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Global consumption of materials such as forest resources, fossil fuels, earth metals
and minerals are expected to double in the next 30 years, while annual waste production is
estimated to increase by approximately 70% by 2050 [1]. Keeping the resource consumption
within planetary boundaries, we strive to minimize the carbon and environmental footprint
and concurrently double the waste material use in the coming decades. Preventing food
waste from being generated could have a major impact on waste collection systems and on
the capacity of bio-waste management facilities worldwide [2]. Therefore, sustainable food
waste management is a key part of any green business strategy to convert food waste into
green fuels.

Thermochemical and biochemical conversion utilizes biomass and waste in an ef-
ficient and sustainable way for a wide variety of applications, such as heat, electricity,
biofuels, chemicals and biomaterials. This Special Issue aims to explore the most advanced
solutions in biomass and waste pre-treatment techniques. Moreover, we have looked into
the woody and herbaceous biomass conversion using thermochemical and biochemical
processes. This Special Issue has also considered plant species originating from all around
the globe. The production of solid or liquid fuels from low-cost lignocellulosic biomass, i.e.,
forestry residue, agricultural or pulp waste, very often includes a pre-treatment, followed
by enzymatic saccharification of the carbohydrates and/or microbial conversion of the
sugars to biofuel [3]. Pre-treatment aims to efficiently separate hemicellulose and lignin
from cellulose [4]. Removal of lignin from cellulose is particularly important as lignin has a
negative influence on enzymatic saccharification due to the irreversible adsorption of cellu-
lolytic enzymes onto lignin and their inhibition from soluble lignin-derived molecules [5].
Hydrothermal pre-treatment is one of the most common methods to effectively degrade
hemicelluloses without using chemicals and increase the biomass porosity [6]. The common
challenge of hydrothermal pretreatment is related to the fact that the direct separation of
lignin is limited; hence, lignin partly tends to rearrange on the surface of the lignocellulosic
biomass, causing an inhibitory effect on the saccharification process [7,8]. A recent study
has shown that steam explosion is not a suitable pretreatment for acid hydrolysis of hard-
wood lignocellulosic biomass [9]. This Special Issue provides the experimental results on
the organosolv separation of agricultural waste and forestry residues [10]. Organosolv pre-
treatment is known as an effective method to fractionate biomass into three lignocellulosic
compounds, i.e., cellulose, hemicellulose and lignin, by using aqueous-organic solvent
mixtures, with high solvent concentration (30–70%) for temperatures ranging from 100
to 220 ◦C in the presence or absence of catalysts [11,12]. Thus, the organosolv process
provides high-quality cellulose and lignin [13]. A recent study has demonstrated that using
the vanadate–hydrogen peroxide system on acetosolv pine lignin, vanillin and isovanillin
can be generated as main products with depolymerization yields of 31% [14]. In another
study, the etherification of both organosolv and Kraft lignin with alkyl halides led to the
lignin product with the low glass transition temperature and improved thermal stability
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that can be used as thermoplastic [15]. With regards to the conversion of the cellulose
to products via microbial fermentation (such as bio-ethanol), two approaches are com-
monly used. These involve separate hydrolysis and fermentation (SHF) and simultaneous
saccharification and fermentation (SSF), and recently, it was shown that SHF is advanta-
geous for bioethanol production from pretreated Napier grass [16]. Apart from glucose,
lignocellulosic biomass has other types of C6 and C5 sugars. From the different available
sugars, processes that use glucose (or other C6 sugars) are more established compared
to processes using C5 sugars (such as xylose). Xylose can serve as a carbon source for
the cultivation of oleaginous yeasts aiming to produce microbial lipids that can serve as
feedstock for biodiesel production [17,18]. A recent study demonstrated the potential of
the bioconversion of abundant xylose-containing wastewaters into yeast biomass and lipid
with satisfactory productions and conversion yields using various yeasts [19].

Knowledge of the composition of raw and pre-treated products is important to better
understand the pre-treatment process as well as further refinement of value-added prod-
ucts. The analysis of pre-treated products is tedious due to the complexity of mixtures
containing compounds of low and high polarity, which are not always possible to resolve
with conventional techniques [20]. The pyrolysis product, i.e., bio-oil, has its challenges,
such as the high-water content, high viscosity, low pH, instability, presence of solids, high
oxygen content and low calorific value [21]. However, the comparison of bio-oil proper-
ties from pinewood and acacia indicated that the yield of bio-oil can be predicted using
standard analysis methods such as elemental analysis and volatile matter characterization.
Structural and physicochemical characteristics of five different lignins were elucidated
using established analysis methods, i.e., gel permeation chromatography for molecular
mass features, quantitative 31P NMR and comparative two-dimensional 1H-13C HSQC
analyses for more detailed structural aspects [10]. The selection of analytical methods
depends on the complexity of the pre-treatment products and on the final application of
the value-added products within the circular economy.

The circular economy plays a dominant role in tackling the climate crisis by redefining
the product value with a focus on both the social and environmental benefits. Circular
economy principles and strategies using life cycle assessment can be used for analyses of
food systems, storage, transportation, feedstock pretreatment, pollutions, etc. [22]. Life
cycle assessment within a circular economy can illustrate how the products can be trans-
formed in a way to reduce greenhouse emissions. Thus, the lignocellulosic composition of
biomass has a strong impact on the final thermochemical conversion product, leading to
consideration of compositional differences in life cycle assessment [23]. The review article
on the life cycle assessment of biochar production and utilization for metallurgical pro-
cesses has been discussed from industrial perspectives. This Special Issue points at several
possibilities to integrate the production of bio-based reductants in ferroalloy industries
with bio-refineries to lower the cost and increase the total efficiency. Despite challenges
related to energy-efficient charcoal production and formation of air pollutions in classical
biochar kilns, the potential of bio-based reductant usage in ferroalloy reduction process
was underlined as a sustainable pathway to convert forestry to value-added products in
metallurgical industries [24]. In addition, the mechanical durability of biochar slightly
increased after heat treatment, whereas coal and semi-coke-based reductants showed a
decrease in durability. The results indicate that biochar can be used as an efficient carbon
source for electric arc furnaces [25]. Overall, more research has to be carried out to identify
potential feedstock mixtures for the optimization of the biochar properties.

A promising pre-treatment route of low-value wood refers to various biorefinery
processes developed to produce green chemicals. Forestry residues are an excellent po-
tential source of a plethora of renewable chemicals with applications ranging from the
energy field to the chemical industry and the potential to replace fossil resources. Therefore,
new pre-treatment concepts for low quality wood processing within the circular economy
are required to meet the guidelines, as described in the EU green deal [1]. Extraction,
microbial fermentation, pyrolysis and organosolv pre-treatments are some of the main
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biomass processing technologies that can be utilized for the conversion of low-quality
wood into value-added products. The upscale of such processes will strongly depend
on the development of analytical methods that will allow to appropriately evaluate the
end products and allow the correlation with the different stages of the process, which in
turn will enable to tune the whole process for high yield production of high-quality green
chemicals and materials.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: For the production of sugars and biobased platform chemicals from lignocellulosic biomass,
the hydrolysis of cellulose and hemicelluloses to water-soluble sugars is a crucial step. As the complex
structure of lignocellulosic biomass hinders an efficient hydrolysis via acid hydrolysis, a suitable
pretreatment strategy is of special importance. The pretreatment steam explosion was intended to
increase the accessibility of the cellulose fibers so that the subsequent acid hydrolysis of the cellulose
to glucose would take place in a shorter time. Steam explosion pretreatment was performed with
beech wood chips at varying severities with different reaction times (25–34 min) and maximum
temperatures (186–223 ◦C). However, the subsequent acid hydrolysis step of steam-exploded residue
was performed at constant settings at 180 ◦C with diluted sulfuric acid. The concentration profiles
of the main water-soluble hydrolysis products were recorded. We showed in this study that the
defibration of the macrofibrils in the lignocellulose structure during steam explosion does not lead to
an increased rate of cellulose hydrolysis. So, steam explosion is not a suitable pretreatment for acid
hydrolysis of hardwood lignocellulosic biomass.

Keywords: glucose; xylose; 2nd generation sugars; lignocellulose; hydrolyzate; biorefinery; furfural;
hydroxymethylfurfural; bioeconomy

1. Introduction

In view of a bioeconomy, promising products from lignocellulosic biomass can be value-added
platform chemicals produced in a biorefinery [1,2]. As lignocellulosic biomass consists mainly of the
polymeric constituents cellulose, hemicelluloses and lignin, the fractionation of feedstock is the first
step for maximizing the value of these materials. Cellulose is composed of glucose building blocks
linked together by glycosidic bonds forming a linear polymer. Between adjacent cellulose chains,
intermolecular hydrogen bonds are formed, which result in a water-insoluble and highly ordered
configuration that makes cellulose partly crystalline [3]. Hemicelluloses hydrolyze faster than cellulose,
because they are group of amorphous heteropolymers which are considerably shorter than cellulose.
Hemicelluloses provide a linkage between cellulose and lignin in the lignocellulosic fiber structure.
Lignin is constructed of phenylpropane units which form a complex three-dimensional macromolecule.

One method for the fractionation of lignocellulosic biomass is acid hydrolysis whereby cellulose
and hemicelluloses are hydrolyzed to water-soluble sugars which are partly dehydrated to furfurals.
In particular, furfural and hydroxymethylfurfural can be produced in a lignocellulose biorefinery.
These furfurals were named as one of the top 10 value-added biobased chemicals [4].

However, the complex structure of lignocellulosic biomass generally causes a low hydrolysis
rate, especially of cellulose during acid hydrolysis [5]. Hemicelluloses and lignin surrounding the

Processes 2020, 8, 1626; doi:10.3390/pr8121626 www.mdpi.com/journal/processes5
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cellulose form a physical barrier against the permeation for the hydrolysis catalyst [6]. Additionally,
different hydrolysis rates for crystalline and amorphous cellulose regions exist. This, combined with
the shielding matrix of lignin and hemicelluloses, results in a gradual sugar release [5].

A pretreatment is necessary to increase the accessibility of cellulose for the subsequent hydrolysis
step [5]. As a general estimation, the pretreatment step accounts for about 40% of the processing cost
in a lignocellulose biorefinery [7]. Therefore, it is important to choose pretreatment methods and
conditions carefully. A relatively inexpensive pretreatment is steam explosion because no addition
of an external catalyst is needed [8]. However, the energy consumption for steam explosion was
estimated as 1.8 MJ/kgwood and is therefore considerable [9]. Steam explosion converts biomass in a
steam atmosphere at elevated temperatures ranging from 140–240 ◦C. The steam pressure is rapidly
reduced to atmospheric pressure, whereby a mechanical disruption of the biomass occurs.

Acetic acid is formed during steam explosion via the cleavage of thermally labile acetyl groups
in hemicelluloses [5]. The liberated acetic acid catalyzes the hydrolysis reactions of hemicelluloses.
The solid residue after steam explosion pretreatment consists of cellulose, a chemically modified
lignin and residual hemicelluloses. The sum of hemicelluloses in the residue and dissolved
hemicellulose-derived sugars decreases with the pretreatment severity due to (1) condensation
reactions leading to solid pseudolignin and (2) furfural formation by the dehydration of pentoses [10].

Steam explosion is a well-known effective pretreatment to increase the rate of enzymatic hydrolysis
of lignocellulosic biomass [11–14]. For example, the enzymatic hydrolysis rate showed a 10-fold
increase for steam-exploded hardwoods [15]. In addition, the glucose yields after enzymatic hydrolysis
are higher, when a steam explosion pretreatment was applied. This increase in glucose yield is due
to the removal of biomass components like hemicelluloses and lignin during the steam explosion
pretreatment [16].

However, much less attention has been paid to the effect of steam explosion pretreatment on
a hydrolysis step with diluted acids. Carrasco et al. [17] performed steam explosion pretreatments
of different lignocellulosic biomasses followed by acid hydrolysis at 180 ◦C using diluted sulfuric
acid. The steam explosion pretreatment lead to a decrease in the subsequent hydrolysis rate [17].
Schultz et al. [15,18,19] investigated the influence of steam explosion on concentrated acid hydrolysis.
Among the lignocelluloses used, only steam-exploded rice husks showed a higher glucose yield after
hydrolysis with concentrated sulfuric acid [15]. However, the concentration profiles of glucose were,
in contrast to the present work, not recorded by Schultz et al. [15,18,19] and Carrasco et al. [17].

In this work, we evaluate the influence of a previous steam explosion on the acid hydrolysis
of lignocellulosic biomass. Therefore, the steam explosion of beech wood as a representative of
hardwood is performed in a batch system at different severities. The steam-exploded residues are
characterized and, thereafter, subjected to acid hydrolysis. The acid hydrolysis step is done in a
semi-continuous reactor at constant settings with diluted sulfuric acid. The concentration profiles of
the main water-soluble hydrolysis products are recorded which also comprise glucose.

