended activation time and a
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Fig.7 Effect of heating temperature (400-800 °C) on the surface
area of chars and activated carbons from wood pins-fines with dif-
ferent thermal treatment processes (a) and the pore structure of chars
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higher activation temperature are needed in the second
step. There are a couple of strategies to reduce or elimi-
nate secondary pyrolysis. The first strategy is to run the
pyrolysis under vacuum condition so condensable vola-
tiles and tar will be removed from the micropores of the
char before the carbonization process. The residence time
is considerably shorter during vacuum pyrolysis, as com-
pared to atmospheric pyrolysis. Therefore, the secondary
pyrolysis reactions of the volatiles and tar, such as the
formation of carbonaceous deposits on the surface and in
the pores of the char, are limited under vacuum conditions
[32, 33]. Char from vacuum pyrolysis has, therefore, a
more “open” pore structure and is more easily activated
than char from atmospheric pyrolysis. The second strat-
egy is to perform the pyrolysis under a reactive atmos-
phere, such as CO,, steam or air. The volatiles and tar
will be gasified before the secondary pyrolysis reactions
occur. As a result, carbon deposits on the surface and in
the pores of the char are also limited [32, 33].
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3.5 Effects of process conditions on ACyield,
surface area and micropore structures

Figure 8 compares the yield, surface area, and micropore
volume of the chars produced from northern hardwood pins-
fines and wood dust by the VG-CO, process. The wood pins-
fines shows higher yield than that of wood dust, but the chars
from wood dust have higher surface areas and micropore
volumes. From the TGA and FTIR results (Figs. 3 and 4),
the wood dust may contain more cellulose and less lignin
in the sample, which means less volatiles/tars (volatiles
and tars are mainly polycyclic aromatic hydrocarbons from
lignin) are generated from the wood dust samples during
the primary pyrolysis step which leads to less secondary
pyrolysis reactions, and less carbon deposition, therefore, the
lower yield of the char from wood dust and higher surface
areas and micropore volumes.

Gases, liquid (tars, condensable vapors, etc.), and solid
(char) are produced during the pyrolysis of biomass [56].
The pyrolysis conditions, such as temperature and/or heat-
ing rate, and heating time are key factors that affect the
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Fig.8 The yield (a), surface area (b), and micropore volume (c) of the chars produced from northern hardwood pins-fines and wood dust
through the VG-CO, process at 800 °C (heating rate, 20 °C/min, heating time, 60 min)
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distribution among the three product fractions. High yields
on liquid and/or gas, and low yield solid char are obtained
when thermal treatment biomass with a fast-heating rate at
high temperature [56]. To determine the effect of gasification
temperature on the char properties, the wood pins-fines were
vacuum gasified by CO, at 400 °C, 500 °C, 600 °C, 700 °C,
800 °C and 900 °C. Figure 9 shows the effect of heating
temperature on the surface area and pore volume of the Char-
VG-CO, samples. The surface area of the chars increased
from 78.0 +5.5 m%/g at 400 °C to 855+ 18.2 m*/g at 800 °C,
and then decreased to 807 + 15.7 m%g at 900 °C. The pore
volumes of the chars increased from 0.197+0.021 mL/g at
400 °C t0 0.243 +0.026 mL/g at 800 °C, and then decreased
t0 0.209 +0.020 mL/g at 900 °C.

The effects of heating rate on the surface area and pore
volume are shown in Fig. 10. The vacuum CO, gasification
was performed at 800 °C for 2 h. Both the BET surface area
and pore volume increase with increasing pyrolysis heating
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rate up to 20 °C/min, thereafter these values decrease with
further increases in the heating rate up to 40 °C/min.
During the pyrolysis process, cellulose, hemicellulose,
and lignin in the wood are first dehydrated to more stable
intermediates anhydrocellulose and highly cross-linked
lignin at low temperatures [57]. More anhydrocellulose and
highly cross-linked lignin are produced in a slow heating
rate process which benefits a high yield of char. During the
fast heating process, the dehydration reaction is limited due
to the short resident time at low temperature, less water is
eliminated at low temperatures; hence, more organic vola-
tiles will be gasified by steam at high temperature in the
wood, and less secondary pyrolysis reactions occur in the
pores and surface of the char [58]. The fast heating process
will help the development of meso- and macropore struc-
tures during the subsequent activation as the CO, molecules
can diffuse into the pores more easily. Consequently, the
BET surface area and micropore volume decrease for the
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Fig.9 Effect of gasification temperature on surface area and micropore volume of char from vacuum CO, gasification of wood pins-fines (heat-

ing rate, 20 °C/min, heating time, 60 min)
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heating rates greater than 20 °C/min. The activated carbon
with the highest BET surface area of 878.8 +25.6 m*/g and
micropore volume of 0.247 +0.023 mL/g was obtained from
the char pyrolyzed at 20 °C/min.

The effect of gasification heating time on the surface
area and pore volume of the chars from VG-CO, process
at 800 °C is shown in Fig. 11. The surface area and pore
volume first increase with increasing hold time up to 2 h,
before decline sets in. A significant increase of the BET
surface (from 602 to 878.8 m?/g) was observed from 0.5 to
2 h, and then decreased at 2.5 h to 825.2 m?/g. The same
effect occurs to the pore volume responses involved with a
higher increase in micropores from 0.5 to 2 h (from 0.195
to 0.247 cm?/g). Initially, increasing VG hold time resulted
in increased release of volatile matter and gasification of
volatiles and tar thereby forming increased primary pore
structures within the chars. Subsequently, activation of these
chars by CO, further improves the porosity and pore surface
area. However, a prolonged heat treatment at 800 °C will
lead to increasing gasification and carbon structures in the
chars which are etched, resulting in enlarged and collapsed
pores and decreasing pore surface area with increasing heat-
ing time. The enlarging and collapsing of the micropores
in chars correspond to decreasing pore surface area and
micropore volume with increasing VG hold time.

