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1. INTRODUCTION

Charcoal from slow pyrolysis of biomass is a promising
substitute for fossil coal and coke. For industrial applications
such as cofiring power plants,”” syngas production,” and
metallurgical processes,” there is a significant interest in
replacing fossil fuels and/or reductants with biomass and
charcoal. It was recently proposed to replace pulverized coal
injection in blast furnaces with pulverized charcoal.*~°
However, this application has strict requirements for charcoal,
that is, grindability, fixed carbon content, heating value, and
reactivity." Through optimizing pyrolysis process conditions,
the charcoal properties can be modified to meet requests for
specific final applications. The main elementary (C, H, N, and
O) composition and the heating value of charcoal are similar to
those of pulverized coal at a pyrolysis temperature above 500
°C, and its yield typically decreases by one-third compared to
that at 300 °C, i.e., torrefaction conditions.””* Our previous
study demonstrated a considerably higher charcoal yield by
promoting secondary char formation, that is, by purging the
reactor with CO, and embedding bio-oil on the external and
partly internal surfaces of woodchips, without any drastic
effects on elementary compositions or heating values.”
Nonetheless, the reactivity of charcoal requires closer
attention. The reactivity of charcoal is an essential design
parameter that influences the capacity of thermochemical
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reactors regarding combustion and gasification.”'’ High
reactivity is preferred when a greater specific capacity of the
reactors is of primary concern. In existing industrial facilities,
however, the process is often optimized for the reactivity of the
current fuel in order to achieve the desired product quality.
Thus, a change in the fuel to one with a significantly different
reactivity may lead to costly process modification. It would,
therefore, be beneficial if we could optimize pyrolysis processes
and achieve the targeted reactivity specified by the charcoal
users.

Previous studies showed that charcoal reactivity is
mainly affected by three parameters: (i) the content and
composition of inorganic elements, (ii) the physical structure,
that is, the specific surface area and pore-size distribution, and
(iii) the content of functional groups and chemical structure of
the carbon matrix. Alkali and alkaline earth metals (e.g., Na, K,
Ca, and Mg) are well-known for their catalytic effects on the
conversion of charcoal via the oxygen transfer cycle.””~'” On
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the other hand, Cl, S, P, and Si might react with alkali and
alkali metals, which reduces the availability of the catalytic
metals and lowers their effect.””*" The particle size and pore
size also affect the reactivity of charcoal, which can
considerably influence the diffusion rate and thereby the
local concentration of reactant gases available to react with
solid carbon."" Meanwhile, the internal surface area and
chemical structures, for example, the content of carbon edges,
defects, and functional groups, represent a fraction of the active
sites on the accessible solid surface. These parameters are
strongly influenced by the type of biomass and pyrolysis
conditions. The production of charcoal from large biomass
particles, for example, woodchips and pellets, is more viable
compared to biomass powder. This is not only because of the
ease of particle processing but also because large particles give
a higher charcoal yield than small particles.”” Thus, it is
essential to elaborate on the pyrolysis of large particles, the
focus on which is somewhat limited in the literature.

The content of total and certain inorganic elements of
biomass materials can be significantly different. In general,
agricultural biomass contains a much higher concentration of
inorganic elements compared to woody biomass.”> High
inorganic content in agricultural biomass not only results in
complicated catalytic activity but also in technical challenges
because of the high ash amount and the degree of slag
formation.”! Thus, woody biomass is preferred when it comes
to industrial applications. However, different types and parts of
forestry biomass, for example, bark and forest residues, also
give significant variations.”* Ca is the most common inherent
inorganic element in woody biomass, usually followed by
varying contents of K, Si, Mg, and P and a trace amount of S
and Cl. Additionally, sand and clay minerals introduced during
fuel processing may alter the overall fuel composition.”” In
addition, there are considerable differences in woody
biomasses regarding the content of main biological compo-
nents such as cellulose, hemicellulose, and lignin. The presence
and interactions of these components during the thermal
conversion process will also affect the yield and property of
produced charcoal.*® DeGroot and Shafizadeh®” reported that
the gasification reactivity of cottonwood (softwood) charcoal
was significantly higher than that of Douglas fir (hardwood)
charcoal. The distinct differences in morphology between
softwood and hardwood charcoal could partially explain the
difference in reactivity. However, experimental investigations
of the correlation between morphology and reactivity of
softwood and hardwood charcoal are limited. Instead, the
literature only implied that the catalytic effect of inorganic
content was the main reason for the difference in reactivity of
the two wood species.

The heating rate has a dramatic effect on the morphological
and chemical structure of charcoals. Charcoal obtained from a
higher heating rate (HHR) was reported to be more reactive in
gasification,'”** 7% although there is no consensus for the
reasons. HHR charcoal from wood powders””*"** tends to
have a higher specific surface area, while large particles exhibit
opposite trends during pyrolysis.'”** Heating rates also affect
the proportion of micropores (d,,, < 2 nm), mesopores (2 nm
< dpore < 50 nm), and macropores (dpg,e > S0 nm).”* At a slow
heating rate, that is, <100 °C min~}, volatiles release gently
from biomass with no major change in morphology.’”**
Meanwhile, a high heating rate leads to charcoal with larger
cavities and a high degree of meso- and macropore structures
because the rapid release of volatiles results in overpressure,
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rupture, and coalescence of pores.””** According to the review
by Di Blasi,’” mesopores and macropores are major
contributors to the reactive surface area, while the less
accessible micropores barely participate in the reaction. The
heating rate also affects the elemental composition and
functional groups of charcoal, regardless of the particle size
of the feedstock. A larger amount of oxygen functional groups
and lower carbon content are normally observed in HHR
charcoals.*”** This is simply explained by a shorter
devolatilization time.***” Besides higher carbon and lower
volatile contents, inorganic content was reported to be lower
for low heating rate charcoal.”® This may be because the long
retention time at high temperatures provides enough time for
inorganic compounds to be released. However, this issue has
not been clearly elaborated in the literature.