2. Materials and Methods

2.1. Pretreatment via Steam Explosion

As feedstock for pretreatment, pre-dried and bark-free beech wood is used. Beech trees are
categorized as hardwoods and are one of the major forest trees in Europe. The dominant sugar in
beech wood hemicelluloses is xylose [20]. The beech wood is used in chip size, has a moisture content
of 8.0 wt.% and is obtained from Joh. Sinnerbrink GmbH & Co. (Verl, Germany). The chip dimensions
are about 15 mm in width, 30 mm in length and 1–2 mm thick.

The steam explosion is performed in a self-constructed test rig, described in our previous work [21].
The stainless-steel reactor of the steam explosion has a volume of 1 L and is constantly agitated with a
cross-arm stirrer at 8 min−1. The reactor is filled completely with beech wood chips, referring to 82–94 g
dry mass, before each experiment. Then the reactor is electrically preheated by a surrounding electrical
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heating jacket. Steam is introduced into the reactor with a flow of up to 5 g/min. The explosion step is
performed by pneumatically opening a ball valve. Solid products and steam are discharged by the
explosion step into a flash tank. The pretreated solid is manually collected from the flash tank and
dried at 105 ◦C for 16 h.

The reaction temperature is measured by two thermocouples in the top and the bottom of the
reactor. The severity parameter S0 is calculated, combining temperature T and time t of the steam
pretreatment in a single factor [10]. Equation (1) shows the time integral of S0, which considers the
non-isothermal character of the heating process [22].

S0 = log

t∫
0

exp
(

T (◦C) − 100 ◦C
14.75

)
dt (1)

Pretreatment conditions with different reaction time (25–34 min), steam input mass (60–150 g) and
maximum temperature (186–223 ◦C) are investigated. Figure 1 shows the temperature profile during
heat up and Table 1 provides an overview of the experimental conditions.

Figure 1. Temperature profile inside the steam explosion reactor, t = 0 min marks the beginning of
steam input.

Table 1. Experimental setup for steam explosion of beech wood chips.

severity parameter S0 (min) 3.56 3.85 4.12 4.56
beech wood mass (gdry) 91.6 81.8 83.4 93.8
steam input time (min) 25 33.5 25 29
steam input mass (g) 50 80 100 110

maximum reactor temperature (◦C) 1 186 193 206 223
maximum excess pressure (bar) 1 11 13 19 26

1 before explosion step.

2.2. Acid Hydrolysis of Steam-Exploded Residues

An acid-catalyzed hydrolysis of lignocellulose is performed to obtain a monosaccharide-containing
product liquid, also called hydrolyzate. The solid residues after steam explosion as well as untreated
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beech wood chips are used as educts. Diluted sulfuric acid is used as a catalyst to hydrolyze
hemicelluloses and cellulose polymers in the lignocellulose structure to water-soluble sugar monomers.

A semi-continuous test rig, described in our previous work [23], is used for acid hydrolysis,
where the liquid phase is continuously exchanged. This has the advantage that liberated water-soluble
molecules like sugar monomers are removed from the hot reactor and thus protected to a large extent
from secondary reactions. The stainless-steel reactor has an internal volume of 100 mL and is loaded
with 15.0 g of either untreated beech wood chips or steam-exploded residue as a fixed bed before
the experiment. Demineralized water or dilute acid solution is continuously fed into the reactor at a
volume flow of 15 mL/min. Demineralized water is pumped through the reactor during the heating
phase. When the target temperature of 180 ◦C inside the reactor is reached, the feed stream is switched
to a sulfuric acid solution of 0.05 mol/L. The hydrolyzate leaves the reactor continuously and is collected
in interval samples of 5–8 min before storage at 4 ◦C.

2.3. Analytical Methods

After steam explosion, a wet solid residue is obtained, which is dried at 105 ◦C for 16 h to avoid
microbiological degradation. After drying, the mass of the solid residue is measured. Then a sample of
the solid residue is subjected to a two-hour Soxhlet extraction with water. In this way, a water-soluble
and a water-insoluble fractions are obtained, which are examined for their composition. The mass
of the water-insoluble fraction is determined gravimetrically, whereas the mass of the water-soluble
fraction is calculated by difference.

The surfaces of dried beech wood and dried steam-exploded residues are examined via scanning
electron microscopy (SEM) using a LEO 982 Gemini (Carl Zeiss, Jena, Germany) which is equipped with
a Schottky-type thermal field emission cathode, a backscattered electron detector and two secondary
electron detectors (inlens, Everhart-Thornley).

The Klason lignin content of steam-exploded residue and untreated beech wood is determined in
triplicate according to the ASTM method D1106-96 (2013) [24]. In brief, two extractions of the biomass
are performed with alcohol-benzene solution and with hot water. Then the residue is treated with
72 wt.% sulfuric acid which is afterwards diluted to 3 wt.% whereby the polysaccharides are completely
hydrolyzed. The remaining solid gives, after correction with ash content, the Klason lignin content.
The (polymeric) sugar content in water-insoluble steam-exploded residue and untreated beech wood is
determined via a complete hydrolysis of polysaccharides to water-soluble monosaccharides according
to Saeman [25].

Water-soluble sugar monomers are quantified via a gas chromatography method. As sugars cannot
be evaporated, they are converted into stable, evaporable alditol acetate derivatives using a procedure
described by Sawardeker et al. [26]. After extraction of the alditol acetates into chloroform, the sample is
isothermally separated in a gas chromatograph type GC 5890A (Hewlett Packard, Palo Alto, CA, USA)
at 240 ◦C and detection is performed via FID. The separation column RTX2330 (Restek, Bad Homburg,
Germany) is used with a 30 m length and 25 μm diameter. The sugars, arabinose, xylose, rhamnose,
mannose, galactose and glucose are calibrated. The accuracy of time-consuming derivatization and
GC analysis is ensured by (1) performing a derivatization of a sugar standard solution in parallel for
every analytical sequence and (2) the internal standard inositol, which is added in a known amount to
any sample during derivatization.

The characterization of other water-soluble constituents in the hydrolyzate is conducted with
two HPLC methods. To remove high-molecular-weight products, filtration is performed with syringe
filters of type 0.45 μm GHP (Pall, New York, NY, USA). Furfural and hydroxymethylfurfural (HMF) are
separated in a Lichrospher 100 RP-18 column (Merck, Darmstadt, Germany) at 20 ◦C and quantified by
a UV detector at 290 nm. Therefore, an eluent of water-acetonitrile (9:1 v/v) is used at a flow rate of
1.4 mL/min. Formic acid, acetic acid, lactic acid and levulinic acid are separated with an Aminex HPX
87H column (Biorad, Hercules, CA, USA) at 25 ◦C. An eluent of 0.004 mol/L sulfuric acid is used at a
flow rate of 0.65 mL/min and detection is performed by RI and DAD.
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The cumulative yields of glucose and xylose after the hydrolysis step are calculated according to
Equation (2). Thereby, the solid residue yield of the steam explosion step is considered. The volume
flow of acid hydrolysis of 15 mL/min is multiplied with the measured concentration of glucose or
xylose and integrated over reaction time.

cumulative yield =
yieldsolid residue

minput hydrolysis

t∫
.

V·c(t) dt (2)

3. Results

3.1. Steam Explosion

Beech wood chips are pretreated via steam explosion. An increased severity parameter leads to a
lower yield of solid residue (see Table 2). A Soxhlet extraction with water is performed whereby a
water-soluble and a water-insoluble fraction are obtained. The yield of the water-insoluble fraction
decreases with higher severity and fewer polymers of glucose are present (see Table 2). At the highest
severity parameter of S0 = 4.56 min, no polymeric bonded xylose can be detected in the solid residue.
In contrast, the Klason lignin yield rises with severity. After all steam explosion runs, the Klason lignin
yield is higher compared to untreated beech wood (0.229 g/gbeech wood).

Table 2. Solid residues after steam explosion of beech wood at different severities, fractionation of solid
residues is performed via Soxhlet extraction with water, n.d.: not determined.

severity parameter S0 (min) 3.56 3.85 4.12 4.56
solid residue mass (g) 85.5 74.8 61.8 64.0
solid residue yield (g/gbeech wood) 0.933 0.915 0.741 0.682
water-insoluble fraction (g/gbeech wood) 0.789 0.724 0.612 0.533
• polymeric bonded glucose (g/gbeech wood) 0.260 n.d. 0.210 0.192
• polymeric bonded xylose (g/gbeech wood) 0.103 n.d. 0.021 0.000
• Klason lignin (g/gbeech wood) 0.297 n.d. 0.353 0.346

water-soluble fraction (g/gbeech wood) 0.144 0.191 0.128 0.149
• glucose (g/gbeech wood) 0.002 0.001 0.002 0.000
• xylose (g/gbeech wood) 0.002 0.010 0.016 0.000

Figure 2 shows the topographical changes in the biomass macrostructure after steam explosion.
Even in the photographs, a size reduction and defibration can be observed compared to the untreated
wood chips. As the severity increases, the fibers become finer and the solid residue becomes darker.
However, at the highest examined severity of S0 = 4.56 min, no exposed fibers are visible and the
biomass looks slightly carbonized. Additionally, the SEM images illustrate the defibration. Loosely
present macrofibrils can be seen after intermediate severities (e.g., SEM at 100x at S0 = 3.85 min). At the
highest examined severity of S0 = 4.56 min, the fiber structure can no longer be clearly recognized
(see SEM image at 100× in Figure 2).
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Figure 2. Beech wood and solid residues after steam explosion at different severity parameters S0,
photographs (left), SEM images at 100× (center) and 1000× (right).
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3.2. Acid Hydrolyisis

To investigate the influence of the steam explosion pretreatment on acid hydrolysis, all influencing
parameters during acid hydrolysis are kept constant and only the solid biomass input in the fixed
bed reactor is varied. Acid hydrolysis is carried out with 0.05 mol/L sulfuric acid at a 180 ◦C reaction
temperature. The volume flow of the diluted acid through the semi-continuous hydrolysis reactor
is also constant. The biomass input originates from steam explosion runs with different severities.
The solid residue after the highest examined severity of S0 = 4.56 min is not subjected to acid hydrolysis,
because the material appears to be already partly carbonized.

Figures 3 and 4 show the concentration profiles of the main water-soluble hydrolysis products
during acid hydrolysis for different severities of steam explosion. The main hydrolysis products
in our study using beech wood are the monosaccharides glucose, xylose and mannose, as well as
furfural hydroxymethylfurfural and acetic acid. The principal trends in the concentration profiles of
all main products are very similar regardless of the severity of pretreatment. However, there are big
differences in the maximum concentration values. The maximum xylose concentration drops largely
with increasing severity (from 4.5 g/L at S0 = 3.56 min to 1.2 g/L at S0 = 4.12 min). The maxima of acetic
acid and furfural also decrease sharply with increasing severity parameters (see Figure 4). However,
the influence of pretreatment severity on the glucose concentration is much less (see Figure 3). Figure 3
shows the concentration profiles of glucose and xylose during acid hydrolysis, where steam-exploded
residue is compared with untreated beech wood.

Figure 5 shows the cumulative yields of glucose and xylose during acid hydrolysis for different
steam explosion severities and a comparison to the untreated beech wood material is made. For
the calculation of the cumulative yields according to Equation (2), the solid residue yield of stream
explosion pretreatment from Table 2 is considered. For reaction times over 25 min, the yield of glucose
is higher for untreated beech wood compared to all pretreated materials. Additionally, the yield of
xylose is higher for untreated beech wood compared to stream-exploded residues.

 
(a) (b) 

Figure 3. Formation of glucose (a) and xylose (b) during the hydrolysis of 15.0 g untreated beech wood
or steam-exploded residue at different severity parameters S0, hydrolysis with 0.05 mol/L sulfuric acid
at 15 mL/min flow at 180 ◦C, t = 0 min marks the beginning of acid hydrolysis.
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Figure 4. Formation of monosaccharides (left) as well as furfural, hydroxymethylfurfural and acetic
acid (right) during the hydrolysis of 15.0 g steam-exploded residue at different severity parameters S0,
hydrolysis with 0.05 mol/L sulfuric acid at 15 mL/min flow at 180 ◦C, t = 0 min marks the beginning of
acid hydrolysis.
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(a) (b) 

Figure 5. Cumulative yields of glucose (a) and xylose (b) during the hydrolysis of untreated beech
wood or steam-exploded residue at different severity parameters S0, hydrolysis with 0.05 mol/L sulfuric
acid at 15 mL/min flow at 180 ◦C, t = 0 min marks the beginning of acid hydrolysis.

4. Discussion

The steam explosion increases the lignin mass according to the Klason method, which agrees with
the results of other studies [18,27,28]. A lignin yield of 0.297–0.353 g/gbeech wood is obtained after the
steam explosion (see Table 2), while the Klason lignin content in beech wood is only 0.229 g/gbeech wood.
Condensation reactions between hemicellulose constituents and lignin lead to the formation of an
inert solid [29]. This solid is also measured in the gravimetric determination of Klason lignin and is
therefore no longer distinguishable from lignin which was originally contained in beech wood. This is
the reason why this newly formed solid is named pseudolignin. In principle, a reaction pathway
via the repolymerization of water-soluble hemicellulose degradation products would also possibly
form pseudolignin. This pathway could result in the formation of spherical structures on the solid
product after steam explosion. This is known from the process of hydrothermal carbonization, where
microspheres are formed by the polymerization of sugar degradation products [30,31]. However,
in this study, such spherical structures were not found in the steam-exploded residues even at up to
50,000×magnification of the SEM.

