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Abstract: In recent years, there has been a surge of interest in char production from lignocellulosic
biomass due to the fact of char’s interesting technological properties. Global char production in 2019
reached 53.6 million tons. Barks are among the most important and understudied lignocellulosic
feedstocks that have a large potential for exploitation, given bark global production which is estimated
to be as high as 400 million cubic meters per year. Chars can be produced from barks; however, in
order to obtain the desired char yields and for simulation of the pyrolysis process, it is important to
understand the differences between barks and woods and other lignocellulosic materials in addition
to selecting a proper thermochemical method for bark-based char production. In this state-of-the-
art review, after analyzing the main char production methods, barks were characterized for their
chemical composition and compared with other important lignocellulosic materials. Following these
steps, previous bark-based char production studies were analyzed, and different barks and process
types were evaluated for the first time to guide future char production process designs based on
bark feedstock. The dry and wet pyrolysis and gasification results of barks revealed that application
of different particle sizes, heating rates, and solid residence times resulted in highly variable char
yields between the temperature range of 220 °C and 600 °C. Bark-based char production should be
primarily performed via a slow pyrolysis route, considering the superior surface properties of slow
pyrolysis chars.
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1. Introduction

Biomass is defined by the Food and Agriculture Organization (FAO) as a biologi-
cal material of non-fossilized origin [1]. The European Union classified biomass as the
biodegradable fractions of products, wastes, and residues of biological origin from agri-
culture, forestry, and related industries including fisheries and aquaculture as well as
the biodegradable fractions of industrial and municipal waste [2]. In spite of its very
broad definition, which includes primary production and secondary sources, when the
focus is on valorization and within a circular economy approach, biomass is considered
to include five major classes of biological materials: agricultural wastes, forestry wastes,
manure, microbial material, and organic wastes resulting from household and industrial
processes [3]. Agricultural and forestry wastes, which share the common denominator of
being lignocellulosic materials, are promising raw materials for biorefinery applications.
The scope of this review is limited to agricultural and forestry wastes.

Tree barks are amongst the most important lignocellulosic biomass sources in the
world. They make up approximately 10-20% of the stem volume and are present in roots,
stumps, and branches [4,5]. A global bark production as high as 400 million cubic meters
per year may be estimated based on FAO wood production figures [6]. Despite their
abundance, tree barks are rarely used at a large scale, and most of the waste bark is either
left in the forest or used for heating by local communities or as fuel in forest industries [7].
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Only certain tree barks find industrial applications, for instance, the bark from Quercus
suber is used for cork production and the bark from Picea abies for tannin production [4,8].
Several characteristics contribute to the underutilization of bark including the weaker
mechanical properties, high ash content, low energy density, and high extractive contents
as well as contaminations [3,6,8]. On the other side, barks have a complex structure and a
rich and diverse chemistry that allow consideration of multiple and targeted applications,
namely, within biorefineries [9]. In the last two decades, there has been large interest
in the biorefineries concept for the valorization of lignocellulosic wastes, including tree
barks, while the renewable energy policies enforced by various governmental agencies
also induced a re-examination of the conventional conversion routes of lignocellulosic
biomass [10-14].

Thermochemical conversion is a promising route for the valorization of waste biomass
for the production of energy or value-added products [15]. The main thermochemical meth-
ods include combustion, pyrolysis, and gasification [16,17]. The selection of a particular
thermochemical method largely depends on the desired target product type (i.e., char, lig-
uid or gas) and chemical composition of the feedstock [17]. High carbohydrate and low-ash
containing wood, energy crops, and agricultural wastes could be valorized via fast pyroly-
sis and gasification, because high yields of bio-oil or gas are likely to be obtained [18,19].
On the other hand, high-ash and low-carbohydrate containing lignocellulosic materials
may be valorized through torrefaction, slow pyrolysis, and hydrothermal carbonization
where the target product is char [20-22]. Intermediate pyrolysis may also be applied to
lignocellulosic biomass to simultaneously obtain bio-oil and char at moderate yields [16,23].
Co-combustion of biomass with coal is also a possible conversion route to produce energy,
although the co-combustion process is limited to low-ash containing biomass to avoid the
slagging problem in the biomass furnace [24]. Biomass is often considered a carbon-neutral
fuel, i.e., biomass burning does not increase the net greenhouse gas emissions, although it
is likely that this is not fully correct as the CO, emissions during combustion and time for
the production of biomass are ignored [25-27]. However, co-combustion of biomass has
also positive environmental effects such as the reduction of SOx and NOx emissions [28].

Barks maybe valorized through thermochemical conversion methods similar to other
lignocellulosic wastes. However, for the development and simulation of a bark-based
thermochemical process, several factors should be addressed, including the available data
on previous studies, the effect of the bark chemical composition on the thermochemi-
cal products yields and compositions, properties and possible applications of the target
products, and possibilities for developing an integrated biorefinery scheme.

Recently, there has been a growing interest and an extensive research on the fuel and
non-fuel applications of lignocellulosic charcoals. Global charcoal production reached
53.6 million tons in 2019 according to FAO statistics with wood being the main biomass
material for charcoal production. These data suggest that other lignocellulosic feedstocks,
namely, under valorized materials, such as bark residues, may be processed to produce
charcoals [29-34].

The objectives of this review were to present the current state of-the-art charcoal
production methods and processes, to determine the current knowledge gaps, and to
present a critical review for developing a feasible pyrolysis process using bark.