Besides the heating rate, a high pyrolysis temperature affects
the surface area and the chemical structure of charcoal
Charcoal produced under hi3gh temperature has a typically
larger specific surface area.””’*”*" However, the specific
surface area of charcoal changes slightly or even decreases at
a temperature above 800 °C because of structural ordering,
commonly known as thermal annealing and pore coales-
cence.””*”*" Higher temperatures also promote the structural
orderin% of charcoal, resulting in larger aromatic ring
clusters.”*" According to advanced characterization techni-
ques, the literature agrees that a high pyrolysis temperature
promotes the loss of functional groups and the growth of
aromatic ring systems.'”****7* Although some inorganic
elements such as K might start to release at sufficiently high
pyrolysis temperatures, previous studies’’ ~>" have shown that
the release of other active inorganic elements, especially Ca,
Mg, and Sj, is very slight and even negligible below 900 °C
during the thermal conversion of woody biomass. Therefore, a
certain amount of inorganic elements retained in charcoal can
play a catalytic role, affecting its reactivity.

Secondary char formation may also affect the reactivity of
charcoal. Among the limited attention on this topic, Anca-
Couce and coworkers® conducted pyrolysis experiments that
enhanced secondary char formation by varying the initial mass
(10 mg to 100 g), particle size (0.2 mm to 3 cm), and bed type
(thermogravimetric analysis (TGA) and fixed bed reactor).
The results showed a significant reduction in charcoal
reactivity when the secondary reactions were promoted.
However, charcoal reactivity may behave differently when
different methods are applied to promote secondary char
formation. In our previous work,” we embedded woodchips
with recovered bio-oil from pyrolysis to increase secondary
char formation. We also found that the pyrolysis of large
particles under CO, influences secondary char formation.” The
effects of these techniques on charcoal reactivity have not been
elaborated in the literature.

There is a need to increase the understanding of the
pyrolysis of large biomass particles. This has not been
elaborated in the literature as much as the pyrolysis of biomass
powder. The main objective of this work is to increase the
understanding of how charcoal properties and reactivity change
under different pyrolysis conditions, that is, heating rate,
temperature, and biomass types. The second objective is to
measure the reactivity variation of charcoal produced from
pyrolysis methods applied to increase the yield in our previous
work,” that is, pyrolysis of bio-oil-embedded woodchips and
purging with CO,. TGA was carried out under isothermal
conditions after rapid heating to determine the intrinsic
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Table 1. Production Conditions of Charcoal Samples

sample ID raw material heating rate
SSOON2R spruce rapid
S600N2R spruce rapid
S700N2R spruce rapid
S700N2S spruce slow
S700CO2R spruce rapid
§700CO2S spruce slow
SBO700N2R spruce + 20% bio-oil rapid
SBO700N2S spruce + 20% bio-oil slow
B700N2R birch rapid
B700CO2R birch rapid
B700N2S birch slow

temperature (°C) purge gas charcoal yield (%, mass)
500 N, 22.5 (+04)
600 N, 18.5 (+0.7)
700 N, 17.9 (+0.5)
700 N, 23.0 (+0.4)
700 Cco, 17.8 (£0.5)
700 CO, 27.6 (0.5)
700 N, 162 (£1.4)
700 N, 29.3 (0.7)
700 N, 15.0 (+0.4)
700 Co, 15.1 (+0.2)
700 N, 18.4 (+0.4)

gasification reactivity of charcoals. Properties of charcoals, such
as elemental composition, inorganic content and composition,
pore structure, and carbon structure, were measured in order
to interpret the relationship between pyrolysis parameters and
reactivity.

2. EXPERIMENTAL METHODS

2.1. Preparation of Charcoal Samples. The charcoal samples in
this study were prepared in a macro-thermogravimetric (macro-TG)
reactor, Figure S1 in the Supporting Information, under various
conditions. A detailed description of the preparation methods for the
charcoal can be found in the Supporting Information and the previous
study.” The pyrolysis parameters in this study include the heating rate
(isothermal conditions and slow heating at 3 °C min™"), temperature
(500, 600, and 700 °C), reaction gas (N, and CO,), type of biomass
(spruce and birch), and bio-oil embedding on woodchips. All
charcoals were ground in a mortar and sieved to a sieve size below
75 pm. The samples were then divided into eight representative
samples using a Retsch PT100 sample divider. Table 1 shows a
summary of the pyrolysis conditions and the mass yield of the
charcoals.