The pretreatment via steam explosion was intended to increase the accessibility of the cellulose
fibers so that the subsequent acid hydrolysis of the cellulose to glucose takes place in a shorter time.
Consequently, a high glucose concentration should be achieved after a short time of acid hydrolysis,
which then drops sharply after the cellulose has been completely converted. The intended effect of
pretreatment on glucose formation did not occur. During acid hydrolysis, the steam-exploded residues
begin to release glucose after roughly the same reaction time compared to untreated beech wood
(see Figure 3). When steam-exploded residues are used, the maximum concentration of glucose is
similar or even smaller (except for two measuring points at S0 = 4.12 min). Additionally, no obvious
drop in glucose concentration with longer reaction times can be observed. The comparison of glucose
and xylose yields shows that a previous steam explosion pretreatment reduces the sugar yields,
especially for xylose (see Figure 5).

Consequently, the defibration of the macrofibrils in the lignocellulose structure during steam
explosion does not lead to an increased rate of cellulose hydrolysis. It can therefore be assumed that the
rate-determining step in the hydrolysis is not the penetration of the acid to the individual macrofibrils.
Rather, the penetration of the hydronium ions into the crystalline structure of cellulose can be assumed
to determine the rate or hydrolysis might only occur at the exposed chain ends of the cellulose. This is
in accordance with other studies [32]; the crystallinity of cellulose stabilized by hydrogen bonds is very
strong and can only be broken by supercritical water, for example at 380 ◦C and 250 bar [33]. In the
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case of enzymatic hydrolysis reactions, the situation is different. An enzyme is a much larger molecule
than a hydronium ion with solvation shell, therefore the increase in surface area by steam explosion
has an impact.

Xylose, which is the main structural unit of the hemicelluloses in beech wood, is largely converted
by steam explosion at a higher severity into other compounds (see Table 2). Thereby, xylose could
be either decomposed to low-molecular-weight compounds or converted to pseudolignin. It is
generally known that the total mass of hemicelluloses in the steam-exploded residues decreases with
an increasing severity parameter [10]. Therefore, it is reasonable that in the product liquid of acid
hydrolysis, less xylose can be detected with increasing severity of the pretreatment (see Figure 3), as
less hemicelluloses are in the feedstock for hydrolysis, which could form xylose.

The concentrations of furfural and acetic acid during acid hydrolysis also decrease with the
severity of the pretreatment (see Figure 4). The reduction of furfural concentration is a consequence of
the lower xylose concentration, since furfural arises from the dehydration of pentoses [5]. The decline
in acetic acid concentration with the increasing severity of the steam explosion can be explained as
follows. The acetyl groups of the hemicelluloses are hydrolyzed to a greater extent during the steam
explosion at high severity and are therefore removed from the biomass before the acid hydrolysis
step begins.

5. Conclusions

In this study, beech wood lignocellulosic biomass was subjected to steam explosion pretreatment
before an acid hydrolysis step. The pretreatment via steam explosion was intended to increase
the accessibility of the cellulose fibers so that the subsequent acid hydrolysis of the cellulose to
glucose would take place in a shorter time. We showed that the defibration of the macrofibrils in
the lignocellulose structure during steam explosion does not lead to an increased rate of cellulose
hydrolysis. Additionally, steam explosion causes a mass loss of solid material and large losses of
the hemicellulose-derived sugar xylose, especially at a higher pretreatment severity. That is why
steam-exploded material resulted in lower sugar yields based on lignocellulose input. So, steam
explosion is not a suitable pretreatment for the acid hydrolysis of hardwood lignocellulosic biomass.
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Abstract: Recently reported acetosolv soft- and hardwood lignins as well as ionosolv soft- and
hardwood lignins were transformed into monomeric aromatic compounds using either a vanadate or
a molybdate-based catalyst system. Monomers were generated with remarkable, catalyst-dependent
selectivity and high depolymerisation yields via oxidative exo- and endo-depolymerisation processes.
Using the vanadate–hydrogen peroxide system on acetosolv pine lignin, vanillin and isovanillin
were produced as main products with depolymerisation yields of 31%. Using the molybdate
system on acetosolv and ionosolv lignin, vanillic acid was the practically exclusive product,
with depolymerisation yields of up to 72%. Similar selectivities, albeit with lower depolymerisation
yields of around 50% under standardised conditions, were obtained for eucalyptus acetosolv lignin,
producing vanillin and syringaldehyde or vanillic acid as products, by using the vanadate- or the
molybdate-based systems respectively.

Keywords: oxidative lignin upgrade; catalytic lignin oxidation; vanadate; molybdate; organosolv;
ionosolv; lignin; biomimetic

1. Introduction

Lignocellulosic biomass received great interest as a sustainable and renewable source of fuel
and platform chemicals in recent years [1,2]. Numerous studies target the conversion of cellulose
and hemicelluloses into ethanol and other biofuels as well as platform chemicals for the chemical
industries [3–5]. In sharp contrast, research on the conversion of lignin has often been limited to its
removal from the other two principal biomass components either to enhance their chemical and/or
enzymatic valorisation. Conversion of lignin—representing after all 30% of the weight and 40% of the
energy content of lignocellulosic biomass and being isolated as a by-product in form of various technical
lignins with different characteristics by cellulose-focused processes—is still a challenge [6,7]. Enzymatic
and chemical reactions have been proposed for oxidative lignin valorisation. Several biocatalysts,
mimics of biocatalysts, and inorganic catalysts have been studied regarding formation of aromatic
monomers for the chemical industries. Nevertheless, both reductive and oxidative degradation
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methods have been studied and presented [8–12]. Mechanistic insights obtained using lignin model
compounds to simulate the most abundant bonding motifs within the backbones of various technical
lignins were only scarcely applicable to the complexity of a lignin oligomeric and/or polymeric material.
In case of oxidative degradation, a series of oxidation products is obtained even in case of simple
models, pointing at a lack of selectivity of the reactions triggered by the various catalytic sstems.
As a noteworthy exception, only the methylrheniumoxide catalyst system has been reported [13,14].

Vanadium-based catalysts have been reported for lignin valorisation, interestingly both for
oxidative and reductive depolymerisation approaches [8,9,11,15–20]. Molybdenum catalysts have been
widely reported for the oxidative valorisation of technical lignins, especially in form of polyoxometalates
(POMs) [21,22]. More recently, mixed, i.e., bifunctional catalyst systems such as copper-vanadium [23]
and molybdenum-vanadium [24] systems have been reported for lignin valorisation.

In case of enzymatically mediated reactions, obtaining a large panel of different oxidation
products—due to the natural evolution of phenoxy radical intermediates—is furthermore associated to
a limited biocatalyst lifetime, which constitutes an additional problem for lignin valorisation. Potential
ways to tackle both issues consist of supporting and/or encapsulating the enzymes or to mimic the
catalytic centre of lignolytic enzymes using stable organometallic complexes that would eventually
exhibit tuning possibilities towards a higher product selectivity [25–28].

In an effort to combine such an active centre-mimicking approach with our interest in evaluating
the use of non-lignolytic enzymes in lignin valorisation [29], we tested a vanadate (V)-based and
a molybdate (Mo)-based catalytic system [V] and [Mo], respectively, as mimics of the reactive vanadate
and molybdate centres in bromide peroxidases [EC 1.11.1.18] and xanthine oxidase [EC 1.17.3.2],
respectively. The vanadate and molybdate catalyst systems can, based on their reactivity, be eventually
considered suitable non-lignolytic biocatalyst mimics for lignin degradation. The reactivity of the
catalyst systems holds the promise that they are capable of oxidising lignin in a more selective way
than the typical lignolytic enzymes, i.e., laccases or manganese peroxidases due to the different range
of electric potentials [30]. The present study deals with the investigation of the oxidation potential of
vanadate and molybdate catalysts toward lignin oxidation.

Two hardwood and two softwood lignins, isolated from Eucalyptus nitens and Pinus pinaster,
in form of both organosolv and ionosolv lignins have been selected. These lignins have been reported
and characterised before [31–33] and were chosen as starting materials for this study also because the
structural characterization had revealed noteworthy structural differences between the acetosolv and
ionosolv lignin of each biomass. These lignins were used in this study without any further refinements
or fractional purifications. We refrained in this study from following the wide-spread approach in
which the catalyst activity is demonstrated using monomeric, dimeric, or sometimes trimeric lignin
models. While this approach allows relatively facile mechanistic understanding of product formation,
applicability of the results to whole lignin degradation is often scarce, due to the high density of
reactive sites along the lignin backbone prone to undergo inter- and intramolecular reactions not
delineable using lignin models.

2. Materials and Methods

General information: Reagents and solvents were purchased from Sigma-Aldrich/Merck KGaA,
Darmstadt, Germany and Carlo Erba, Milano, Italy, and used without further purification, if not stated
otherwise. Acetosolv pine lignin (AP) and acetosolv eucalyptus lignin (AE), as well as ionosolv
pine lignin (IPB) and ionosolv eucalyptus lignin IEB were produced and characterised as described
elsewhere [31–33]. Ammonium vanadate (V), NH4VO3, and ammonium molybdate tetrahydrate
(Mo), (NH4)6Mo7O24·4H2O were purchased from Sigma Aldrich/Merck KGaA and used without
further purification.

Oxidation of lignins: 50 mg of lignin were weighted in a screw cap vial and suspended in 1 mL of
a pre-made stock solution containing the catalyst. Stock solutions comprised: (i) 30 μL perchloric acid;
(ii) 450 μL hydrogen peroxide 30% (w/v); (iii) 2520 μL distilled water; (iv) the vanadate or molybdate
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catalyst at concentrations of 5%, 7.5%, or 10% (w/w) of liquid phase. Reactions were heated to 80 ◦C for
9 h while being continuously stirred and allowed to cool down to room temperature overnight.

Degradation products were isolated in an extraction process. The reaction mixture was centrifuged
to separate any solids, and the liquid phase was taken and mixed with an equal volume of ethyl
acetate. As internal standard, 50 μL of a solution of 4-ethoxy-3-methoxy benzaldehyde in ethyl
acetate at a concentration of typically 50 μmwere mixed into the solution. The biphasic system was
vigorously shaken for 30 s. The organic phase was separated, dried over MgSO4, and centrifuged.
An aliquot was sampled for analysis by gas chromatography coupled to mass spectrometry (GC-MS)
as described below.

Solid lignin residues were isolated by centrifugation and washed four times using a 1 m aqueous
solution of sulphuric acid. Lignin residues were dried to constant weight for 31P NMR analysis
as described below. Experiments were run in duplicate by default, and selected experiments were
additionally repeated for verification of results. An error margin for solid mass returns/depolymerisation
yields of max ±6% was encountered.

Quantitative 31P NMR spectroscopy: In general, a procedure similar to the one originally published
and previously applied was used [34]: approx. 30 mg of the lignin were accurately weighed for
analysis after phosphitylation using an excess of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxa-phospholane
(Cl-TMDP). 31P NMR spectra were recorded on a Bruker, (Billerica, MA, USA, 300 MHz or Bruker
700 MHz NMR spectrometer controlled by TopSpin software, using an inverse gated decoupling
technique with the probe temperature set to 20 ◦C. The maximum standard deviation of the reported
data is 0.02 mmol g−1, while the maximum standard error is 0.01 mmol g−1 [35,36]. NMR data were
processed with MestreNova (Version 8.1.1, Mestrelab Research, Santiago di Compostella, Spain).
Technical loadings are determined by comparing the abundancies of total aromatic hydroxyl groups of
the product lignin with the starting lignin.

Gel permeation chromatography (GPC): For GPC measurements, approx. 2–3 mg of solid were
dissolved in HPLC-grade dimethylsulphoxide (DMSO) (Chromasolv®, Sigma-Aldrich/Merck KGaA)
containing 0.1% (m/v) lithium chloride (LiCl). A Shimadzu, Kyoto, Japan, instrument was used consisting
of a controller unit (CBM-20A), a pumping unit (LC 20AT), a degasser (DGU-20A3), a column oven
(CTO-20AC), a diode array detector (SPD-M20A), and a refractive index detector (RID-10A) and was
controlled by Shimadzu LabSolutions (Version 5.42 SP3). For separation, a PLgel 5 μm MiniMIX-C
column (Agilent, Santa Clara, CA, USA, 250 × 4.6 mm) was eluted at 70 ◦C at 0.25 mL min−1 flow
rate with DMSO containing 0.1% lithium chloride for 20 min. Standard calibration is performed with
polystyrene sulfonate standards (Sigma Aldrich/Merck KGaA, MW range 0.43–2.60 × 106 g mol−1) in
acid form; lower calibration limits are verified by the use of monomeric and dimeric lignin models.
Final analyses of each sample were performed using the intensities of the UV signal at λ = 280 nm
employing the Shimadzu analysis software.