2. An Overview of Thermal Conversion Processes

The main thermal conversion methods may be classified as dry and wet pyrolysis
(hydrothermal methods), gasification, and combustion methods (Table 1). Target materials
or material groups are produced by these methods except in co-combustion of biomass
with coal where the aim is to produce heat or electricity.

Dry pyrolysis is defined as a thermal destruction of organic matter either in the absence
of an oxidizing agent (air or oxygen) or in isolated conditions with the presence of only a
limited amount of oxidizing agent [35]. Pyrolysis is a traditional thermal process that has
long been used by local communities to produce charcoal for different applications such as
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fuel, soil amender, adsorbent, etc. [36,37]. The terms char, charcoal, biocoal, coke or biochar
describe the same dry pyrolysis product of biomass, but the usage of the material as fuel
or in nonfuel applications determines its final name, e.g., biochar or biocoal are used for
nonfuel chars, such as soil amendment chars, while coke and charcoal usually refer to fuel
chars [38,39]. The production of bio-oils is also another possibility offered by dry pyrolysis.
Bio-oils can be used as conventional fuels after upgrading or for the production of specialty
or commodity chemicals [16,18,40].

The temperature range in pyrolysis is usually between 300 and 550 °C, but this
range can be lower in torrefaction and higher in fast pyrolysis [16]. The mass yield and
composition of the pyrolysis products depend on the feedstock properties (humidity, ash
content, carbohydrate content, etc.) and the applied pyrolysis conditions (final temperature,
heating rate, solid and vapor residence time, and pressure of the reaction) [41-43].

Hydrothermal carbonization and liquefaction methods are wet thermochemical meth-
ods where biomass is subjected to heat in the presence of water in its subcritical range to
obtain a carbon-rich solid (hydrochar) and bio-oil (bio-crude), respectively [17,44].

Gasification is the thermal conversion of organic material at high temperature and
under reducing conditions (either with sub-stoichiometric oxygen or without any added
oxygen) to produce a gas mixture that can be used for heating, electricity generation or
liquid fuels production [19].

Table 1. Main thermochemical processes.

Thermochemical Final Tem- Heating Solid Target Mass (Bo/‘;a)lances
Process perature Rate Residence Products Reference
O (°Cmin—1) Time (h) Char Liquid Gas
Mild pyrolysis Torrefied
(Torrefaction) 200-300 10-15 0.5-4 biomass 70 - 30 [17]
Slow pyrolysis 300-650 10-30 0.1-12 Biochar 35 30 35 [17,45]
Fast pyrol_ysis 450-550 600-12,000 <0.003 Bio-oil 12 75 13 [18,45,46]
Intefmledl.afe 350-500 100 0.1-0.5 Biochar 25 50 25 [45,47,48]
pyrolysis 310—011
Vacuum 300-600 40 0.5-2 Biochar 27 50 24 [49-51]
pyrolysis Bio-oil
Gasification 750-900 3-900 <0.003 Producer gas 10 5 85 [45,47,52,53]
Hydrothermal 180-260 5-10 0.1-12 Hydrochar 60 30 10 [17,54,55]
carbonization
P{Ydmthemal 260-374 5-140 0.01-0.7 Bio-oil 25 60 15 [17,44,56—60]
iquefaction

As can be seen from Table 1, the different thermochemical methods require a specific
set of process conditions to maximize the target product (i.e., char, bio-oil, or gas) yields.

Chars have interesting technological properties such as reduced moisture, increased
calorific value, increased surface area. These properties are strongly influenced by process
types and conditions that determine the applications of the chars. In addition, similar char
properties may be obtained by different pyrolysis methods. Thus, it is necessary to analyze
these char production processes and applications of the produced chars.

3. Main Char Production Processes and Applications of Chars
3.1. Mild Pyrolysis (Torrefaction)

The pyrolysis reaction at mild conditions is also called torrefaction [61]. The process is
performed at relatively low temperatures (200-300 °C) in comparison to other pyrolysis
operations. The torrefaction reactions of lignocellulosic materials include mainly the
decomposition of hemicelluloses and 70-90% solid (char) yields are achieved [62]. The
resulting char after torrefaction is usually called “torrefied matter” instead of “biochar”
because it still contains volatile matter, although in reduced amount [17].

The torrefied matter has a higher energy density and a lower moisture content than the
starting biomass [63-65], and it also has improved material properties such as reduced hy-
drophilicity and better grindability [62]. These properties suggest the utilization of torrefac-
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tion chars for energy purposes such as co-combustion with coal and gasification [64,65].
High-quality syngas can be produced from the gasification of torrefied matter because of
the removal of the oxygenated compounds during torrefaction [20]. Torrefaction may be
modified to obtain optimal conditions for heating value and energy yield [66]. The use of
torrefaction severity index (TSI) or torrefaction severity factor (TSF) indices showed that
the same degree of torrefaction can be achieved using a combination of high temperature
and short residence times thereby allowing economic gains [67-69].

Wet torrefaction has the additional advantage of a reduced ash content in the torrefied
matter, which may be important in producing fuels from high-ash containing biomass [70].

The use of torrefied matter for soil amendment is not common because of the toxic
effect of the char. This toxicity arises from recondensation of pyrolysis vapors, particularly
because of the low-molecular weight organic acids and phenols, which are claimed to be
mobile and phytotoxic [71,72]. However, there are contradictory reports on the phytotoxic-
ity of chars [73], which suggest that process conditions (temperature, removal of pyrolysis
vapors) may play an important role in char properties and applications.