An ultimate analysis of the charcoal was carried out with EA3000, a
CHNS-O elemental analyzer from Eurovector Srl. The determination
of CHN was measured according to DIN 51732. The oxygen content
was measured separately in the same analyzer using silver capsules
injected into the reactor held at 1070 °C, which contained pure
helium and was packed with nickel-plated carbon. Oxygen content
was then determined by the content of CO in the gas products by
means of gas chromatography and thermal conductivity. Table 2
shows the ultimate analysis of the charcoal samples.

The inorganic elemental composition was analyzed using
inductively coupled plasma optical emission spectrometry (ICP-
OES) after microwave-assisted pressurized acid digestion. A Multi-
wave 3000 microwave system (Anton Paar, Graz, Austria) was used

Table 2. Ultimate Analysis of Charcoal Samples (Dry Mass
Basis)

sample ID C (%) H (%) N (%) 0 (%)
SSOON2R 84.0 3.0 <0.3 9.4
S600N2R 89.7 2.3 <0.3 5.3
S700N2R 90.3 1.6 0.3 34
S700N2S 92.1 1.8 0.4 3.5
S700CO2R 89.8 1.5 0.3 3.8
S700CO2S 91.4 1.6 0.4 3.7
SBO700N2R 89.9 1.7 0.3 3.8
SBO700N2S 91.7 1.6 0.4 34
B700N2R 90.2 1.7 0.5 3.7
B700CO2R 90.4 1.6 0.5 3.6
B700N2S 91.7 1.6 0.5 S.1
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for digestion. Each material was analyzed in duplicate by digesting
around 20 mg of charcoal with 7 mL of concentrated nitric acid, 0.2
mL of hydrofluoric acid, 0.2 mL of hydrochloric acid, and 0.2 mL of
HCIO, (Carl Roth, Karlsruhe, Germany). The temperature was
ramped to 195 °C within 15 min with the application of 1500 W of
power, followed by a dwell time of 25 min at 195 °C. The digested
samples were further diluted to 14 mL with deionized water. The
ICP-OES system was an Arcos SOP by Spectro (Kleve, Germany).
Sample blanks and spikes were included in all preparation procedures.
Certified reference material NCS DC 73348 “Bush Branches and
Leaves” (China National Analysis Centre for Iron and Steel, Beijing)
was used for quality control. The most relevant inorganic
compositions are shown in Table S3 in the Supporting Information.

2.2. Gasification Reactivity. The charcoal gasification reactivity
was measured using a thermogravimetric analyzer, QS000IR, by TA
Instruments. Around 1 mg of the sample was loaded and spread on
the bottom of a platinum pan. A gas mixture of N, and CO, was fed
horizontally into a furnace as a reaction gas with a volumetric ratio of
80 and 20%, respectively. The flow rate of the reaction gas was 50 mL
min~" in the standard state (ie., 25 °C and 10° Pa). Prior to the
experiments, the sample and the furnace were purged with the
reaction gas for 30 min. The sample was then heated to 850 °C at a
heating rate of 500 °C min™' to mimic the high heating rate of
industrial processes. The sample was held at 850 °C, and the change
in sample mass was measured for 30 min. All charcoal samples were
analyzed with two repetitions.

The thermogravimetric curves displayed a mass loss because of
both devolatilization and gasification, as shown in Figure S2 in the
Supporting Information. In order to determine the gasification
reactivity, the initial mass (m,) was defined as the weight monitored
at the end of the devolatilization phase (details are provided in the
Supporting Information, Figure S2). Solid residue mass (m) was the
weight monitored during gasification under isothermal conditions,
and charcoal conversion (X) was calculated using
my — m

X

m, (1)

The intrinsic reactivity of the charcoals in this work is represented
by the initial rate constant (k). After considering various models, the
data were fitted by the random pore model to determine the rate
constant at the conversion up to the minimum conversion that
appeared after 30 min of gasification in the experimental data (X,
0.25). The integral form of the random pore model®* is

[ ][m — 1] = kit

2
W

)

The structure parameter, i, was estimated from the experimental
data using the reaction time at X = 0.2S in the following expression

W1-yh(1-X) -1 ¢

[1 = wIn(1 —0.25) — 1] B tx—02s

()
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Examples of data fitting can be found in the Supporting
Information, Figure S3.

2.3. Nitrogen Adsorption. The specific surface area, specific pore
volume, and pore-size distribution of the charcoals were determined
using an N, adsorption method with a Micromeritics ASAP 2020
analyzer. Before the measurements, around 200 mg of the sample was
degassed at low pressures (0.27 Pa) and high temperatures (140 °C)
for 180 min. Adsorption isotherms were obtained by immersing
sample tubes in liquid nitrogen (—197 °C) to obtain isothermal
conditions. Nitrogen was added to the samples in small increases, and
the resulting isotherms were obtained. The specific surface area and
specific pore volume were calculated from adsorption isotherms
according to the Brunauer—Emmett—Teller (BET) method.>® Pore-
size distribution was calculated using the Barrett—Joyner—Halenda
(BJH) algorithm®* and the density functional theory (DFT)
function.> This method divides pore size into three different ranges,
namely, micropore (<2 nm), mesopore (2—50 nm), and macropore
(>50 nm). Examples of adsorption isotherms are provided in the
Supporting Information, Figure S4.