Gas chromatography coupled to mass spectrometry (GC-MS): A prepared sample of extractives
of each reaction was analysed by gas chromatography coupled with mass spectrometry, using
a Shimadzu, Kyoto, Japan, GCMS QP2010 Ultra equipped with an AOi20 autosampler unit. A SLB®-5ms
Capillary GC Column (L × I.D. 30 m × 0.32 mm, df 0.50 μm) was used as the stationary phase,
ultrapure helium as the mobile phase. The Shimadzu LabSolutions GCMS Solution software
(Version 2.61) was used. The various components were identified by comparison against the NIST11
library. For control of sensitivity of analysis, selected samples were analysed after silylating the
OH-groups present in the analytes: after this first analysis, 100 μL dry pyridine and 100 μL of
N,O-bis(trimethylsilyl)-trifluoroacetamide were added to the aliquot, in order to repeat the analysis,
after gently stirring the mixture for 30 min at room temperature, using identical GC-MS conditions.
Reproducibility of single sample measurements was encountered with an error of maximum ±0.5%.
Reproducibility across duplicated experiments was approx. ±5%.
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3. Results and Discussion

3.1. Catalytic Systems

Taking inspiration from natural enzymes, several V- and Mo-based systems have been proposed in
the literature, to perform sustainable oxidations on various substrates [37–39]. Basically, the mechanism
of action of the [V]- and [Mo]-catalysts here adopted tracks the one of vanadium-dependent
haloperoxidase enzymes [38,40]. Dissolving a [V]-catalyst precursor, such as NH4VO3, in acidic
aqueous solution (pH = 1), in the presence of H2O2, a vanadium-monoperoxido complex forms,
which is the effective catalytic species in solution. Conversely, at higher pH values, the formation of
the diperoxido vanadium species occurs, which is less effective than the mono-peroxido in oxidation
and oxybromination reactions. Therefore, in this study, pH = 1 was chosen to perform the oxidative
lignin degradation.

Similarly, dissolution of ammonium molybdate at pH = 1 in water, with H2O2, leads to the
formation of the diperoxido–molybdenum complex, which is much more stable than the molybdenum
monoperoxo derivative [38].

Importantly, the reactivity of vanadium-peroxo and molybdenum-diperoxo complexes is definitely
superior than that of H2O2 in oxidation reactions, therefore the oxidation of different alkanes, alkenes,
alcohols, aromatic substrates, sulphides, as well as oxybromination reactions were successfully achieved
with such catalytic systems [41–44]. Literature reports suggest that vanadate/peroxide oxidation system
acts following substrate specifics in radical or ionic modes [38,41,45,46].

3.2. Lignin Starting Materials

The lignins chosen for this study are representative samples of a series of lignins isolated in course
of a process optimisation and have recently been presented and characterised [31–33]. More specifically,
they comprised two softwood lignins isolated from Pinus pinaster (acetosolv, AP, and ionosolv isolated
using [bmim] HSO4, IPB), and two hardwood lignins isolated from Eucalyptus nitens (acetosolv, AE,
and ionosolv isolated using [bmim] HSO4, IEB).

With respect to the acetosolv lignins that exhibited structural features typical for this type of
lignin and close to those attributed to pristine lignin, ionosolv species showed clear signs of structural
degradation when compared to the milder isolation process, i.e., the organosolv treatments. IPB and
IEB presented lower molecular weight distributions and comparatively lower contents of aliphatic
OH-groups (Table 1), a fact ascribed to a partial degradation of the backbone [31]. The use of these
lignin samples was envisaged to allow for delineating the effect of a ‘pre-degradation’ to the oxidative
valorisation process.

The catalytic activity of the chosen oxidative systems was expected to take effect mainly via
the OH-groups present in the lignin structures; changes in relative abundances of hydroxyl groups
based on consumption upon degradation and/or polymerisation is indicative of catalyst activity
and allows mechanistic insight. Table 1 details again the OH-group contents as determined by 31P
NMR spectroscopy.

3.3. Catalytic Degradation of Softwood Lignins

Degradation studies started using the softwood samples reported in Table 1, i.e., AP and IPB, and
the Vanadate system discussed above. In order to test for a potential direct downstream application of
the degrading catalyst in an industrial set-up, lignins were used as obtained in the initial isolation
process. Effectiveness of treatments was tested via the analysis of newly generated low molecular
weight components extractable in ethyl acetate. Results are summarised in Table 2.

Using the softwood acetosolv lignin AP, an initial screening of conditions revealed that optimum
conversions are obtained employing catalyst loadings of 7.5% or 10% (w/w) at elevated temperatures
of 80 ◦C for reaction times of 9 h. Lower catalyst loadings of 5% (w/w) resulted in lower conversions
under otherwise unchanged conditions.

20



Processes 2020, 8, 1161

Table 1. Distribution of OH-groups and molecular weight key data of acetosolv and ionosolv lignins
tested for oxidative valorisation.

Lignins a AP IPB AE IEB IPB
[V]10 IPB

[Mo]10

OH-group Abundance (mmol/g)

aliphatic OH 0.23 1.36 0.34 1.28 1.31 0.80 b

Condensed 0.96 0.95 2.90 3.28 0.89 0.06 b

o-disub. phenols (S units) — — 1.25 1.23 — —
4-O-5′ + 5-5′ 0.96 0.95 1.65 2.05 0.89 0.06 b

o-monosub. phenols (G units) 1.14 1.56 0.60 0.73 1.22 0.07 b

p-OH phenols 0.21 0.24 0.15 0.14 0.36 0.04 b

total phenolic OH 2.32 2.75 3.65 4.16 2.47 0.17 b

carboxylic OH 0.24 0.22 0.31 0.05 0.33 0.75 b

total phenolic OH/aliphatic OH 9.9 2.0 10.8 3.2 1.9 0.2 b

total phenolic OH/
condensed phenolic OH 1.9 2.2 1.2 1.2 2.8 2.8 b

Mn [kDa]
(PDI) c

1.75
(7.3)

1.40
(5.8)

1.20
(2.4)

1.20
(2.5) n.d. d n.d. d

a: AP: acetosolv pine lignin; IPB: ionosolv pine lignin isolated using [bmim] HSO4; AE: acetosolv eucalyptus lignin;
IEB: ionosolv eucalyptus lignin isolated using [bmim]HSO4; IPB

[V]10: ionosolv pine lignin using [bmim] HSO4
treated with 10% V; IPB

[V]10: ionosolv pine lignin using [bmim] HSO4 treated with 10% Mo. b: Compound not
fully soluble. c: PDI: polydispersity index. d: Not determined, sample not soluble.

Under the chosen conditions, the vanadate catalyst system [V] generated a series of oxidation
products on the basis of AP that are comparable to products observed in the archival literature
(Table 2). The molybdate catalyst system [Mo], on the other hand, led to detectable product formation
on the basis of AP when applied in loadings of 5–10% (w/w). In any case, the molybdate system
revealed a higher selectivity as fewer products were formed in comparatively higher amounts (Table 2).
In both cases, catalytic activity of the present metal species is evident from the significantly increased
depolymerisation yields compared to the blank sample.

In case of both [V]- and [Mo]-catalysed degradation, lignin polymerisation takes place as a
background reaction, as indicated by the increase in both the number average molecular weight (Mn)
and the polydispersity as compared to the starting material. This polymerisation can be explained
by the activation of the lignin by the catalyst system by formation of radicals (vide infra, mechanistic
discussion). Importantly, also in case a metal species is absent, polymerisation is observed (Table 2,
blank sample), pointing towards an expected activation of the lignin by the perchloric acid alone.
Control of this intrinsic activation is obtained, however, only when a metal catalyst is present as well.
Polydispersities in case of [V]- and [Mo]-mediated reactions are significantly lower than in the case of
the blank sample. Overall, both depolymerisation yields as well as the characteristics of the reisolated
lignins thus indicate a beneficial role of the metal catalysts in the investigated valorisation system.

When subjecting ionosolv pine lignin IPB to different loadings of vanadate and molybdate
systems under otherwise unchanged conditions, product formation is actually overall enhanced
(Table 2). Both catalyst systems show an overall comparable activity, under various loadings, but a rather
remarkable selectivity in product formation is observed. The [V]-system, at a loading of 10% (w/w),
delivers as dominant product of more than 90% relative abundance vanillin. The [Mo]-system,
on the other hand, delivers isovanillic acid as the most abundant species under otherwise
unchanged conditions.

When estimating the absolute amount of these products against an internal standard during
work-up and GC-analysis, a depolymerisation yield can be calculated based on the amount of total
extractives generated upon the reaction. This depolymerisation yield was found to be 34% in case
of the vanadate system and, remarkably, 62% in case of molybdate-based catalyst applied each at
a loading of 10% (w/w). Also, in case of IPB, the presence of the metal catalysts led to a significant
increase in depolymerisation yields compared to the blank.
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Residues of the IPB lignin successfully depolymerised using 10% of vanadate-based catalyst
or molybdate-based catalyst were subsequently isolated and analysed for structural changes using
quantitative 31P NMR. Results are given in Table 1; Figure 1 shows a comparison of the 31P NMR spectra
of starting IPB and residues isolated after treatment with the [V]- and [Mo]-based catalysts systems.

 

Figure 1. Comparison of the 31P NMR spectra of starting IPB and residues isolated after treatment
with the [V]-based catalyst system and the [Mo]-based catalyst system at 10% (w/w).

Results show a drastic decease of OH-groups, independent of the catalyst type. This suggests
significant oxidation along the lignin backbone. An increase in carboxylic acid group content as seen
in the 31P NMR of IPB subjected to 10% (w/w) supports this analysis (Figure 1). Analysis of the number
and the weight average molecular weights of reisolated lignins sustain the picture that emerged during
the analysis of the AP system: the lignins are mainly activated towards polymerisation by perchloric
acid, while in presence of the metal species, depolymerisation is favoured and re-polymerisation is
present as a background reaction (compare mechanistic discussion below).

3.4. Catalytic Degradation of Hardwood Lignins

Given the promising results obtained with the softwood lignin, attention was turned towards
Eucalyptus nitens lignins, both in acetosolv and ionosolv form. Maximum catalyst loadings were studied
using identical conditions for the oxidative degradation and valorisation of AE and IEB; the results are
summarised in Table 3.

The vanadate-based system led, in case of acetosolv hardwood lignin AE, to the formation of
a seemingly homogenised product portfolio. Depolymerisation yields were found to be ranging
from 38 to 53% (Table 3). Highest selectivity was found at a catalyst loading of 7.5% (w/w) with
essentially only syringaldehyde being formed. Lower depolymerisation yields of around 38% are
observed independent of catalyst loading in the case of IEB lignin (Table 3). When using 5% (w/w)
vanadate-based catalyst, vanillin, and syringaldehyde were formed as single products; at higher catalyst
loadings, depolymerisation yields remained constant, while product diversity increased. Together with
1-(4-hydroxy-3-methoxy-phenyl)-2-methylprop-2-en-1-one (6), 2,6-dimethoxybenzoquinone (8) was
found. Interestingly, in none of the experiments the corresponding acids were found; the aqueous
phase was controlled during extraction for sufficient acidity. The findings thus correspond to the
activity of the vanadate system towards the pine lignin samples discussed above.

Given the overall better results obtained when applying lower concentrations of the [Mo] catalyst
system in case of the softwood lignin, the eucalyptus acetosolv lignin AE and the ionosolv lignin IEB

were, respectively, treated with only 7.5% and 5% (w/w) of molybdate catalyst, as these concentrations
led to more selective product formation with the other catalyst. In both cases, vanillic acid was detected
as the only significantly abundant depolymerisation product, achieving depolymerisation yields of 84
and 78%, respectively (Table 3).

23



Processes 2020, 8, 1161

T
a

b
le

3
.

R
es

ul
ts

ob
ta

in
ed

in
th

e
ox

id
at

iv
e

de
gr

ad
at

io
n

of
ac

et
o-

an
d

io
no

so
lv

eu
ca

ly
pt

us
lig

ni
ns

,A
E

an
d

IE
B

,r
es

pe
ct

iv
el

y,
us

in
g

va
ri

ou
s

lo
ad

in
gs

of
va

na
da

te
an

d
m

ol
yb

da
te

ca
ta

ly
st

sy
st

em
s.