3.2. Slow Pyrolysis

Slow pyrolysis is carried out at higher temperatures and heating rates than those of
torrefaction. Approximately 30% char yield is obtained [74]. The chemical composition
of the feed material possibly plays an important role in the overall char yield in addition
to the process conditions [75]. Higher ash and lignin contents of the feed material are
likely to favor char formation [76]. The produced chars can be used as solid fuels or as
soil amendment and C-sequestration material (biochar) [77]. The term biochar is defined
as “charcoals that can be applied to soil for agricultural and environmental gains” by the
International Biochar Initiative (IBI) [78]. A more specific definition of biochar is given
by the European Biochar Foundation (EBF) which delimits the biochar production to a
temperature range between 350 °C and 1000 °C [79]. Application of biochars is particularly
promising because of the benefits in the soil such as improved water retention, reduced bulk
density, increased cation exchange capacity (CEC), increased soil aeration, improved soil
microbial ecology, increased soil surface area, increased nutrients retention, and increased
stability [74,78,80-83]. Lignocellulosic biochars may also act as soil fertilizer since they
contain four of the six plant macronutrients, i.e., Ca, K, P, and Mg [84]. Biochar was also
combined with mineral fertilizers prior to soil application and demonstrated positive
results [85].

Biochar application also depends on soil type. Positive effects are usually observed
with sandy soils, in contrast to loamy and clay soils for which improvement was not
achieved [81,86,87]. Application of biochars may also lead to negative effects such as
enrichment of trace elements, increased pH in soil, and formation of toxic and mobile
aromatic compounds [77,88]. The increase in pH is related to the formation of basic cations,
such as those derived from CaCOj3, SiOy, and KCl [77,89,90], which is favorable at higher
temperatures [91]. It has also been reported that formation of ethylene from biochars in
soil inhibits soil microbial processes [92]. In practice, the high pH of biochars seems to be
the main obstacle for soil application because most plants tend to grow best in slightly
acidic soils [93]. However, the effect of biochar on soil fertility is not yet fully understood,
and there are contradicting reports with increased or reduced crop yields after biochar
application [87,94]. The increased pH of soil was also argued to increase crop yields [95,96].
It is likely that both biochar and soil properties determine the results of soil amendment
application. The biochar properties are related to feedstock properties and pyrolysis
conditions, and soil properties are related to soil type and properties, particularly soil
biota [95,96]. An interesting side effect of soil amendments was the reduced leaching of the
herbicide atrazine into biochar-amended soils [97], given that atrazine is a highly mobile
and possibly carcinogenic compound with high groundwater pollution capacity [98,99].

Slow pyrolysis biochars may also be used as solid fuel. Biochars may have similar
H/C and O/C ratios to coal, depending on the temperature and residence times, and high-
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quality solid fuels can be produced [75,100,101]. Biochars are also considered as promising
solid fuels because of their low ash content compared to coal [21]. Co-combustion of
low-grade coals with biochars was reported to improve their fuel properties [102]. The
production of biochar-based solid fuels allows for a volume reduction of biomass in which
large and fibrous biomass chunks are reduced to short and round particles with increased
grindability properties thereby reducing the transport cost [100]. It has been argued that it is
not economically efficient to transport low-density biomass beyond 96 km [103]. However,
grindability also depends on feedstock type. For instance, Eucalyptus leaves show poor
grindability properties even after 800 °C slow pyrolysis conditions [104]. The ash content
of biomass may create slagging and fouling problems in combustion, e.g., some trouble
elements in lignocellulosic biomass are chlorine and potassium [24,62,105]. Biochars with
low Si/K and Ca/K ratios are likely to create slagging problems in fuel applications [104].

Another interesting use of the biochar is for adsorption of soil, water, and gas contami-
nants [106-108]. Adsorption of a number of inorganic and organic compounds was already
tested with biochar [109-122]. Heavy metal adsorption is of particular interest, because
adsorption is a very promising and low-cost process to remove metal ions in aqueous
environments with a low-concentration range [7,123-125]. It is possible to enhance the
adsorption properties of biochars by preparing activated carbons via chemical or physical
activation [126,127]. However, the activation of biochar may not be necessary for adsorp-
tion of heavy metals [123]. In recent years, studies on adsorption of organic compounds
by biochar have gained momentum because of the high affinity of organic compounds
to biochar [128,129]. The tested organic compounds include polyaromatic hydrocarbons,
polychlorinated biphenyls, pesticides, and herbicides [130-137]. The adsorption of organic
molecules occurs differently from that of heavy metals [106]. Electrostatic and 7—m inter-
actions are thought to be the main mechanisms in the organics” adsorption, while ionic
interactions are regarded as the main mechanisms in the heavy metals” adsorption on
biochar [106,130]. High-temperature biochars with increased surface area and aromaticity
are likely to perform better in the adsorption of organic compounds [128]. Biochars may
also be used for oil spill removals [138,139]. The oil removal capacities of biochars are lower
than those of high-tech sorbents, but their low cost make them alternatives for oil spill
removal [139]. The treatment of eutrophic waters, in particular the removal of phosphorus,
is another interesting application of biochars. Although biochars showed poor selectivity
and efficiency towards phosphorus in water, modification of biochars with several cations
showed promising results [140-142]. Phosphorus-loaded biochars may, subsequently, be
used in soil amendment [140,142].