2.4. Raman Spectroscopy. Raman spectroscopy was used to
analyze the molecular structure and morphology of the charcoals.
Raman spectra were collected using an inverted microscope (IX71,
Olympus, Japan) coupled to a spectrometer (Shamrock 303i, Andor
Technology, Ireland). A DPSS 532 nm was used as an excitation laser
(Altechna, Azpect Photonics AB, Sodertilje, Sweden). The laser was
operated at 6 mW. Spectra were collected from five different spots for
each sample with 120 s of exposure time. All spectra were analyzed
between 1100 and 1800 cm™". Cosmic ray spikes were removed using
the method provided by Schulze and Turner*® and the spectra were
smoothed using a Savitzky and Golay filter.”” The fluorescence signal
was eliminated by baseline subtraction, according to Cao et al.>® All
spectra were normalized using a maximum intensity of around 1590
cm™" as the reference. The intensity values of the peaks at around
1350 and 1590 cm™ were taken to calculate intensity ratios.

Raman spectra of amorphous carbons are usually deconvoluted
into several bands to improve fitting. A variety of deconvolution
methods have been proposed in the literature.***~** However, the
number of band assignments and band shapes can easily influence the
outcome of the result, leading to overprediction. Thus, Raman
deconvolution needs to be carefully performed in a systematic
procedure in order to obtain meaningful results. Here, only three
Gaussian bands were assigned to the relevant Raman bands that
appeared in the spectra, that is, D band at 1350 cm™, G band at 1590
cm™’, and V band at a valley around 1450 cm™". The band assignment
was performed by implementing the peak fit function® in MATLAB.
The detailed procedure and an example of Raman deconvolution are
provided in the Supporting Information, Figure SS.

3. RESULTS AND DISCUSSION

3.1. Porous Structure and Chemical Properties of
Charcoals. Table S4 in the Supporting Information
summarizes the porous structure of the charcoal samples
measured by N, adsorption. The results show the specific
surface area, pore volume, and pore-size distribution of the
charcoal samples. The charcoals have specific surface areas
from 202 to 452 m? g~'. The differences between the specific
pore volume calculated from BET and BJH-DFT (ie., the
summation of pore-size distribution) are lower than 1%. The
pores were mostly distributed in the range of microscale (dyoe
< 2 nm) with 80—98% of the total pore volume. The specific
surface area and micropore volume generally increased with
pyrolysis temperature but with a large variation because of the
change of other pyrolysis parameters. In general, charcoals
produced at a low heating rate have a high surface area. The
surface area of spruce charcoals slightly increased using CO, as
a reaction gas but this effect did not appear for birch ones. Bio-

8356

oil embedding gave relatively low and no consistent effect on
the surface area of charcoals.

According to the ultimate analysis (Table 2), the charcoals
contain a relatively high carbon content, between 84.0 and
92.1%, and low oxygen, hydrogen, and nitrogen content. As
reported in Table S3, the total inorganic content varied
between 5034 and 12,587 mg kg™'. Ca and K are the most
dominant inorganic elements, followed by Si, Mg, and P.
Concentrations of Na and S are very low and therefore may
not influence the reactivity of charcoal significantly. According
to the ternary phase diagram for the K—Ca—Si system shown
in Figure S6 (the Supporting Information), the inorganic
compositions of the studied charcoals remain in the upper left
area of the diagram, where potassium silicate formation should
be limited even at the gasification temperature applied in the
current work. Ca carbonate and K—Ca carbonates tend to form
and affect the conversion of charcoal during the gasification.

The Raman spectra showed two overlapping peaks with
maximum intensities of around 1350 and 1590 cm™ (Figure
SS in the Supporting Information). These two peaks are
commonly referred to as the D and G bands.”®® In
amorphous carbon, the G band is related to the motion of
carbon sp” atoms, including both rings and chains. The D band
is proportional to the amount of large aromatic clusters (>six
fused rings).69 The intensity ratio of the raw spectra, In/Ig has
been introduced to indicate the amount of large aromatic
clusters in amorphous carbon. The higher the value of the I,/
I ratio, the higher the amount of large aromatic clusters in the
charcoal. Table 3 summarizes the I,/ ratios determined from

Table 3. I,/I; Ratios of Charcoal Samples

sample I/Is (-) FWHM,, (cm™) FWHMg (cm™)
SSOON2R 0.51 (£0.045) 214 (£5.103) 80 (+3.860)
S600N2R 0.55 (+0.016) 207 (+3.730) 117 (+1.180)
S700N2R 0.75 (+0.031) 187 (+2.640) 82 (£5.340)
S700N2S 0.75 (+0.023) 168 (+2.217) 78 (+2.540)
S700CO2R 0.76 (+0.035) 186 (+3.200) 83 (£5.340)
$700CO2S 0.77 (£0.052) 173 (+3.244) 76 (+7.730)
SBO700N2R 0.73 (+0.006) 191 (+4.420) 77 (£8.990)
SBO700N2S 0.74 (£0.027) 182 (£0.900) 70 (£0.940)
B700N2R 0.73 (+0.034) 191 (+5.260) 79 (£9.110)
B700CO2R 0.74 (+0.018) 189 (+5.760) 71 (+13.070)
B700N2S 0.74 (+0.013) 186 (+2.420) 77 (£5.490)