L
ig

n
in

a
A

E
IE

B

C
a

ta
ly

st
S

y
st

e
m

b
b

la
n

k
[V

]
[M

o
]

b
la

n
k

[V
]

[M
o

]

L
o

a
d

in
g

[%
(w
/w

)]
—

5
7

.5
1

0
7

.5
—

5
7

.5
1

0
5

co
m

p
o

u
n

d
c

a
b

u
n

d
a

n
ce

[%
]

d
a

b
u

n
d

a
n

ce
[%

]
d

va
ni

lli
n

(2
a

)
—

e
—

e
—

e
—

e
—

e
—

e
23

24
49

—
e

sy
ri

ng
al

de
hy

de
(2

b
)

—
e

61
10

0
69

—
e

—
e

77
65

42
—

e

va
ni

lli
c

ac
id

(3
a

)
—

e
—

e
—

e
—

e
10

0
—

e
—

e
—

e
—

e
10

0
sy

ri
ng

ic
ac

id
(3

b
)

—
e

—
e

—
e

—
e

—
e

—
e

—
e

—
e

—
e

—
e

is
ov

an
ill

in
(4

)
—

e
12

—
e

—
e

—
e

—
e

—
e

—
e

—
e

—
e

1-
(4

-h
yd

ro
xy

-3
-m

et
ho

xy
-p

he
ny

l)-
2-

m
et

hy
lp

ro
p-

2-
en

-1
-o

ne
(6

)
—

e
27

—
e

31
—

e
—

e
—

e
6

9
—

e

2,
6-

di
m

et
ho

xy
-b

en
zo

qu
in

on
e

(8
)

—
e

—
e

—
e

—
e

—
e

—
e

—
e

5
—

e
—

e

d
e

p
o

ly
m

e
ri

sa
ti

o
n

y
ie

ld
[%

]
f

2
2

4
6

3
8

5
3

8
4

2
5

3
8

3
7

3
8

7
8

M
n

[k
D

a
]

(P
D

I)
g

2.
00

(3
.8

)
n.

d.
h

n.
d.

h
3.

35
(9

.3
)

5.
40

(3
.8

)
2.

10
(3

.5
)

n.
d.

h
n.

d.
h

3.
00

(1
4)

3.
60

(9
.9

)
a :

A
E

:a
ce

to
so

lv
eu

ca
ly

p
tu

s
lig

ni
n

an
d

IE
B

:
ac

et
os

ol
v

eu
ca

ly
p

tu
s

lig
ni

n
is

ol
at

ed
u

si
ng

[b
m

im
]

H
SO

4.
b
:

[V
]:

va
na

d
at

e
ca

ta
ly

st
sy

st
em

an
d

[M
o

]:
m

ol
yb

d
at

e
ca

ta
ly

st
sy

st
em

.
c :

D
et

er
m

in
ed

af
te

r
ex

tr
ac

tio
n

us
in

g
G

C
-M

S
an

al
ys

es
,o

nl
y

lig
ni

n-
st

em
m

in
g

pr
od

uc
ts

ar
e

lis
te

d.
d

:P
ro

du
ct

ab
un

da
nc

ie
s

no
rm

al
is

ed
co

ns
id

er
in

g
al

ll
ig

ni
n-

de
ri

ve
d

co
m

po
un

ds
pr

es
en

ti
n

ab
un

da
nc

es
hi

gh
er

th
an

0.
05

%
in

th
e

ch
ro

m
at

og
ra

m
.e :N

ot
pr

es
en

to
r

pr
es

en
ta

tq
ua

nt
iti

es
lo

w
er

th
an

0.
05

%
.f :C

al
cu

la
te

d
on

th
e

ba
si

s
of

re
is

ol
at

ed
lig

ni
ns

.g
:P

D
I:

po
ly

di
sp

er
si

ty
in

de
x.

h
:N

ot
de

te
rm

in
ed

.

24



Processes 2020, 8, 1161

The overall more difficult situation encountered in case of the investigated oxidative hardwood
valorisation is reflected as well in the molecular weight analyses. As in the case of the softwood lignins,
the presence of the metal catalysts helps to increase depolymerisation, but in contrast to the situation
found in the softwood cases, re-polymerisation is less effectively suppressed. Rather high values for
the polydispersities indicate that re-polymerisation poses a significant problem during the oxidative
degradation, which is likely to contribute to the overall lower depolymerisation yields seen for the
hardwood lignins.

3.5. Mechanistic Considerations

Given the basic reactivities of the catalysts and the polyphenolic substrates, different reaction
pathways can be assumed. One route comprises an initial attack of the catalytic system on the phenolic
OH-group [44,46,47]. The phenoxy radical (I) formed initially can be stabilised by the aromatic system
before eventually reaching the ipso-position where it can trigger an exo-depolymerisation pathway
of the lignin chains (Scheme 1). In the case of the [V]-mediated oxidation of IEB isolated monomeric
quinone 8 supports this thesis.

 
Scheme 1. Proposed activation modes based on observed products in [V]- and [Mo]-catalysed oxidation
of soft and hardwood aceto- and ionosolv lignins [48].
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Formation of vanillin (2a) and syringaldehyde (2b) in the case of [V]-mediated pine and
eucalyptus ionosolv lignin degradation can be seen as immediate products originating from
an exo-depolymerisation process triggered by oxidative activation of the benzylic position (II) in
terminal β-O-4′ motifs; previous in silico studies had revealed that the benzylic position is similarly
susceptible to an activation via radicals [48]. Formation of alkenone 7 can be explained by this route as
well. Isolation of isovanillic acid (5), as in case of [Mo]-mediated valorisation of IPB, and formation
of vanillic acid, in case of [Mo]-treated IEB, suggests a similar mechanism under eventually less
controlled conditions favouring rearrangement reactions. Functionalisation of the benzylic position is
an important aspect for rendering the transformation of the lignin aromatic monomers effective by
giving rise to an effective endo-polymerisation happening in parallel.

Importantly, hydroquinones as products deriving from a Dakin reaction [49] have not
been observed.

31P NMR data (Table 1) indicate the presence of significant amounts of condensed units in the
starting lignins, whereas material isolated after oxidative valorisation using the [V] and [Mo] catalysts
systems contains less of these groups. In addition, the loss of these motifs can be interpreted in favour
of an endo-depolymerisation. Repolymerisation reactions via the phenoxy radical could lead to an
increase i 4-O-5′ groups, however this is not observed in this study.

Reduced amounts of aliphatic OH-groups (Table 1, Figure 1) show the activity of the catalyst
systems on the aliphatic OH-groups along the lignin chain (Scheme 1); this activity is more pronounced
in case of the [Mo]-based catalyst system, especially in case of softwood ionosolv lignin in which
essentially all OH-groups must have been oxidised in remaining oligomeric structures (Scheme 1);
structure 9 in Scheme 1 illustrates such a putatively ‘per-oxidised’ lignin fragment.

An interesting insight into the tighter interplay of the involved redox potentials can be delineated
from the presence of vanillic acid (3a) in case of the [Mo]-mediated oxidation of pine and eucalyptus
lignin, while the [V]-mediated valorisation of both soft- and hardwoods is possible yielding
preferentially vanillin (2a) and syringaldehyde (2b), respectively. The data further suggest that
the oxidation potential of the phenolic OH-group in initially formed vanillin still fits the dynamic
range of the [Mo]-catalyst, while it is outside of the oxidation range of the [V]-catalyst.

Observed selectivities can be reasoned based on structural features of the lignins involved.
However, the current study does not allow making clear connections between the catalyst type,
the biomass source, and/or the isolation process and the observed activities and selectivities. Additional
studies targeting this aspect are currently being pursued.

4. Conclusions

Acetosolv soft- and hardwood lignins as well as ionosolv soft- and hardwood lignins were
transformed into monomeric aromatic compounds using either a vanadate or molybdate-based
catalyst system. Monomers were generated with remarkable, catalyst-dependent selectivity and
high depolymerisation yields via oxidative exo- and endo-depolymerisation processes. Using the
vanadate–hydrogen peroxide system on acetosolv pine lignin, vanillin and isovanillin were produced
as main products with depolymerisation yields of 31%. Using the molybdate system on the same lignin,
vanillic acid was the practically exclusive product, with a depolymerisation yield of 72%. Ionosolv pine
could be valorised into vanillin and vanillic acid as practically exclusive products in depolymerisation
yields of 34 and 57%, respectively, using either the vanadate or the molybdate catalyst system.
Similar selectivities, albeit with lower depolymerisation yields of around 50% under standardised
conditions, could be obtained for eucalyptus acetosolv lignin, producing vanillin and syringaldehyde
or vanillic acid as products, using either the vanadate or the molybdate system. Omitting the metal
species in the reactions mixture, acetosolv eucalyptus was converted into benzoquinones as effectively
only isolable aromatic monomer. Interestingly, the ionosolv hardwood lignins did not perform as well
as the ionosolv softwood under the chosen conditions. A partial backbone degradation, as induced
during the isolation of ionosolv lignins employing [bmim]HSO4, does not fundamentally enhance
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oxidative depolymerisation. In all cases, (re-)polymerisation reactions in form of elevated number
average molecular weights in combination with significantly increased polydispersities of re-isolated
materials have been observed. In case of softwood lignins, the presence of the metal catalysts led to
a partial control/suppression of such (re-)polymerisation; in case of the hardwood samples, however,
metal catalysts appeared less effective in this respect.
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Abstract: A shift towards an economically viable biomass biorefinery concept requires the use of
all biomass fractions (cellulose, hemicellulose, and lignin) for the production of high added-value
products. As lignin is often underutilized, the establishment of lignin valorization routes is highly
important. In-house produced organosolv as well as commercial Kraft lignin were used in this
study. The aim of the current work was to make a comparative study of thermoplastic biomaterials
from two different types of lignins. Native lignins were alkylate with two different alkyl iodides to
produce ether-functionalized lignins. Successful etherification was verified by FT-IR spectroscopy,
changes in the molecular weight of lignin, as well as 13C and 1H Nuclear Magnetic Resonance
(NMR). The thermal stability of etherified lignin samples was considerably improved with the T2% of
organosolv to increase from 143 ◦C to up to 213 ◦C and of Kraft lignin from 133 ◦C to up to 168 ◦C,
and glass transition temperature was observed. The present study shows that etherification of both
organosolv and Kraft lignin with alkyl halides can produce lignin thermoplastic biomaterials with
low glass transition temperature. The length of the alkyl chain affects thermal stability as well as
other thermal properties.

Keywords: lignin; organosolv; Kraft lignin; etherification; lignin functionalization; thermoplastics

1. Introduction

Lignin is an aromatic heteropolymer, the second most abundant biopolymer in the world after
cellulose. It constitutes 15–35% w/w of a plant’s cell wall and plants are estimated to generate
0.5–3.6 billion tons of lignin annually [1,2]. The global annual production of lignin is estimated at
approximately 100 million tons, of which only 2% is used commercially (primarily in dispersants,
adhesives, and surfactants); whereas the rest is burned as low-value fuel [3–5]. The main sources of
lignin are technical lignin from the pulp industry, namely Kraft and ligno-sulphonate. Organosolv
lignin (accounting for approximately 2% of the total lignin) has started to gain attention owing to
advances in biomass biorefinery technology, its high purity, and a chemical structure close to that
of natural lignin [3,6]. The ongoing worldwide construction of second-generation cellulosic ethanol
plants is expected to further increase the availability of lignin [7]. Kraft lignin is produced through
the sulphate cooking process, in which fibers are treated at temperatures of 165–175 ◦C for 1–2 h in
the presence of sodium hydroxide and sodium sulphite [5]. Ligno-sulphonates are a by-product of
sulphite cooking in which the fibers are treated by HSO3

− and SO3
2− ions and the digestion is typically

operated at 120–180 ◦C for 1–5 h [1,5].
On the contrary, organosolv lignin is produced through organosolv pulping, in which the biomass

is treated in aqueous-organic solvent mixtures with or without the addition of an inorganic catalyst [8,9].

Processes 2020, 8, 1108; doi:10.3390/pr8091108 www.mdpi.com/journal/processes31
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Ligno-sulfonates and Kraft lignin are sulfur-containing lignin, with the sulfur to vary in the range
1–3% for Kraft and 3.5–8% for lignosulfonates and they consist of a by-product of chemical pulping
process from the paper industry [3]. On the contrary, organosolv lignin is practically sulfur-free with a
very low ash content [10]. Another major difference between the first two lignins and organosolv is
that organosolv retains a considerable fraction of the β-O-4 linkages, whereas in lignin from chemical
pulping, the β-O-4 linkages represent fewer than 10% of the connections and promote the formation of
carbon–carbon bonds [5,11]. Due to the high lignin content of lignocellulosic biomass, its valorization is
crucial for the financial viability of biorefineries. However, existing technologies for lignin valorization
are still not as advanced as those applied to carbohydrate fractions [1]. New technologies for the
conversion of lignin into high added-value products represent an important cornerstone towards
establishing economically viable biomass biorefinery processes that can reduce our dependency on
fossil feedstock.

Thermoplastic-based polymers are widely used in various applications due to their flexible nature.
The development of polymer technology has seen a continuous demand for eco-friendly, biodegradable
thermoplastic materials. Thermoplasticity is defined as the use of heating to weaken intermolecular
forces that connect polymer chains, without altering the chemical structure of the polymer. Thus,
thermoplastic materials can be melted and shaped multiple times into desired structures without
eliciting any chemical changes. In this regard, lignin is a very promising raw material as it is readily
available, sustainable, and can be functionalized to achieve the desired physical properties.