In the recent years, biochar has been used in emerging applications such as catalysts
for syngas cleaning, heterogeneous catalysts for hydrotreating bio-oil and Fischer-Tropsch
synthesis, solid acid catalyst for biodiesel production, persulfate activator, supercapaci-
tor electrode materials as well as cathode materials for Li-S batteries [109,110,143-148].
A further set of important applications of biochars are animal feed [149], production of
direct carbon fuel cells (DCFCs), hydrogen storage or capacitive deionization (CDI) of
wastewaters [150-152].

3.3. Fast Pyrolysis

The aim of fast pyrolysis is to obtain high amounts, up to 75%, of condensable vapors
(i.e., bio-oils) [45]. The pyrolysis conditions are set to ensure higher temperatures and
heating rates [15,18,45,153-155]. Fast pyrolysis should not be confused with flash pyrolysis
(ultra-fast pyrolysis) which is an extremely rapid thermal decomposition process to obtain
gaseous products [156]. Approximately 15-20% char is obtained after fast pyrolysis [157].
The physical properties of fast pyrolysis chars are rather interesting, because they are
different from those of the slow pyrolysis chars; in particular, they have lower surface
areas and higher volatile content [157,158]. Fast pyrolysis chars can be used as fuel or as
adsorbent with an optional activation [157-160], and since they are stable in soil, they may
be used in amendment applications [161]. Recently, fast pyrolysis chars were proposed to
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be combined with fast pyrolysis liquids to produce bioslurries, a feedstock for gasification
to produce drop-in fuels by the bioliq™ process [160,162,163]. Another interesting process
design of fast pyrolysis is to produce biocoals by which biomass is first subjected to fast
pyrolysis to obtain bio-oils followed by a distillation of fast pyrolysis oils to produce
chemicals and a condensed bottom product called biocoal [164].

3.4. Intermediate Pyrolysis

Intermediate pyrolysis is carried out at lower heating rates and higher vapor residence
times than fast pyrolysis, and approximately 30-40% char is obtained [47,48]. Intermediate
pyrolysis chars were suggested for fuel or soil amendment applications based on the atomic
C:O ratio, moisture content, and heating values [23,165,166]. Intermediate pyrolysis at a
large scale is a relatively new method for the production of biochars, and information on
their properties is scarce compared to studies on fast and slow pyrolysis [48]. However,
intermediate pyrolysis is an interesting process, because it is usually performed in screw
(auger) reactors under controlled process conditions therefore allowing a wide range
of process optimizations, ranging from heat carriers to gas flow rate, temperature, and
solid residence times [167,168]. Screw reactors also have certain advantages over the
conventional fast pyrolysis fluidized bed reactors such as inert gas requirements and feed
size requirements [169]. The production of intermediate pyrolysis chars in screw reactors is
an interesting process, because it is possible to obtain different target products at different
positions of the reactor, i.e., cellulose-derived products at the middle and lignin-derived
products at the tail [48]. Recently a new process called biothermal valorization of biomass
(BtVB) was proposed to produce heat, energy, and charcoals based on the combination of
intermediate pyrolysis and gasification [170,171].

3.5. Gasification

Gasification is performed at the highest temperatures among the thermochemical
methods. The aim of gasification is to produce gas products to be used for heat and power
applications or synthetic fuels production [172]. However, in addition to gaseous products,
gasification also produces approximately 5-10% char. Gasification chars are physically and
chemically different than slow pyrolysis and fast pyrolysis chars in particular regarding
their high ash content, polyaromatic hydrocarbons, and higher aromaticity [17,157]. Soil
amendment application may be suggested for high-ash gasification chars [157,173,174],
although their phytotoxicity may prevent their utilization in soil amendment [17,175].
Adsorption is also an alternative valorization route of gasification chars for substitution
of activated carbons, since they were reported to have similar carbon content and pore
structure as activated carbon [79]. As such, gasification chars may find applications in such
as heavy metals adsorption or oil-spill remediation [176,177].

3.6. Hydrothermal Carbonization

Hydrothermal carbonization is carried out at the lowest temperature range among the
thermochemical methods [17]. After hydrothermal carbonization approximately 55-90%
hydrochar is obtained with reduced ash content and increased heating value [17,178].
Hydrochars may be used as soil fuels in direct combustion or co-combustion with low-rank
coals or they may be used as biochars in soil amendment applications [179-181]. They
degrade more easily in soil than biochars and have acidic pH in contrast to the basic pH of
slow pyrolysis chars [180-182] and they were also reported to retain the macro nutrients
N, K, Ca, Mg, and P [183-185] thereby favoring their application in soil amendment.
Hydrochars may also be used as adsorbents, although they have lower specific surface
areas than biochars [184]. However, it is possible to enhance the adsorption properties
of hydrochars by chemical or physical activation [186]. Hydrothermal carbonization can
be combined with extraction and anaerobic digestion in a biorefinery scheme to produce
platform chemicals and biogas in addition to hydrochar [187,188].
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An overview of the applications of the charcoals is given in Figure 1, taking into
account the above presented charcoal production methods from lignocellulosic biomass.