the charcoals. Although the I,/I; ratio clearly distinguishes the
carbon structure of the charcoals from different pyrolysis
temperatures, it does not show significant differences among
charcoals produced at 700 °C. Thus, information from the
deconvolution of the Raman spectra was used. Table 3 also
shows the full width at half-maximum (FWHM) of the D and
G peaks. The decrease in the FWHM of the D band
corresponds to the higher order of the carbon structure.”
3.2. Effect of Pyrolysis Conditions on Gasification
Reactivity. 3.2.1. Pyrolysis Temperature. The charcoals
produced from isothermal pyrolysis were used to study the
effect of pyrolysis temperature on the reactivity. It should be
noted that in the experiments under isothermal conditions,
different pyrolysis temperatures also mean different heating
rates of the woodchips. This is because the heat flux to the
particles is proportional to the temperature difference between
the particle surface and the surrounding environment. A higher
pyrolysis temperature generally gives a more substantial

https://dx.doi.org/10.1021/acs.energyfuels.0c00592
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difference between the initial temperature of the woodchips
and the macro-TG reactor setpoint. This large temperature
difference results in an higher heating rate of the woodchips,
which affects their pyrolysis behaviors and properties and
gasification reactivity of produced charcoals. Figure 1 shows
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Figure 1. Rate constant of the charcoals produced from isothermal
pyrolysis at various temperatures. The error bars are standard
deviation obtained from two repetitions of each experimental point.

the gasification rate constant (k;,;) of charcoals produced from
spruce under isothermal pyrolysis in N,. The rate constant
significantly decreased when the pyrolysis temperature
increased from 500 to 600 °C; the p-value was 0.0005 (a p-
value lower than 0.05 implies that the difference is statistically
significant with 95% confidence). However, the rate constant
of the charcoal obtained at 600 °C was slightly lower than the
charcoal obtained at 700 °C (p-value: 0.037), which could be
caused by the higher heating rate at 700 °C.

Figure 2 shows the total pore volume and pore-size
distribution of the charcoals at various temperatures. Total
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Figure 2. Specific pore volume and pore-size distribution of the
charcoals produced from isothermal pyrolysis at various temperatures.

pore volume increased when the temperature increased from
600 to 700 °C. However, the increase in the pore volume of
the charcoals was mainly due to the increase in micropore
volume. The increased micropore volume may correspond to a
higher rate of volatile release during pyrolysis at 700 °C. The
mesopore volumes of the charcoal produced at 500 and 600 °C
were similar, while the charcoal at 700 °C contained a much
lower mesopore volume. Pore-size distribution does not show
a clear correlation between temperature and reactivity.
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According to the ultimate analysis (Table 2), the carbon to
oxygen ratio increased from 8.9 to 16.8 and 26.3 when the
pyrolysis temperature increased from 500 to 600 and 700 °C,
respectively. This means that an increase in pyrolysis
temperature reduced the oxygenated functional groups on
charcoal surfaces, meaning a smaller fraction of the active
surface to react with CO,. In terms of the carbon structure,
Figure 3a shows the Raman spectra of the charcoals at various
temperatures. The position of the D band shifts toward a lower
wavenumber when the temperature increased, while the
position of the G band remains constant, which is associated
with the formation of larger aromatic ring clusters.”' From the
quantitative results shown in Figure 3b, I/ ratios increased
and FWHM}, decreased when the temperature increased. This
result indicates increased structural order and larger aromatic
ring clusters at higher pyrolysis temperatures. This observation
explains the continuous growth of aromatic ring clusters.

The total inorganic concentration of produced charcoal
(Table S3) increased from 9071 to 9506 and 10,097 mg kg™
when pyrolysis temperature increased from 500 to 600 and 700
°C, respectively. During the pyrolysis, carbon and inorganic
elements were enriched in charcoal. The results imply that
most of the inorganic elements barely released during the
isothermal pyrolysis, as indicated in previous work.”" Figure 4
depicts the concentration of the main elements, that is, Ca, K,
Mg, and Si, in the charcoals. With increasing the pyrolysis
temperature from 500 to 700 °C, Mg, Ca, and Si
concentrations did not show a significant trend. A higher
absolute concentration of K was detected from charcoal
produced at higher temperatures. The sudden increase in K
concentration in the charcoal produced at a pyrolysis
temperature of 700 °C may be the cause of the slightly higher
reactivity in comparison with that produced at 600 °C.

3.2.2. Heating Rate. In order to study the effect of heating
rate, charcoal samples were produced at two distinct heating
histories, namely, rapid heating under isothermal heating
conditions (~175 °C min~', estimated by particle simulation
as shown in the Supporting Information, Figure S7) and a slow
heating rate of 3 °C min™". Figure 5 shows the effect of heating
rate on the gasification rate constants of the studied charcoals.
The charcoals from slow pyrolysis have significantly lower rate
constants compared to those produced under isothermal
pyrolysis.