3.6 Morphologies of char and AC samples

The morphology of chars/ACs produced at different pyrol-
ysis/gasification conditions was characterized using SEM.
The results of SEM analysis of the char by AP process
are shown in Fig. 12a. SEM image of the Char-AP sam-
ple shows the surface morphology is smooth, no obvious

900 g ;
T
800 - : \ \
700
2 6004 £
£
© 500
[
®
S 400+
[}
£ 300
= |
7]
200 -
100
0 T T T T T
0.5 hr 1hr 1.5hr 2hr 2.5hr

Heating time

micro-pores and micro-channels are observed on the char
surface, and the most noticeable feature identified on the
product char was the formation of particles over its sur-
face (Fig. 12a). The size of the particles ranged from 50
to 500 nm in diameter from SEM image. The formation of
particle structures suggests that the secondary pyrolysis
reactions occur to form the carbon deposits during the
VP process. SEM results for chars obtained under vacuum
pyrolysis are shown in Fig. 12b. SEM analysis indicated
that the surface of the char is clean and obvious micropo-
res and microchannels are formed after pyrolysis under
vacuum at 800 °C. The clean surface means no secondary
pyrolysis reactions happen, which form carbon deposits
on the char during AP process. The solid product of wood
pins-fines gasified under CO, atmosphere (Fig. 12c) show
its surface is etched by CO, at high temperature. Fig-
ure 12d shows the morphology of the AC obtained from
AP char activated by CO, at 800 °C for 2 h. The image
demonstrates micropores are formed after the activation.
Figure 12e is the image of the AC from VP char acti-
vated by CO, at 800 °C for 2 h, it shows micropores and
microchannels are formed and the surface of the AC is
clean and neat. Figure 12f shows the image of the Char-
VG-CO, process sample which is more porous than the
chars or ACs from other processes, and confirms there are
more micropores and microchannels observed on the char.
The chars and AC samples from the wood dust were also
examined using SEM, these samples from the wood dust
exhibited similar morphologies to those from the wood
pins-fines.

Wood-based biomass has been utilized as a sustainable
precursor to produce activated carbons in the past decades,
the reported data from the previous works are listed in
Table 3 to compare with present results.
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Fig. 11 Effect of heating time on surface area and micropore volume of char from vacuum CO, gasification of hardwood pins-fines at 800 °C
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Fig. 12 Scanning electron micrographs of the chars and ACs from northern hardwood pins-fines prepared from different process at 800 °C for
2 h with heating rate of 20 °C/min: a Char-AP; b Char-VP; ¢ Char-AG-CO,; d AC-AP-CO,; e AC-VP-CO,; and f Char-VG-CO,

4 Conclusions

Experimental studies on the preparation and characterization
of chars and ACs from wood waste under vacuum pyrolysis
and subsequent physical activation have been carried out.
It is found that wood waste is a prospective starting mate-
rial for the preparation of effective adsorbents. Effects of
different pyrolysis/gasification processes on the chars and
activated carbons have been investigated. The experimental
results showed that the activated carbon pyrolyzed/gasified
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under vacuum while concurrently feeding in CO, at a tem-
perature of 800 °C, a hold time of 2 h, and a heating rate
of 20 °C/min resulted in the highest BET surface area and
micropore volume of 878 m?%/g and 0.247 cm?/g, respec-
tively. Generally, increasing vacuum pyrolysis/gasification
temperature reduces the yields of both chars and activated
carbons. Too fast a heating rate will result in intense primary
and secondary reactions and more carbon deposition in the
pores of the char, consequently, promoting the formation
of closed pores and hence a lower pore surface area. Too
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Table 3 Carbonization and activation condition for different wood-based biomass to produce activated carbons

Raw material Carbonization Activation condition (°C/h) BET surface Total pore volume (cm?/ g) Reference
condition (°C/h) area (m?%/g)

Northern hardwood pins-fines — 400-900 °C/1 h, vacuum, CO, 78-855 0.197-0.243 Current work
Northern hardwood dust - 400-900 °C/1 h, vacuum, CO, 153-905 0.215-0.249 Current work
Pine sawdust - 800 °C/2 h, CO, 140-352 0.097-0.154 [59]
Pinewood 550 °C/4 h 900 °C/0.5-4 h, steam 426-902 0.321-0.749 [60]

Oak wood waste 450 °C 700 °C/1 h and 800 °C/2 h, CO, 642-985 0.4113-0.6403 [61]
Mahogany sawdust 500 °C/1 h 800 °C/1 h, steam 516.3 - [62]

Fir wood 450°C/1.5h 900 °C/7 h, steam 1009-1096  0.70-0.94 [63]

Wattle wood 400 °C/1h 800 °C/5 h, CO, 430-1030 0.21-0.56 [64]

long a vacuum pyrolysis/gasification heating time will also
decrease the specific surface area of the activated carbon due
to enlarging and collapsing pores.
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