Lignin, however, presents also some challenges as it is brittle, exhibits poor mechanical properties,
has a relative high glass transition temperature (for Kraft lignin 124–174 ◦C, organosolv lignin
91–97 ◦C [12]), and its thermal processing at elevated temperatures is often impaired by radical-induced
self-condensation, which limits its application to thermosets [13,14]. Self-polymerization of lignin
during heating is often manifested by an increase in molecular weight, changes in chemical behavior
(e.g., loss of solubility in common organic solvents such as tetrahydrofuran—THF) or ‘loss’ of Tg after
repeated heating and cooling cycles [15]. The elevated hydroxyl content of lignin could induce swelling
due to water adsorption, causing expansions in the composite [16] and, in turn, poor dimensional
stability. However, the high reactivity of hydroxyl groups allows also lignin functionalization, which can
significantly improve Tg, thermal stability, and compatibility with polymers [13,14].

Various efforts have been made to achieve functionalized lignins with low Tg and improved
thermal properties for thermoplastic application [13,17]. Lignin esterification is one of the oldest
methods to decrease Tg, whereas acetylation augments the solubility of lignin for molecular weight and
structural analysis. Lewis and Brauns were the first to describe the solubility and thermal properties of
lignin-based esters [18]. Later, Glasser and Jain reported that Tg of lignin esters decreased linearly
with increasing length of the acyl group [19]. In most cases, lignin esterification was achieved using
carboxylic acids and particularly acid chlorides or acid anhydrides. Bi-functional reagents, such as
dicarboxylic aliphatic (sebacoyl) or aromatic (terephthaloyl) acid chlorides, are also promising in the
production of lignin-based polyester network materials [20,21]. Another such reagent is dimer acid [22],
which can be produced during the processing of soybean, tall, and cottonseed oil by a Diels–Alder
cycloaddition reaction. Dimer acid-based lignin polyesters are fully renewable materials for polymer
applications. Recently, polybutadiene-based lignin polyester thermoplastic with network structure
and very low Tg was reported [2].

Graft modification is another efficient way to produce integrated lignin-polymer grafted materials
with improved thermal processing and stability. Both “grafting onto” and “grafting from” modification
methods have been reported. Korich et al. were the first to introduce boronic-acids based reagents
for “grafting onto” modification of lignin, resulting in promising thermal properties and Tg in the
range of −30 ◦C to −50 ◦C [23]. A similar lignin-based copolymer with low Tg was obtained by using
azide–alkyne Huisgen cycloaddition “click chemistry” tools [24]. In comparison, the “grafting from”
modification method allowed de Oliveira and Glasser to chemically modify hydroxypropylated lignin
with ring-opening polymerization of ε-caprolactone [25] and subsequently lower Tg. Another widely
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used “grafting from” method is atom transfer radical polymerization (ATRP) [26]. ATRP was used by
Hilburg et al. to prepare lignin-based thermoplastic with improved mechanical properties, and by Kim
and Kadla to obtain lignin-based thermoresponsive thermoplastic [27,28].

Two other prominent etherification methods for obtaining lignin-based thermoplastic include
methylation and hydroxyalkylation [29,30]. However, no systematic studies of etherification reactions
with higher alkyl chain congeners have been reported [13,31]. Furthermore, comparative studies
regarding hydrophobic lignin-based thermoplastic from different types of lignins are also scarcely
documented. Thus, in this work we have chosen our in house organosolv lignin as well as commercial
Kraft lignin for comparative studies. Both lignins were alkylated by etherification reaction with
two different alkyl iodides to produce hydrophobic thermoplastic. All lignin based hydrophobic
thermoplastics were characterized and comparative studies has been discussed in this work.

2. Materials and Methods

2.1. Materials and Chemicals

Kraft lignin (product no. 370959; Sigma-Aldrich, St. Louis, MO, USA) was used without any
further treatment. Organosolv lignin was produced from a hybrid organosolv—steam explosion reactor
as described previously [32]. Specifically, birch chips from mills in northern Sweden were milled to
<1 mm particle size and used as raw material for organosolv treatment at 200 ◦C for 30 min with 30%
(v/v) ethanol. The resulting pretreated solids were separated from the liquor by vacuum filtration
and the liquor was collected for lignin isolation. The ethanol was removed under vacuum in a rotary
evaporator and, finally, lignin was separated from the liquor by centrifugation at 29,416× g for 1 min at
4 ◦C. The lignin was air-dried until further use. Approximately 12 g of lignin were recovered per 100 g
treated birch chips (dry basis). Contaminants in lignin were analyzed as previously described [32];
they amounted to 2.73% w/w hemicellulose and 0.12% w/w ash, but no cellulose was detected.

Anhydrous potassium carbonate was purchased from Sigma-Aldrich and dried overnight in the
oven at 130 ◦C before every reaction. Dimethylformamide (DMF) was dried through a 4-Å molecular
sieve. 1-iododecane and 1-iodohexadecane were purchased from Sigma-Aldrich and used without
further purification.

2.2. Etherification Reaction

Prior to etherification, ~200 mg of lignin was weighted and heated in the oven (up to 60 ◦C) for
1 h, followed by drying under vacuum in a two-neck round-bottom flask for 2 h. Then, 5 mL of dry
DMF was added under nitrogen atmosphere and the mixture was stirred at room temperature until
a homogeneous solution was formed. Subsequently, 4 mol equivalents of anhydrous K2CO3 were
added and the mixture was heated up to 65 ◦C under nitrogen atmosphere. Next, 1.2 mol equivalents
of alkyl iodide were added dropwise with continuous stirring and heating, after which the mixture
was heated at 60–65 ◦C for 16 h under an inert atmosphere. Upon completion, the reaction was
quenched by the addition of water (50 mL). The reaction mass was stirred and a solid precipitate was
formed. The solid mass was washed several times with water, dried under vacuum, and mixed with
diethyl ether to dissolve the alkylated hydrophobic lignin. The ether-soluble part was separated and,
upon evaporation, a solid mass of 250–260 mg was recovered. The sample was kept under vacuum for
48 h before further characterization.

2.3. Nuclear Magnetic Resonance (NMR) Characterization

A Bruker Ascend Aeon WB 400 (Bruker BioSpin AG, Fällanden, Switzerland) NMR spectrometer
was used with a working frequency of 400.22 MHz for 1H, 100.65 MHz for 13C, and 162.02 MHz
for 31P with a 10-mm Z-gradient Broadband Observe (BBO) probe. Bruker Topspin 3.5pl2 software
was used for data processing. All spectra were recorded at 25 ◦C. Chemical shifts were expressed
in ppm (δ) downfield from tetramethylsilane (TMS), using the solvent as internal standard (CDCl3,
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δ = 7.26). 31P NMR spectra were acquired at an inverse gated pulse sequence with 90◦ pulse and Waltz
16 decoupling technique. A total of 72 scans were acquired with a 10-s recycle delay. 1H NMR spectra
were analyzed with the Bruker standard pulse program based on a total of 32 scans, while 13C NMR
spectra included a total of 1024 scans.

2.3.1. Quantitative 31P NMR

31P NMR analysis was performed according to a previously published method [33], modified so
as to be analyzed in 10 mm NMR probe. Approximately 120 mg of lignin was dissolved in 1.6 mL
anhydrous CDCl3/pyridine (1:1.6 v/v) solution. A 0.1 M standard solution containing cholesterol
as internal standard was prepared in anhydrous CDCl3/pyridine solution and 5 mg/mL Cr(III)
acetylacetonate was added as relaxation reagent. Then, 400 μL of this solution was added to the above
prepared lignin solution. The mixture was stirred vigorously and 400 μL of phosphitylating reagent II
(2-chloro-4,4,5,5-tetramethyl-1,2,3-dioxaphospholane) was added. The reaction mixture was stirred for
2 h at room temperature and then transferred to a 10-mm NMR tube for 31P NMR analysis. 31P NMR
measurements were performed to determine hydroxyl and carboxyl group content in organosolv as
well as in commercial Kraft lignin. 31P NMR results were expressed in mmol g−1 and were used to
calculate the reactants’ molar ratio for the etherification reaction.

2.3.2. 1H and 13C NMR

Approximately 200 mg of ether-functionalized lignin was dissolved in 3 mL CDCl3 and then
transferred to a 10-mm NMR tube. NMR spectra were acquired at 25 ◦C with sample spinning
frequency of 20 Hz. All ether-functionalized lignin samples were referenced with solvent signal at
7.26 ppm (CDCl3).

2.4. Fourier Transform Infrared (FT-IR) Measurements

FT-IR spectra were recorded on a Bruker IFS 80v vacuum FT-IR spectrometer equipped with a
deuterated triglycine sulphate detector. Samples were prepared with KBr as disks. All spectra were
recorded at room temperature (~22 ◦C) using the double-side forward-backward acquisition mode
under vacuum. A total of 128 scans were co-added and signal-averaged at an optical resolution of
4 cm−1.

2.5. Thermogravimetric Analysis (TGA)

TGA of lignin samples was performed on a PerkinElmer 8000 TGA instrument (Waltham, MA,
USA) at 30–800 ◦C with a heating ramp of 10 ◦C/min under nitrogen atmosphere. Approximately 1–2 mg
of lignin sample was used for each experiment and placed on PerkinElmer ceramic pans. All lignin
samples were dried for 48 h under vacuum before TGA analysis to remove moisture from the samples.

2.6. Differential Scanning Calorimetry (DSC) Analysis

DSC of lignin samples was determined on a PerkinElmer DSC 6000 single-furnace instrument
(Waltham, MA, USA) between −80 ◦C and 100 ◦C using an intracooler with a heating and cooling
ramp of 5 ◦C/min under nitrogen atmosphere. Approximately 1–2 mg of lignin sample was placed
in aluminum pans and sealed manually. At the beginning of the analysis, the sample was heated to
100 ◦C to form a thin layer inside the aluminum pan and then cooled gradually to −80 ◦C.

2.7. Gel Permeation Chromatography (GPC)

To determine the molecular weight of lignin samples, GPC was performed on a PerkinElmer
Flexar HPLC apparatus equipped with a UV detector (PerkinElmer, Waltham, MA, USA) and a Waters
(Milford, MA, USA) Styragel HR 4E column at 40 ◦C. THF was used as mobile phase at a flow rate of
0.6 mL/min. The detector was set at 280 nm. Prior to analysis, lignin was acetobrominated as previously
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described [34]. The calibration curve was acquired with polystyrene standards (Sigma-Aldrich,
St. Louis, MO, USA).

3. Results and Discussion

3.1. Selection of Appropriate Functionalization Conditions

Etherification is one of the most well-known functionalization methods for generating lignin-based
thermoplastic. Lignin ether linkages are more thermally stable and chemically resistant than lignin
ester linkages, making them more suitable for further thermoplastic applications. Our initial objective
was to prepare hydrophobic lignin thermoplastic by functionalization of organosolv lignin under
mild reaction conditions. The most commonly used etherification procedure involves the reaction
of an alkyl halide with lignin in the presence of a base. Lignin contains both aliphatic and phenolic
hydroxyl groups that are susceptible to etherification with the alkyl halide. However, due to the high
pKa value of the aliphatic hydroxyl group, etherification occurs exclusively at the phenolic hydroxyl
position under normal reaction conditions. We hypothesized that the use of strong base (e.g., NaOH or
KOH) at an elevated temperature could result in partial decomposition of native lignin. In addition
to this, a strong base can promote further competitive side hydrolysis reaction of alkyl halide with
strongly nucleophilic hydroxide ions (-OH). In this regard, K2CO3 is the best choice of base when
aiming at milder reaction condition and it has been widely used for the deprotonation of phenolic
compounds. However, as K2CO3 is highly soluble in water, it may also generate hydroxide ions under
these conditions and hydrolyze alkyl halides. To avoid this side reaction, etherification was carried out
under a nitrogen atmosphere with the use of anhydrous K2CO3 and DMF. DMF is the most compatible
solvent for the partial dissolution of K2CO3 particles, and allows for good solubility of lignin and most
alkyl halides.

Previously Ren et al. carried out the alkylation of alkaline lignin with n-dodecyl bromide for the
preparation of dodecylated lignin under reflux conditions in water for 2.5 days [35], which further
suggest the slower reactivity of alkyl bromide. Thus, the selection of alkyl halides was narrowed to
alkyl iodides, as these are more reactive compared to other alkyl halide congeners. Most alkyl iodides
undergo reaction with phenolic compounds at room temperature, but long-chain alkyl iodides require
elevated temperatures (60–65 ◦C) perhaps due to size flexibility or steric hindrance. We selected two
long-chain alkyl iodides, 1-iodohexadecane and 1-iododecane, to evaluate the effect of alkyl chain
length on the properties of functionalized lignin. Finally, to examine how the source of lignin affected
the etherification process, we compared in-house organosolv birch lignin with commercially available
Kraft lignin.

31P NMR analysis provided an estimate of hydroxyl as well as carboxyl group content.
As summarized in Table 1, total phenol and carboxyl content amounted to 2.50 and 0.19 mmol g−1

in organosolv lignin and 3.92 and 0.35 mmol g−1 in Kraft lignin. In contrast, the aliphatic hydroxyl
group content was higher in organosolv lignin (3.00 mmol g−1) than in Kraft lignin (2.18 mmol g−1).
Etherification of lignin was carried out on the basis of total phenol as well as carboxyl group content.