Previous studies on biomass powders™ found that a high
surface area could partially explain the high reactivity of high
heating rate charcoal. However, Table S4 shows that using
large wood particles, charcoals produced from slow pyrolysis
had a significantly higher surface area than charcoal produced
from isothermal pyrolysis experiments. Under slow heating, the
biomass gently releases volatiles through its pores, and the
charcoal retains the vascular structure from the original
biomass. On the other hand, under isothermal pyrolysis, the
release of volatiles from internal to external particles is more
intensive and rapid. It causes elevated local gas concentration
and pressure inside the particles, yielding charcoal with larger
cavities/openings and a more porous structure. Figure 6 shows
the pore-size distribution of the charcoals. Charcoals from slow
pyrolysis have a much higher micropore volume compared to
those obtained from isothermal pyrolysis (Figure 6a). For the
meso- and macropores shown in Figure 6b, the charcoals from
slow pyrolysis contain comparable or slightly larger volumes,
except for the pyrolysis under CO,. High meso- and
macropore volumes of isothermal charcoals produced under

https://dx.doi.org/10.1021/acs.energyfuels.0c00592
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charcoals produced from isothermal pyrolysis at various temperatures.
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Figure S. Comparison of rate constants of the charcoals obtained at
the different heating rates. The error bars are the standard deviation
obtained from two repetitions.

CO, pyrolysis may be related to the increase in internal
pressure because of low diffusivity, which will be discussed in a
later section. According to the results of the pore-size
distribution, charcoals from slow heating pyrolysis have a
larger surface area but mostly contain inactive pores.

Under slow heating conditions, the pyrolysis reaction
progresses with a low-temperature gradient inside the particle
and the devolatilization time is longer than under isothermal
pyrolysis conditions. Thus, slow heating charcoals tend to have
a larger aromatic cluster size, which is commonly described as
thermal annealing in the literature.”>**~*” The carbon content

of slow pyrolysis charcoals is higher compared to those
produced under isothermal pyrolysis, as shown in Table 2.
According to the results of the Raman spectroscopy, the I/I
ratios of the charcoals obtained from slow pyrolysis and
isothermal pyrolysis do not show significant differences (Table
3). Nevertheless, the results of FWHM], depicted in Figure 7
show the difference between charcoals produced from
experiments with different heating rates. The FWHM] of
charcoals from slow pyrolysis was consistently lower than that
of charcoals from isothermal pyrolysis. This result was
confirmed by the X-ray diffraction (XRD) measurement of
selected samples in the Supporting Information, Figure S8.
The (002) and (100) XRD peaks become sharper in charcoal
produced at a slow heating rate in comparison with isothermal
pyrolysis, meaning there is a higher graphitized structure in the
slow heating charcoal. These observations indicate that the
charcoals from slow pyrolysis contain larger and more ordered
structures of aromatic clusters compared to those obtained
from isothermal pyrolysis.

Inorganic elements in charcoals can also play considerable
roles in the gasification reaction of charcoal. Figure 8 shows a
comparison of the total loss of inorganic elements calculated

by
total loss of inorganic elements
xash
=|1-—y | X 100%
biomass
ash

where a3t and %) are total inorganic content of the
biomass and charcoal, respectively, and y,,, is the mass yield of
charcoal. The slow heating pyrolysis lost a higher amount of
total inorganic elements compared to pyrolysis under
isothermal conditions, except for the pyrolysis under CO,
(condition 2). This means that some inorganic elements are
released to a higher degree during pyrolysis at the slow heating
rate, which may be due to a long devolatilization time (~4 h).
Figure 9 shows the comparison of Ca and K concentrations
between charcoals from slow pyrolysis and isothermal
pyrolysis. The concentrations of these elements were
consistently lower in charcoals produced from slow pyrolysis,
except for the pyrolysis under CO, (condition 2). Using CO,
as a reaction gas in pyrolysis may increase the mass transfer
resistance over solid particles, which lowers K release in slow-
heating pyrolysis. Another possible reason is that presence of
CO, may stabilize K and form carbonates during the pyrolysis.
Without the effect of the reaction gas, however, the content of
Ca and K is lower in the charcoals from slow pyrolysis
compared to those obtained from isothermal pyrolysis.

8358 https://dx.doi.org/10.1021/acs.energyfuels.0c00592
Energy Fuels 2020, 34, 8353—8365



Energy & Fuels pubs.acs.org/EF Article
0.20 30.010
a) Isothermal pyrolysis (~175 °C/min) E b)
C) 77 Slow pyrolysis (3 °C/min) b 0.008 4 |
"2 0.154 E ET
: E
g o 0.006 1
= S
E 0.104 g 5
2 2 0.0044 1
& =
5 0.054 1 +
g £ 0.002 1
0.00 < 0.000
Condition 1 Condition 2 Condition 3 Condition 4 Condition 1 Condition 2 Condition 3 Condition 4
Biomass : Spruce Spruce Spruce + 20% bio-oil Birch Biomass: Spruce Spruce Spruce + 20% bio-oil Birch
Temperature: 700 °C 700 °C 700 °C 700 °C Temperature: 700 °C 700 °C 700 °C 700 °C
Reaction gas: N, CO, N, N, Reaction gas: N, Co, N, N,

Figure 6. Comparison of micropore volume (a) and meso- and macropore volume (b) of the charcoals obtained at different heating rates.
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the case of isothermal conditions (conditions 1 and 2), the rate
constants of charcoals produced under a CO, flow were
significantly higher compared to those of charcoals produced
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Figure 9. Concentration of Ca (a) and K (b) in the charcoals obtained at different heating rates.
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under N, flow. However, there was no significant difference in
the case of slow pyrolysis (condition 3). These reactivity
results are in contrast to the results of charcoals produced from
wood powder.”>”?