A Fuel

{ Fuel \

{ Intermediate pyrolysis %

{ Hydrothermal carbonization }* Adsorbent )

_' Soil amendment

{ Fuel »
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{ Soil amendment -,

{ catalyst |

{ Fuel cell |

' CDI

{ Hydrogen storage

==Y Slowpyrolysis ——
{_Electrode material ;| 7+

*{ soil amendment

— { Gasification }*Z Adsorbent ;

Lignocellulosic biomass

A Fuel )

™ | { adsorbent )
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"< Bio-oil mix

*{ Bio-coal

Figure 1. An overview of thermochemical treatments of biomass and of the applications of the resulting chars. Capacitive

deionization, (CDI).

Therefore, different process conditions applied by thermochemical methods result in
different types of chars. However, the process conditions alone are not sufficient for the
maximization of char yields. The feedstock properties (physical and chemical properties
such as moisture and ash contents, particle size, and chemical composition) should also be
considered for a successful char production.

4. Tree Barks and Other Lignocellulosic Materials: Chemical Differences

A number of different pyrolysis methods have been applied to a wide range of
lignocellulosic biomass including wood, bark, agricultural wastes, and energy crops [42,43].
Several studies have addressed the pyrolysis of wood for the production of bio-oils and
biochars through fast and slow pyrolysis, respectively [15,18,74]. However, relatively
little is known on the pyrolysis behavior of barks. This is not surprising, because bark is
structurally more heterogeneous than wood, and its chemical composition is quite different
from that of other lignocellulosic feedstocks [4,189-191]. It is well known that barks and
agricultural wastes contain a higher amount of ash and a lower amount of carbohydrates
than wood [189,190,192,193]. However, it is important to understand the specificity and
diversity of the chemical composition of bark in detail before the application of a specific
thermochemical method.

The characterization of the chemical composition of different barks is not a straight-
forward task because of the insufficient data available and the fact that only a minute
proportion of barks have been studied out of the 60,065 tree species identified [194]. The
relative importance of the different tree barks may be approximated by the number of
research articles on the most frequently studied tree species in scientific data bases such
as Web of Science in the last 15 years (Figures 2 and 3). This information may be help-
ful in the assessment of the relative importance of tree species and the potential of tree
barks for industrial application or process development. A set of 34 softwood species and
47 hardwood species was identified as the most studied tree species (Figures 2 and 3).
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Figure 3. Most studied hardwood tree species in 2006 (above) and in 2020 (below) shown as a Pareto chart
The most studied hardwood families were Pinaceae in softwoods and Fagaceae and

Salicaceae. Clearly, different aspects were analyzed in these research articles, and it is
noteworthy that the number of publications is in line with the commercial relevance of the

Science data.
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species, e.g., Pinus sylvestris and Fagus slyvatica for timber, Eucalyptus globulus for pulping
or Olea europaea for olive oil.

Interestingly, while two softwood trees Scots pine (Pinus sylvestris) and Norway spruce
(Picea abies) made up almost half of all softwoods studied, six hardwood species including
European beech (Fagus sylvatica), olive tree (Olea europaea), pedunculate, evergreen oaks
(Quercus robur and Quercus ilex, respectively), and eucalyptus trees (Eucalyptus grandis and
Eucalyptus globulus) made up approximately half of the studies.

Many softwood and hardwood barks were not investigated, namely, when bark
thickness was not sufficient to allow a commercial exploitation. Bark thickness is largely
related to the formation of periderm and development of rhytidome (outer bark), and it is
likely that tree barks with shaggy, deeply furrowed, scally or peeling rhytidome structures
have potential for commercial exploitation depending on their chemical composition [195].

Despite being scarce, available data on the chemical composition of barks reveal some
important features. The chemical composition of bark varies among different tree species
and barks are considerably more heterogeneous than woods in the proportion of chemical
components, differing between inner and outer bark sections and between hardwoods and
softwoods [196,197]. In general, tree barks contain higher contents of inorganics (ash) and
extractives and lower contents of cellulose than woods [4,189]. The presence of suberin is
also a distinctive feature that differentiates bark from wood. For simplification, barks may
be classified as softwood barks, hardwood barks, and cork-rich barks, and their chemical
composition is compared with other lignocellulosic materials such as wood, agricultural
wastes, and energy crops (Table 2).

Table 2. Differences in average chemical composition (% dry mass) between bark and other lignocellulosic materials.

Biomass Type Ash Extract. Polysaccharides Suberin Lignin Reference

Softwood bark 2 23 39 2 40 [4,198-201]

Bark Hardwood bark 8 16 44 3 30 [4,202-205]
Cork-rich bark 3 21 18 34 32 [206]

Softwoods 1 3 54 - 30 [4,200,207]

Wood Hardwoods 1 5 66 - 27 [4,200,207]
Wheat straw 8 5 60 - 19 [208]
Agricultural Corn stover 4 7 70 - 16 [209]
wastes Sugarcane bagasse 3 2 75 - 23 [210]
Rice husk 16 4 53 - 27 [211]
Energy Switchgrass 3 10 63 - 22 [212]
crops Miscanthus 6 6 67 - 22 [213]

Moisture content is an important parameter in the processing of lignocellulosic
biomass, since it affects size reduction, drying, storage, transport, and processing of
biomass [214]. Wood contains approximately 50% of moisture at harvest which is higher
than that of agricultural wastes (20%) [214]. Moisture content of different lignocellulosic
biomass types, including wood, agricultural wastes, and energy crops, measured by prox-
imate analysis revealed that approximately 7-15% moisture is present in lignocellulosic
materials at equilibrium conditions [215]. However, this value may not be taken in absolute
terms, since the moisture content of lignocellulosic materials depends on the relative hu-
midity, temperature, and pressure of the surrounding atmospheric conditions [216]. Since
bark is exposed to atmospheric conditions, its moisture content varies between different
species and between different seasons [6].