Table 1. 31P NMR (Nuclear Magnetic Resonance) data.

Lignin Total Phenol (mmol g−1) Carboxyl (mmol g−1) Aliphatic (mmol g−1)

Organosolv 2.50 0.19 3.00
Kraft 3.92 0.35 2.18

3.2. Characterization of Lignins

Lignin is one of the most complex biopolymers as it contains various kinds of bonds and functional
groups. Its complex nature often results in overlapped infrared spectra, which make it difficult to assign
the correct identities. In spite of band overlapping in the fingerprint region, FT-IR spectra of native
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organosolv lignin and its ether functionalized forms (Figure 1), as well as the corresponding Kraft
lignins (Figure 2), allowed bands to be assigned according to previously published data (Table 2) [36–44].

 

Figure 1. FT-IR spectra of nonfunctionalized organosolv (OS) lignin etherified with C10 (OS-C10) and
C16 (OS-C16) alkyl chains.

 

Figure 2. FT-IR spectra of nonfunctionalized Kraft (K) lignin etherified with C10 (K-C10) and C16
alkyl chains.
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Table 2. IR band assignments [36–44].

Wave Number (cm−1) IR Band Assignments

3427–3442 O-H stretching in aliphatic and phenolic -OH
2924–2938 C-H stretching in methyl groups
2842–2854 C-H stretch in methylene groups
1711–1730 C=O stretching in unconjugated ketones and carboxyl groups; saturated esters

1661 Stretching of C=O conjugated to aromatic rings (conjugated carbonyl)
1590–1598 Aromatic skeletal ring vibration (S > G) + C=O stretch
1506–1514 Aromatic skeletal ring vibrations (G > S)
1452–1466 C-H asymmetric deformations in methyl and methylene groups
1419–1427 Aromatic skeletal ring vibrations
1367–1378 Aliphatic C-H symmetric deformation in methyl (not methoxyl) + O-H deformation in phenols
1328–1330 S ring breathing vibration + G ring substituted in position 5
1264–1269 G ring breathing vibration and C-O stretching
1217–1235 C-O stretching in phenols and ethers
1122–1149 C-H stretching in G ring and Aromatic C–H in plane deformation (S)

1082 C-O stretch of secondary alcohols and aliphatic ethers
1034 Aromatic C-H in-plane deformations in G units + C-O deformations in primary alcohols

835/855 Aromatic C-H out-of-plane deformation (only in GS and H lignin types)

The band around 3438 cm−1 in organosolv (OS) lignin and 3427 cm−1 in Kraft (K) lignin
corresponded to the O-H stretching frequency in aliphatic or phenolic hydroxyl groups. This band
decreased significantly after functionalization in both OS and K lignin due to formation of an ether
linkage with the aromatic hydroxyl group. The bands in the 2924 cm−1 to 2938 cm−1 and 2842 cm−1

to 2854 cm−1 regions corresponded to C-H stretching in methyl and methylene groups, respectively.
A sharp increase in the C-H stretching frequency after functionalization confirmed the presence of
an alkyl chain, demonstrating the successful etherification of lignin. The carbonyl/carboxyl region
between 1711 cm−1 and 1730 cm−1 exhibited a different pattern in OS and K lignin before and after
etherification. In the case of OS lignin, the band around 1711 cm−1 demonstrated the presence of aryl
saturated carboxylic acids, accompanied by a shift to ~1725 cm−1 that suggested esterification at the
carboxylic acid groups. In the case of K lignin, a broad aromatic conjugated carboxylate band around
1661 cm−1 was observed. After etherification, the carboxylate band shifted to 1725 cm−1, perhaps due
to side esterification of the carboxylate group with alkyl iodide.

Aromatic skeletal vibration at 1590 cm−1 to 1598 cm−1, as well as aromatic ring vibration at
1506 cm−1 to 1514 cm−1 and 1419 cm−1 to 1427 cm−1 were common for all types of lignin. Band intensity
varied between samples depending on texture. Asymmetric deformations of C-H bonds in methoxy
and methylene groups appeared at 1452 cm−1 to 1466 cm−1, but displayed no change in intensity
and position for both lignin types before and after etherification. Common weak bands at around
1367 cm−1 to 1378 cm−1 were found in all lignin samples; they originated from aliphatic C-H symmetric
deformation in methyl groups and O-H deformation in phenolic groups. Interestingly, the band around
1328 cm−1 corresponding to the syringyl ring breathing vibration was present only in organosolv
samples (Figure 1). This is probably due to the fact that Kraft lignin originated from spruce and the
syringyl unit is absent from this source. The bands around 1264 cm−1 to 1269 cm−1 were assigned to
the guaicyl ring breathing vibration and were present in all lignin samples; however, their intensity
was higher in K lignin, confirming its provenance from spruce, which contains mainly guaicyl units.

Aromatic C-H in-plane deformation was observed at 1122 cm−1 to 1127 cm−1 in all lignin samples
with different intensities. On the one hand, the small hump of C-O stretching from secondary alcohols
and aliphatic ethers at 1082 cm−1 was found in all Kraft lignin samples. On the other hand, aromatic
C-H in-plane deformations in G units along with C-O deformations in primary alcohols at 1034 cm−1

were found in all lignin samples. The same was true for C-H out-of-plane deformations corresponding
to a weak band around 835 cm−1 to 855 cm−1. Overall, no significant changes were observed in the
region from 835 cm−1 to 1750 cm−1, demonstrating that the core structure of lignin was maintained
after mild etherification reaction.
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NMR analysis based on 1H and 13C NMR spectra is a powerful tool for characterizing lignin
functionalization. After etherification, lignin samples become highly hydrophobic in nature and thus
highly soluble in low-polarity solvents, such as chloroform, diethylether. In this case CDCl3 was used
as NMR solvent due to high solubility of etherified lignin samples. In 1H NMR spectra, the broad
triplet signal around 0.87 ppm was assigned to methyl protons of C10–C16 alkyl chain units (Figure 3).
The strong broad peaks around 1.2 ppm were assigned to all methylene protons (except α, βmethylene
protons) of C10–C16 alkyl chain units. The broad signal around 1.5–1.8 ppm was attributed to β
methylene protons of C10–C16, whereas that of α methylene protons appeared around 3.8 ppm as a
broad signal together with lignin methoxy groups. Aromatic and vinylic protons of lignin appeared
around 6.1–7.0 ppm, although signal intensity was very low compared to aliphatic signals of C10–C16
chain units.

Figure 3. 1H NMR spectra of functionalized organosolv (OS) and Kraft (K) lignins.

In 13C NMR spectra, the methyl carbon of C10–C16 chain units appeared around 14.4 ppm
(Figure 4). Signals from methylene carbons (except α, βmethylene carbons) of C10–C16 alkyl chains
appeared between 22.9–30 ppm. The signals between 32.1–32.2 ppm were assigned to the β carbon of
C10–C16 aliphatic chain units, whereas that of the α carbon was found around 69 ppm. The methoxy
carbons of lignin appeared around 56.6 ppm. Aromatic carbons of lignin showed a very low signal
between 102–156 ppm compared to C10–C16 aliphatic carbons. NMR signals of etherified lignin
samples reflected previously reported O-alkyl phenolic compounds and thus further confirmed the
successful etherification of lignin [45,46], as suggested also by high solubility in low-polarity solvents,
such as chloroform and diethylether.

Molecular weights of lignin samples before and after etherification were compared and are
reported in Table 3. Kraft lignin displayed generally higher molecular weight compared to organosolv
lignin and was accompanied by a high polydispersity index. In all cases, etherification increased
the molecular weight as a result of the newly attached alkyl chains, further attesting to successful
etherification of both lignin types. The increase in lignin molecular weight has been previously used
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to verify the success of esterification reactions [14,19,47]. Finally, etherification was seen to lower the
polydispersity index, as observed for the esterification of lignin [19,47].

 
Figure 4. 13C NMR spectra of functionalized organosolv (OS) and Kraft (K) lignins.

Table 3. Molecular weight values for non-functionalized organosolv (OS) and Kraft (K) lignin, as well
as for their derivatives after etherification.

Lignin
Number Average Molecular

Weight, Mn (Da)
Weight Average Molecular

Weight, Mw (Da)
Polydispersity Index

OS 1757 4603 2.62
OS-C10 1859 3719 2.00
OS-C16 2661 6219 2.34

K 1924 7759 4.03
K-C10 3452 11,664 3.38
K-C16 3493 10,925 3.13

3.3. Thermal Characterization of Functionalized Lignins

Thermal stability is one of the main parameters for thermoplastic applications, which can be
assessed by measuring TGA analysis. There are very few reports available on systematic thermal
analysis data of alkylated lignins with higher alkyl chains. Previously Chen et al. reported on C12
alkylated lignin for PP blends and observed 10% weight loss at 200 ◦C [48]. Ramp TGA is a widespread
method for the initial thermal stability screening of any compound. Short-term thermal stability
based on Twt% from ramped TGA data represents the fastest way to measure thermal stability of
any materials [49]. Here, short-term thermal stability of T0.5%, T1%, and T2% corresponded to the
temperature at which a weight loss of 0.5%, 1%, and 2% was observed in lignin samples (Table 4).
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Thermal stability of all lignin samples was analyzed by TGA with a heating ramp of 10 ◦C/min up
to 800 ◦C under nitrogen atmosphere. In this study, two sets of lignin samples were analyzed by
thermogravimetric method.

Table 4. Twt% values of ether-functionalized organosolv (OS) and Kraft (K) lignin samples from the
TGA plot.

Sample T0.5% (◦C) T1% (◦C) T2% (◦C)

OS 50 65 143
OS-C10 174 193 213
OS-C16 135 140 148

K 54 66 133
K-C16 148 156 168
K-C10 75 88 104

In the first case, organosolv lignin and its alkylated thermoplastic lignins were analyzed. In our
case degradation of native organosolv lignin was observed relatively easily, even at <80 ◦C, possibly
due to internal radical coupling reactions [50]. Initial 2% weight loss of native organosolv lignin were
observed around 143 ◦C. From the TGA plot (Figure 5), it is evident that thermal stability increased
significantly after ether functionalization and was highest in case of organosolv lignin etherified with
C10. T0.5% of OS-C10 was observed around 174 ◦C; whereas OS-C16 reached 135 ◦C. The highest T1%

was observed at 193 ◦C for OS-C10; whereas T1% for OS-C16 was 140 ◦C. Similarly, T2% of OS-C10 was
around 213 ◦C, which is substantially more than the values for OS-C16, which was 148 ◦C.

Figure 5. Thermal decomposition graphs obtained under nitrogen atmosphere of non-functionalized
and etherified organosolv lignin.

On the other hand, the degradation of native Kraft lignin was also relatively facile like organosolv
lignin and started even <80 ◦C. However, a 2% weight loss in native Kraft lignin was observed around
133 ◦C. Interestingly, etherified Kraft lignin also displayed good thermal stability (Figure 6), with the
K-C16 sample exhibiting 0.5% decomposition at 148 ◦C, whereas K-C10 showed very poor thermal
stability T0.5% at 75 ◦C. Furthermore, T1% of K-C16 and K-C10 were found to be 156 ◦C and 88 ◦C.
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Although 2% degradation of K-C16 was comparatively high 168 ◦C but K-C10 showed lower thermal
stability 104 ◦C than its native Kraft lignin 133 ◦C. Finally, non-functionalized lignins (especially the
Kraft one) produced a higher amount of char at 800 ◦C compared to etherified lignins. This is probably
due to formation of highly fused polycyclic aromatic hydrocarbon compounds via coupling of free
phenolic hydroxyl groups.

Figure 6. Thermal decomposition graphs obtained under nitrogen atmosphere of nonfunctionalized
and etherified Kraft lignin.

Tg and melting temperature (Tm) are crucial for choosing the most appropriate candidate
thermoplastic application and can be measured by DSC analysis. Tg of non-functionalized organosolv
lignin was found to be very broad and centered at 117.1 ◦C and for commercial Kraft lignin is reported at
153 ◦C [51], although both lignin starts to decompose also at lower temperature. This finding indicated
that non-functionalized lignin did not exhibit true Tg and could not be used in thermoplastic applications,
as it would decompose during the thermoforming process. On the contrary, ether functionalization of
organosolv lignin led to a sharp Tg peak and the detection of Tm (Figure 7). Importantly, controlling
the alkyl chain length during etherification allowed the control of Tg, opening the opportunity for
fine-tuning the thermal properties of the generated thermoplastics in accordance with the required
application. During DSC analysis, samples were initially heated to 100 ◦C to form a thin film and
then gradually cooled to −80 ◦C prior to starting up the heating/cooling cycles. During the cooling
part, a small dip around 40–43 ◦C was observed for almost in all samples and it was ascribed to the
endothermic peak of crystallization (Tc). As all lignin samples were highly amorphous, the endothermic
peak of Tc was small and was observed only during the cooling cycle. This small endothermic peak
of crystallization occurred possibly due to the introduction of alkyl chain into the lignin structure,
which induces alkyl stacking in lignin thermoplastic [52–55]. Another endothermic peak, corresponding
to Tg, was observed when lignins were cooled further to a lower temperature. OS-C10 presented the
lowest Tg (−45.6 ◦C), while OS-C16 showed a sharp endothermic peak around 9 ◦C, further confirming
how variations in alkyl chain length could serve to fine-tune the thermoplastic properties. Finally,
the Kraft lignin K-C16 sample exhibited glass transition around −7.5 ◦C (Figure 7), whereas K-C10
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failed to show any Tg throughout the heating or cooling cycle. This was probably due to its broad
molecular weight distribution with high polydispersity index (3.38) compared to other lignin samples.