Figure 11 shows the specific pore volumes of micropores,
mesopores, and macropores. The specific micropore volume
showed no consistent differences between the charcoals
produced from N, and CO, pyrolysis (Figure 11a). According
to Figure 11b, the mesopore and macropore volumes of the
charcoals produced under CO, flow were consistently higher
compared to those produced under N, flow. The differences of
pore volumes obtained under N, and CO, flows were most
likely caused by a difference in the diffusivity of volatiles in the
two different atmospheres, as discussed in the previous work.”
A lower diftusivity of volatiles under CO, pyrolysis can result
in higher internal pressure and cause the pore structure to
rupture, that is, form more mesopores and macropores. This
behavior does not appear during the pyrolysis of wood powder
because the particle size is too small to develop high internal
pressure. Thus, high specific mesopore and macropore
volumes in the charcoals from CO, pyrolysis could be the
specific result of large particles only. It could explain the
contradictory effects of the reaction gas during pyrolysis
between this study (woodchips) and the literature (wood
powders).”””® Nevertheless, in the case of pyrolysis at a slow
heating rate (condition 3), the high mesopore and macropore
volume of the charcoal from CO, pyrolysis did not result in a
significant difference in the rate constant, probably because of
other counteracting effects.

The ultimate analysis (Table 2) and inorganic content
(Table S3) showed no consistent difference between the
charcoals obtained from experiments using the two reaction
gases. The FWHM of the D band shows no significant
difference between the two reaction gases for conditions 1 and
2, according to Table 3. On the contrary, for slow heating rate
experiments under condition 3, the charcoal produced in the
presence of CO, has a higher FWHMp, value than N, pyrolysis
charcoal (with a p-value of 0.0245). This means that the D
band of charcoal from CO, pyrolysis is broader compared to
that from N, pyrolysis. These results imply that charcoal
produced from CO, pyrolysis has smaller aromatic clusters at a
slow heating rate. On the other hand, there are no significant
differences in FWHM)], values of charcoal pyrolyzed under
isothermal conditions. Nevertheless, these results still cannot
give a clear explanation of the similar reactivity level between
charcoals from N, and CO, pyrolysis at a slow heating rate.

3.2.4. Raw Materials. The charcoals studied in this work
were prepared from different wood species, namely spruce
(softwood) and birch (hardwood). The fiber structures of
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these woods are different and contain different organic and
. . cps 7 -
inorganic compositions.” Figure 12 shows the rate constants of
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Figure 12. Rate constant of the charcoals produced from different
biomass species. The error bars are the standard deviation obtained
from two repetitions.

the charcoals produced from spruce and birch under various
conditions. The rate constants of spruce charcoals were
significantly higher (i.e., more reactive charcoal) than those
of birch charcoals.

Spruce charcoals and birch charcoals contain an equivalent
level of specific pore volume (see Table S4 in the Supporting
Information). However, spruce charcoals have a slightly higher
macropore volume compared to birch charcoals. The carbon
structure of the charcoals shows that spruce charcoals have a
slightly larger and highly ordered structure of aromatic clusters
(Table 3). Thus, neither the morphological structure nor
carbon structure is likely to be the primary explanation of the
difference in the charcoal reactivity between these two samples.

The content of catalytically active inorganic species could
explain the different reactivities of the charcoals produced from
different wood species. Figure 13 shows the concentration of
Ca and K in the charcoals produced from spruce and birch.
The Ca concentration showed no consistent differences
between spruce charcoals and birch charcoals, while the K
concentrations of spruce charcoals are higher compared to
those of birch charcoals. This analysis result corresponds to a
higher amount of K and Ca in raw spruce compared to raw
birch (see Table SI in the Supporting Information). K
generally plays a more significant role than Ca in the
gasification of charcoal by promoting certain reactions.
According to a thermodynamic equilibrium calculation
conducted in previous work,'® K tends to be released at a
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Figure 13. Concentration of Ca (a) and K (b) in the charcoals produced from different biomass species.

temperature higher than 800 °C under oxidizing conditions,
while Ca remains in the solid phase. The release of K implies
the mobility of K throughout the charcoal particles, resulting in
a catalytic effect during the gasification reaction. Hence, the
higher amount of K in spruce charcoals could explain the
slightly higher reactivity compared to birch charcoals.

Besides wood species, the effects of bio-oil embedding were
studied. Figure 14 shows the rate constants of the charcoals
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Figure 14. Rate constant in the comparison between the charcoals
from bio-oil-embedded woodchips and dried woodchips. The error
bars are the standard deviation obtained from two repetitions.

obtained from dried spruce and bio-oil-embedded spruce
under conditions 1 and 2. The charcoals obtained from bio-oil-
embedded spruce showed significantly higher reactivity
compared to those obtained from dried spruce. The result

also shows a higher impact of bio-oil recycling on charcoal
reactivity when the technique is applied to pyrolysis under
isothermal conditions compared to slow heating pyrolysis.