Barks contain higher amounts of inorganic material than woods but, when compared
to agricultural wastes and energy crops, they have similar or less inorganic contents
(Table 2). The most common elements in the inorganic fraction are calcium, magne-
sium, and potassium [200], and they are present as salts such as oxalates, phosphates,
silicates [4,189]. Hardwood barks are likely to contain higher numbers of inorganics than



Processes 2021, 9, 87

11 of 24

softwood and cork-rich barks. The pH of the bark is generally lower than that of wood
because of its higher inorganic content [200].

The extractive content is a distinctive feature of barks. Barks contain, in general,
the highest number of extractives among the lignocellulosic materials wood, agricultural
wastes, and energy crops (Table 2). They were reported to make up as high as 20-40% of
the bark weight [189]. Extractives are non-structural components that may be solubilized
by appropriate solvents and usually present a considerable diversity in terms of chemical
families. The extractives of bark can be broadly grouped as lipophilic and hydrophilic
compounds regarding their polarity. The variation of extractive composition can be large
between different bark species even within the same genus [4].

The presence of suberin as a structural component of the phellem (cork) cells is another
important distinctive chemical feature of bark, particularly in cork-rich barks (Table 2).
Suberin is a macromolecule with structural functions in the cell wall that is characterized
by an inter-esterified polymer of glycerol to long-chain carboxylic acids, hydroxy acids,
and diacids. Suberin is the main component of the cork cell wall, e.g., about 40% of the dry
weight of commercial cork material (cork of Quercus suber) with a mass ranging between
23% and 54% [206]. Depending on the species and on the cork proportion in the bark,
suberin may represent between 2% and 45% of the structural chemical components of
barks [217,218].

Lignin content of barks is slightly higher than that of wood and considerably higher
than of agricultural wastes and energy crops (Table 2). Lignin makes up approximately
15-30% of the extracted bark weight [189]. The extraction method is also important in
determining lignin yield and the presence of extractives, such as hydrolysable, condensed
tannins, and sulfuric acid-insoluble suberin, may lead to higher lignin yields [200]. The
chemical composition of bark lignin is highly variable among species and, since bark is
structurally heterogeneous, inner and outer barks may have different lignin compositions.
For instance, the cork lignins from cork oak, Turkey oak, and birch outer barks have lignin
compositions similar to those of softwood lignins (HG-lignins) [189,219,220]. Barks and
agricultural wastes have a different lignin composition (HGS-lignin) from that of softwoods
and hardwoods [221].

Polysaccharide (cellulose and hemicelluloses) content of bark is also an important
chemical feature. Barks contain lower amounts of polysaccharides than wood, agricultural
wastes, and energy crops (Table 2) with lower cellulose content, while the hemicelluloses
content is nearly equal. The major hemicelluloses in softwood and hardwood barks
are galactoglucomannans and arabino-4-O-methyl-glucuronoxylans, respectively, with a
similar structure to those found in the corresponding woods [200].

Ultimate analysis of bark indicates that C, H, and O contents of softwoods and soft-
wood barks were similar (C contents greater than 50% and O contents were approximately
40%) while hardwood barks contained higher amounts of C and lower amounts of O than
hardwoods (C contents lower than 50% and O contents greater than 40%) [222,223]. Inter-
estingly, cork-rich barks contained the highest amount of C and lowest amount of O among
woods and barks (C contents as high as 61% and O contents as low as 30%), possibly due
to the fact of their lower amount of polysaccharide contents [224,225]. Softwoods generally
contain a higher amount of C and lower amount of O than hardwoods, but no statistical
correlation was reported between hardwoods and softwoods indicating the heterogeneity
of the elemental analysis results [226]. However, the higher calorific values reported for
softwoods suggests a general elemental (C, H, O) composition trend [227].

The overall results show that barks are a distinct type of lignocellulosic materials that
is quite heterogeneous and chemically different from other lignocellulosic materials.

5. Process Design for Bark-Based Char Production

Barks have been applied in different thermochemical processes to produce chars. The
chemical composition of barks, in particular their high ash and lignin contents, suggest
their use in torrefaction, hydrothermal carbonization, slow pyrolysis, and intermediate
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pyrolysis [228-231]. However, barks have also been tested in fast pyrolysis, gasification,
and hydrothermal carbonization [232-234].

The energy yields were reported to be lower in the torrefaction of eucalyptus barks
compared to wood, and mass yields for bark were either lower or in the same order of
those for wood [228,229]. These results probably result from the higher ash content of
bark. Slow pyrolysis of Pinus brutia bark between 300 °C and 500 °C showed that charcoal
yields increased with decreasing heating rate and varied between 59% and 42% [230].
Intermediate pyrolysis of pine and oak barks showed that charcoal yields were highly
variable compared to pine and oak woods, and resulted in yields between 10% and 23% for
pine bark and 21% and 28% for oak bark [231]. This variability in charcoal yields possibly
result from the physical and chemical properties of bark. Fast pyrolysis of eucalyptus barks
between 300 °C and 580 °C resulted in charcoal yields of 63% and 30%, respectively [232].
Another fast pyrolysis study of Eucalyptus bark at 500 °C resulted in charcoal yields between
24% and 30% [235]; this in line with the previous study. Fast pyrolysis of loblolly pine
in wood-bark blends with increased bark percentage resulted in higher char and lower
organic yields [236]. Gasification of bark-containing Eucalyptus benthamii biomass also
showed that presence of bark increased charcoal yields and decreased gas yields [233].
Most gasification processes are sensitive to the presence of alkaline metals (Na and K)
in the feedstock, since they may cause deposition or corrosion [237]. Thus, gasification
processes may not be applied to high ash containing barks. Hydrothermal carbonization of
Eucalyptus bark between 220 °C and 300 °C resulted in hydrochar yields between 40% and
46% [234] which are lower than those obtained in dry torrefaction.