Figure 15 shows the pore-size distribution of the charcoals
produced from dried spruce and bio-oil-embedded spruce in
conditions 1 and 2. The micropores are at the equivalent level
(Figure 15a), while the mesopores and macropores increased
when the bio-oil embedding technique was applied (Figure
15b). The embedding of bio-oil to woodchips reduced the
diffusivity of volatiles during pyrolysis, leading to overpressure
and rupture of the pore structure, creating a high degree of
mesopores and macropores. More mesopores and macropores
in the charcoals obtained from bio-oil-embedded spruce could
explain their slightly higher reactivity compared to those
produced from dried spruce.

Figure 16 shows the FWHMy, of the charcoals produced
from dried spruce and bio-oil-embedded spruce in conditions 1
and 2. The FWHM}, of the charcoals produced from bio-oil-
embedded spruce is slightly wider than that of the charcoals
produced from dried spruce. Although the differences in the
FWHM}, were not significant for condition 1, the charcoals
from bio-oil-embedded spruce had a lower carbon content
compared to those obtained from dried spruce (see Table 2).
This means that the charcoals from bio-oil-embedded spruce
contain less-developed structures of aromatic clusters com-
pared to those obtained from dried spruce, resulting in them
being more reactive during the gasification reaction.

According to the inorganic element composition (Table S3),
no consistent correlation can be observed between inorganic
element levels and the effect of bio-oil embedding. In
conclusion, the increase in charcoal reactivity by embedding
bio-oil on woodchips can be explained by the increase in the
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Figure 15. Comparison of micropore volume (a) and meso- and macropore volume (b) of the charcoals from woodchips with and without bio-oil

embedding.
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combination of specific meso- and macropore volumes and a
disordered aromatic structure.

4. CONCLUSIONS

This study investigated the effects of pyrolysis conditions on
gasification reactivity and the properties of charcoals from large
particles, that is, woodchips. The difference in the physical
structure of charcoal, such as the meso- and macropore volume
and the size and carbon structure order of aromatic clusters, is
the main reason for the reactivity differences. The charcoal
produced under slow pyrolysis conditions has a low amount of
mesopores and macropores and larger and well-ordered
aromatic clusters, which are characterized by a low gasification
reactivity. On the other hand, for the charcoals with a similar
physical structure and chemical properties, inorganic elements,
particularly Ca and K in charcoal, play more significant roles in
affecting their gasification reactivity.

The pyrolysis heating rate and temperature significantly
impacted the properties and reactivity of the charcoals, while
other parameters, that is, pyrolysis gas atmosphere, type of
wood species, and bio-oil embedding, had a less significant
impact by a comparative factor of ca. 0.5 or below. The
charcoal produced from the slow heating rate had lower
reactivity partially because of a more stable chemical structure
and lower amounts of catalytically active elements. Unlike the
pyrolysis of wood powder, the total specific surface area had no
clear correlation with gasification reactivity at different heating
rates. A higher release degree of total inorganic elements was
observed in pyrolysis under slow heating rate to the pyrolysis
temperature of 700 °C because of a relatively long
devolatilization time (~4 h). Meanwhile, the increase in
pyrolysis temperature led to less-reactive charcoal because of a
higher degree of devolatilization, loss of functional groups, and
the growth of aromatic ring clusters. For low-Si feedstocks such
as the charcoals in this work, the catalytic role of K is more
pronounced than that of Ca for the specific gasification
conditions applied in this work. Thus, the higher reactivity of
spruce charcoals compared to birch charcoals was explained by
a higher K concentration in the raw biomass.

The promotion of secondary char formation suggested in
our previous study,” that is, by bio-oil embedding and purging
with CO,, was found to slightly increase the gasification
reactivity of charcoal. Bio-oil embedding on woodchips led to
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the production of charcoals from various sources, that is,
woodchips, bio-oil, and the interaction between woodchips
and bio-oil. Charcoal from bio-oil and secondary char
formation contained smaller aromatic structures compared to
primary charcoal from pure woodchips. Embedding bio-oil on
woodchips also led to an increasing meso- and macropore
volume in the charcoal because of high internal pressure and
rupture of the pore structure. The same outcome was observed
when using CO, as a reaction gas during pyrolysis instead of
N, because of the lower diffusivity of volatiles in CO, pyrolysis.
The change in the porous structure resulting from high internal
pressure only appears in the pyrolysis of large particles and
cannot be observed in the pyrolysis of pulverized biomass.
Additionally, charcoal produced under CO, pyrolysis at a low
heating rate contains smaller aromatic clusters than that by N,
pyrolysis under the same conditions.

The findings from this work could be further implemented
in the development of an efficient tailor-made charcoal
production process for a specific industrial process. Our
previous study’ proposed conditions, that is, pyrolysis of a
thick particle under slow pyrolysis with bio-oil recycling and
CO, purging, which increase the carbon yield by a factor of ca.
1.7. Although bio-oil recycling and CO, purging were found to
increase the reactivity of charcoal, a more dramatic decrease in
reactivity was achieved using a slow heating rate compared to a
fast heating rate. Thus, the reactivity of charcoal produced
under different conditions can be significantly different and it is
possible to tailor the reactivity toward the need (low or high
reactivity) of specific industrial processes by controlling
charcoal production conditions and feedstock properties.
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