These studies show that barks have been used in thermochemical processes. However,
since barks have a different chemical composition from wood, agricultural wastes, and
energy crops, it is necessary to reconsider process design for the production of bark-based
biochars and hydrochars. This task requires the evaluation of the process conditions and
char yields with different bark feedstocks.

5.1. A Review of Process Conditions

Process conditions, such as temperature, residence time, heating rate, and reactor type,
determine the product yields in addition to feedstock properties, in particular, particle size.
Therefore, in order to develop bark-based charcoal productions it is necessary to evaluate
the previous charcoal studies using bark as feedstock. Comparison of the studies in the last
15 years, in which an increased interest has been shown towards char properties, may be
helpful to develop further studies [20] (Table 3).

Reactor types, heating rates, final temperatures, and residence times were highly
variable, and a wide range of particle sizes were used. These factors resulted in variable
charcoal yields.

Some authors did not refer to the scientific name of the bark species, although char
yields depend on the chemical composition of the specific bark which may have high vari-
ability. There were also a few studies that used bark-based chars for different applications,
but since they did not report the process conditions, they were excluded from Table 3.

The effect of individual process variables on char yield may be analyzed and the
temperature dependence of char yields may be visualized using a radar chart (Figure 4)
based on the reported ranges of Table 3. As can be seen, temperature has a strong effect on
the char yields of barks.
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Table 3. Studies on the charcoal production in the last 15 years using bark as a feedstock.
* Reactor HR Particle Size Char/Hydrochar T Tr

Bark Method Type C min-1) (mm) Vield %) ©Q) (min) ~ Reference
Eucalyptus globulus Torr Lab-scale reactor 10 2-4 60-65 250-280 15-30 229
Eucalyptus nitens Torr Lab-scale reactor 10 2-4 60-65 250-280 15-30 229
Eucalyptus grandis Torr Temperature-controlled oven 5 15 x 110 x 50 73-88 220-280 60 228
Eucalyptus saligna Torr Temperature-controlled oven 5 15 x 120 x 50 71-88 220-280 60 228
Pine Torr Single particle oven 20 x 10 x 5 83-99 240-320 1-55 238
Picea abies Torr Bench-scale tubular 15 50-70 61-90 225-300 30-60 239
Eucalyptus HTC Autoclave reactor 3-5 4046 220-300 120-600 234
Maesopsis eminii Slow Bench-scale fixed bed 10 32 500 60 [76]
Eucalyptus polybractea; Slow Fixed-bed 10 10 x 10 x 0.3 38-60 300-500 30 104
Leucaena leucocephala Slow Muffle furnace 20-30 53 308-592 35-205 240
Calophyllum inophyllum Slow Fixed-bed 30 1.44 32-28 450-600 241
Carpinus betulus Slow Fixed-bed 7 0.5-1 33-40 400-600 30 242
Oak Int Auger 21-28 450 0.5 231
Pine Int Auger 10-23 450 0.5 231
Azadirachta indica Fast Fluidized bed 0.71 24-38 350-550 243
Eucalyptus globulus Fast Free-fall reactor 0.212-0.500 22-40 400-550 244
Birch Fast Bubbling fluidized bed 1 4-16 500-550 245
Pseudotsuga menziesii Fast Tubular fixed-bed 162 3842 450-500 246
Pinus taeda Fast Tubular fixed bed 162 38-43 450-500 [246]
Mallee Fast Fluidized bed 0.180-0.600 30-60 300-575 [232]

* Torr: torrefaction, Int: intermediate pyrolysis, Slow: slow pyrolysis, Fast: fast pyrolysis, HTC: hydrothermal carbonization.

250
525 100 250
525 80 262.5
500 60 262.5
40
500 265
—e— Average char yields (%)
475 265 at different temperatures
O
475 280
475 400
450 437.5
450 450
450

Figure 4. Temperature dependence of the char yields of the barks.

5.2. Technology Selection

After having analyzed the different char production process conditions and proper-
ties of the barks, a critical evaluation of bark as a feedstock material for thermochemical
conversion was performed for guiding future char productions considering the described
char production methods, the chemical composition of bark compared to other lignocel-
lulosic materials, and the studies involving bark pyrolysis processes. Since the feedstock
properties and process conditions are the important factors in the design and simulation of
a thermochemical process [247], this evaluation may be useful for process design consider-
ations. Therefore, the process design considerations in this review include feedstock-based
(i.e., moisture content, ash content, grindability, and chemical composition) and process-
based evaluations (i.e., torrefaction, slow pyrolysis, intermediate pyrolysis, fast pyrolysis,
gasification, and hydrothermal carbonization) (Table 4).
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Table 4. Conditioning factors and potential of the thermochemical methods for bark-based charcoal production.

Importance of the Conditioning Factors

Potential for Bark

Processes . Particle . .1 Chemical i
Moisture Ash Size Grindability Composition Conversion
Torrefaction Medium Medium Low Medium Low High
Slow pyrolysis Low/Medium  Medium Low Low Medium High
Intermediate pyrolysis Medium Medium Low High Medium Medium
Fast pyrolysis High High High High High Low
Gasification High High High High High Low
Hydrothermal - Low Low Medium Low High
carbonization

Moisture content is an important parameter in thermochemical processes, and fast
pyrolysis and gasification processes are particularly sensitive to moisture content. As a
rule of thumb, moisture contents should be lower than 10% in these applications [15,19].
Ash content is also important because barks contain high number of inorganics. The
composition of ash is important, and alkaline metals, such as potassium and sodium, may
be problematic in gasification and fast pyrolysis processes. On the other hand, these metals
are beneficial for soil amendment applications. Hydrothermal carbonization is a promising
method in the conversion of inorganic-rich barks to produce hydrochars considering the
ash-related problems in dry pyrolysis methods. Low-temperature slow pyrolysis may
also be another route for such barks for soil amendment applications considering the char
yields.

Grindability of bark is usually improved after torrefaction. However, it is also neces-
sary to grind bark prior to thermal treatments particularly in fast pyrolysis and gasification.
The grindability properties of barks may be completely different from that of wood. The
outer bark contains a cork fraction which has different mechanical properties from wood,
e.g., cork has a high friction coefficient and compressibility and a Poisson ratio close to
zero [248]. Therefore, grinding cork-rich barks may be challenging.

Barks are chemically different from other lignocellulosic materials, particularly in
terms of their higher extractive and lower polysaccharide contents in addition to the
presence of suberin. Their chemical composition suggests the use torrefaction, slow py-
rolysis, and hydrothermal carbonization for the production of chars aimed for use in soil
amendment or as fuel.

Torrefaction of bark should be performed at a higher temperature range for energy
savings which can be controlled by using torrefaction severity indexes [69]. On the other
hand, slow pyrolysis should be performed at temperatures that depend on the final ap-
plications of the char. For soil amendment, low temperatures and a high residence time
combination are likely to give the best results by avoiding the formation of toxic phenolic
compounds; while for adsorption and electrode materials applications, high temperatures
are likely to be beneficial to ensure higher surface areas. Slow pyrolysis of cork-rich barks
have a high potential for soil amendment, but this application is yet to be explored.

Biochars for soil amendment applications are usually produced from hardwoods,
because they have a higher number of cells per volume than softwoods which is beneficial
for soil biota. Recently, high temperature biochars of pine and eucalyptus woods were
compared, and eucalyptus biochars showed higher micro-porosity, alkalinity, and electro-
static capacity [249]. When cork was analyzed, it could clearly be seen that it had a higher
number of cells per unit volume than hardwoods, indicating a promising potential in char
production [217] (Figure 5).
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Figure 5. Comparison of the number of cells per cm” in softwoods, hardwoods, and cork, corre-

sponding to earlywood and latewood, and earlycork and latecork cells, respectively [217,250].

Intermediate pyrolysis, which is less sensitive to particle size than fast pyrolysis
and gasification, may be applied to barks to produce biochars for soil amendment [166].
Fast pyrolysis and gasification processes are less likely to give good results with barks
considering the possible operational problems due to the ash content and composition and
low char yields. Hydrothermal carbonization should be tested with high-ash containing
barks for soil amendment applications, because fuel and adsorption properties of chars are
usually inferior to those of slow-pyrolysis biochars.

Among the different char production methods, slow pyrolysis is likely to be the best
method to select when barks are used as feedstock, because slow pyrolysis chars have
better surface properties (higher surface area and lower volatile content) than other chars
in addition to their higher char yield. The surface properties of chars may be further
enhanced by additional surface activation either by physical or chemical methods. Fast
pyrolysis and gasification show lower char yields in addition to being sensitive to biomass
properties summarized as conditioning factors. Therefore, they present a low potential for
char production from barks.

Barks are often considered as residual materials and have lower cost than that of wood.
The efficiency and economics of slow pyrolysis may be optimized by using the reaction
products of non-condensable gases in the heating process and tars for different application
such as plant protection [251].

6. Conclusions

Lignocellulosic charcoals are materials with interesting technological properties that
may be used in different areas, particularly in fuel, soil amendment, and adsorption. Barks
are among the important lignocellulosic biomass types that should be specifically studied,
since they are heterogeneous materials and chemically different from other lignocellulosic
materials. Studies on barks are scarce but the availability of barks as feedstocks may be
approximated by analyzing most studied bark species. Thermochemical processes can
be a promising approach to convert barks into valuable chars, but it is important to have
information on the properties and chemical composition of the specific barks and to select
proper process types and conditions to maximize char yields. The pyrolysis and gasification
results of bark revealed that application of different particle sizes, heating rates, and solid
residence times resulted in highly variable char yields between the temperature range
of 220 °C and 600 °C. However, experimental data on bark characterization regarding
thermochemical processing are still scarce, and targeted research on process optimization,
product features, and application potential has to be carried out in order to have better
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valorization of this lignocellulosic biomass resource. Bark-based char production should be
primarily performed via a slow pyrolysis route considering the superior surface properties
of slow pyrolysis chars. Cork-rich barks show a promising potential for char production.
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