 

Figure 7. DSC analysis of functionalized lignins indicating glass transition (Tg) and crystallization
(Tc) temperatures.

Based on the above, it was shown that lignin can serve as raw material for the production of
thermoplastic. Utilization of all the biomass fractions towards the production of bio-based products is
important for an economically viable biomass biorefinery. In this context, organosolv fractionation
serves as an excellent option to deliver fractions of cellulose, hemicellulose and lignin that can be used
at different applications. Recently, in a techno-economic analysis of a biomass biorefinery based on
organosolv fractionation of birch and spruce biomass it was shown that the process can be economically
viable for the production of ethanol from cellulose, when hemicellulose and lignin are also products [56].
As it was discussed previously, lignin is often underutilized and there is a need to further develop a
process for its conversion to high added-value products that aim to provide additional profit to the
process. In this context, the production of thermoplastic materials from lignin can serve as a promising
alternative towards establishing economically viable biorefinery processes.

4. Conclusions

Valorization of lignin towards high added-value products is a requirement for establishing
an economically viable biorefinery paradigm. Most traditional processes for the valorization of
lignocellulosic biomass result in the production of lignin contaminated with sugars, ash or microbial
cells. Organosolv fractionation can produce elevated yields of highly pure and practically ash-free
lignin with minimal sugar contaminations. Here, we demonstrated the comparative functionalization
characteristics of organosolv-isolated lignin as well as Kraft lignin. Organosolv lignin can also serve
as a promising material towards production of green thermoplastics with tunable characteristics
compared to commercial lignin.
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Abstract: This study demonstrates the effects of structural variations of lignins isolated via an
organosolv process from different woody and herbaceous feedstocks on their thermal stability profiles.
The organosolv lignins were first analysed for impurities, and structural features were determined
using the default set of gel permeation chromatography, FT-IR spectroscopy, quantitative 31P NMR
spectroscopy and semi-quantitative 1H-13C HSQC analysis. Pyrolysis-, O2- and CO2-reactivity of the
organosolv lignins were investigated by thermogravimetric analysis (TGA), and volatile formation
in various heating cycles was mapped by head-space GC-MS analysis. Revealed reactivities were
correlated to the presence of identified impurities and structural features typical for the organosolv
lignins. Data suggest that thermogravimetric analysis can eventually be used to delineate a lignin
character when basic information regarding its isolation method is available.

Keywords: lignin; organosolv fractionation; TGA; 31P NMR; HSQC; heat treatment

1. Introduction

Lignocellulosic feedstocks hold a potential for large-scale production of second-generation biofuels
leading to a decarbonization of the energy sector [1]. The fractionation of biomass into cellulose,
hemicellulose, lignin and extractives provides valuable feedstocks for the energy sector and the
chemical industries [2]. While cellulose and hemicellulose represent structurally regular polymers,
extractives and lignin represent a more difficult starting material for valorisation. In case of lignin,
not only the (presumably) uncontrolled biosynthesis leading to random polymer linkages, but also the
biomass-dependent distribution of monomeric building blocks mark challenging aspects. The relative
abundance of these monomers within a lignin polymer leads to the common differentiation between
lignins isolated from softwood, hardwood or herbaceous biomass [3]. The polymeric lignin structure
present in the plants is more resistant to most forms of biological attacks, sunlight and temperature
changes compared to polysaccharides, contributing thus to the industrial challenges faced in lignin
valorisation [4]. Once separated from the other biopolymers, lignin has nevertheless been utilized as a
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primary feedstock for composites, PU-based foams, films, paints, and plastics [5]. From a different
technical point of view, lignin rich feedstocks present challenges for gas cleaning units of gasification
reactors as high concentration of lignin may increase soot yields in addition to increasing formation of
PAH precursors [6]. Thus, removal of lignin from biomass is important to prevent outlet blockages
and to ensure steady syngas production increasing overall efficiency of the gasification process.

When it comes to the production of biofuels from low cost lignocellulosic biomass,
such as agricultural or forestry residues, a typical process consists of biomass pretreatment,
enzymatic saccharification of the carbohydrates and microbial conversion of the sugars to biofuels [7].
The main aim of pretreatment is to efficiently remove hemicellulose and lignin from cellulose and
increase the susceptibility of cellulose to enzymatic hydrolysis [8]. Removal of lignin from cellulose
is particularly important as lignin has a negative influence on enzymatic saccharification due to
the irreversible adsorption of cellulolytic enzymes onto lignin and their inhibition from soluble
lignin-derived molecules [9]. Hydrothermal pretreatment is one of the most common methods to
pretreat lignocellulosic biomass, which effectively degrades hemicelluloses, even without chemicals,
increases the biomass porosity, thus enhancing the enzymatic hydrolysis of the pre-treated biomass [10].
The common challenge of hydrothermal pretreatment is that lignin cannot be directly removed and
hence partly rearranges on the surface of the lignocellulosic biomass, causing an inhibitory effect
on the saccharification process [11,12]. Organosolv pretreatment is known as an effective method to
fractionate biomass into cellulose, hemicellulose and lignin streams by using aqueous-organic solvent
mixtures, with high solvent concentration (30–70 %) at temperatures of 100–220 ◦C, with or without
the addition of catalysts [13,14]. One of the main benefits of organosolv pretreatment is the isolation of
high-quality lignin and cellulose fractions [15,16]. Another two advantages of the organosolv process
are related to the relative easy recovery and re-use of the commonly used organic solvents (such as
ethanol or acetone) and improved mass transfer and dissolution of lignin in the presence of an organic
solvent [17–19]. Previous research showed that organosolv pulps have bleachability and viscosity
retention which are comparable to those of cellulose soda and kraft pulps [20]. Most studies [21–23]
investigated the effect of feedstock on the chemical properties of lignocellulosic fractions from the
organosolv wood pre-treatment, whereas the chemical properties and reactivity of lignocellulosic
fractions after organosolv treatment of herbaceous biomass are rarely studied in the literature.

In a previous work [7], the efficiency of organosolv pretreatment on wood at different operating
conditions such as type of solvent, lack or presence of homogeneous catalyst, and type of
homogeneous acid catalyst was investigated. The aim of the present study was to evaluate the
properties of lignins isolated from various feedstocks via the previously described novel organosolv
processes [7,9]. Structural and physicochemical characteristics of five different lignins were elucidated
using established analysis methods: Gel permeation chromatography for molecular mass features,
quantitative 31P NMR and comparative two-dimensional 1H-13C HSQC analyses for more detailed
structural aspects. Another aim of this work was to investigate to which extent the structural
differences would be reflected in gas chromatographic analysis for determining initially present
volatiles and inducible volatile contents, as well as in thermogravimetric analysis for delineating
polymer characteristics and lignin reactivity in different atmospheres [12]. Structural information
obtained by the various methods was correlated to findings in head-space GC-MS and thermal
analyses. The presented analyses offer a solid base on which a specific lignin could be chosen for a
value-added application.

2. Materials and Methods

2.1. Raw Materials

In the present study, both wood (pine sawdust and spruce bark) and herbaceous biomass (cotton
stalks and sweet sorghum bagasse) were used as raw materials. Pine sawdust and spruce bark were
obtained from mills from Northern Sweden, cotton stalks were obtained from fields in Thessaly (Greece),
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and sweet sorghum (Keller cultivar) was obtained from fields in the Kopaida plain (Central Greece). The
materials, apart from sweet sorghum, were immediately air-dried upon receive, milled to particle size <

1 mm and stored at room temperature. For the preparation of sweet sorghum bagasse, the sugars were
extracted from the sweet sorghum stalks as previously described [24] and bagasse was dried, milled and
stored at room temperature. Finally, spruce bark was treated in hot-water extraction (75 ◦C for 2 h) with
the addition of sodium bisulfite (2 % w/wbiomass) and sodium carbonate (0.5 % w/wbiomass) to remove
the tannin and other water soluble extractives [25]. After hot-water extraction, the tannin-extracted bark
solids were removed from the process by vacuum filtration, washed with water and air dried.

2.2. Organosolv Fractionation

Pine sawdust and cotton stalks were treated in a hybrid organosolv: steam explosion reactor
which was previously described [9], whereas sweet sorghum bagasse and tannin-extracted spruce bark
were treated in an autoclave organosolv reactor, as reported previously [7]. The organosolv treatment
conditions for the different feedstock were as follows: pine sawdust was treated at 190 ◦C for 60 min in
a 60 % v/v ethanol solution with the addition of 1 % w/wbiomass sulfuric acid; cotton stalks were treated
at 200◦ for 45 min in a 50 % v/v ethanol solution with the addition of 1 % w/wbiomass sulfuric acid; sweet
sorghum bagasse was treated at 180 ◦C for 30 min in a 60 % v/v ethanol solution; tannin-extracted
bark was treated at 180 ◦C for 1 h with 60 % v/v ethanol content, with and without the use of 1 %
w/wbiomass sulfuric acid. At the end of the organosolv treatment, the pretreated solids were separated
from the liquor by vacuum filtration. Lignin was recovered from the liquor by centrifugation after
ethanol removal in a rotary evaporator. Finally, lignin was air-dried and stored at room temperature.
In the manuscript, the abbreviations of lignin fractionated from pine sawdust (PL), cotton stalks (CL),
sweet sorghum bagasse (SSL), spruce bark with (SBAL) and without acid addition (SBNL) were used.

2.3. Lignin Characterization

2.3.1. Elemental Analysis

The elemental analysis was performed on two instruments of the same model (Eurovector, model
EA3000). Acetanilide was used as a reference standard. The ash content was determined using a
standard ash test at 550 ◦C, according to the procedure described in DIN EN 14775.

2.3.2. Headspace Gas Chromatography-Mass Spectroscopy

Approximately 20 mg of a lignin sample was accurately weighed and directly sealed into a 20 mL
headspace vial. Headspace gas chromatography-mass spectroscopy (HSGC-MS) analysis was performed
using an Agilent 7694E Headspace sampler (Agilent Technologies, Santa Clara, CA, US), connected to
an Agilent 7890B series gas chromatograph coupled with an Agilent 5977A series mass spectrometer
and equipped with a HP-5MS Agilent column (0.25 mm × 30 m × 0.25μm). The headspace operating
conditions were as follows: The equilibration time was 20 min; the headspace oven, loop, and transfer
line temperatures were 110, 180 and 270 ◦C; 130, 200 and 280 ◦C; and 130, 200 and 280 ◦C respectively;
the shaking time was 2 min at low intensity; the injecting time was 2 min. GC operating conditions were
as follows: the carrier gas (helium) was set at a flow rate of 1.0 mL min−1 with the split ratio was 5:1; the
column temperature program was initially set at 50 ◦C for 1 min, and was gradually increased to 100 ◦C
at 3 ◦C min−1, then kept for 3 min before being gradually increased to 110, 180, or 270 ◦C at 10 ◦C min−1;
for MS detection, an electron ionization (EI) system was used with the ionization energy at 70 eV; the
temperature of the ion source and the quadrupole temperature was 230 and 150 ◦C, respectively; the
mass range was 50–550 amu in the full-scan acquisition mode with 3 min of solvent delay. The HSGC-MS
collected data were processed by MassHunter Qualitative Analysis B.06.00 for the peak deconvolution.
The mass spectra with the well-resolved overlapping peaks were imported into the mass spectra library
software NIST MS Search 2.3 [26].
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2.3.3. Molecular Weight Determination of Lignin

Lignin molecular weight and molecular weight distribution were determined by gel permeation
chromatography (GPC) as described previously [27] after being acetobrominated according to the protocol
proposed by Asikkala et al. [28]. More specifically, approximately 5 mg of lignin was initially reacted in a
1 mL solution of 9:1 v/v of glacial acetic acid/acetyl bromide (Sigma Aldrich, St. Louis, MO, USA) for
2 h, followed by removal of the solvent in a rotary evaporator. The sample was then dissolved in THF
(tetrahydrofuran; VWR Chemicals, Radnor, PA, USA), followed by solvent removal. This process was
done twice, to ensure that glacial acetic acid and acetyl bromide were properly removed. Finally, the
sample was dissolved in 1 mL of THF and used for the determination of the molecular weight. GPC
analysis was done in an HPLC apparatus equipped with a UV detector (PerkinElmer Flexar, Watham,
MA, USA) and a Styragel HR 4E (Waters; Miford, MA, USA) chromatographic column. THF was used as
mobile phase at 0.6 mL min−1 flow rate, and the column was kept at 40 ◦C. The UV detector was set at
280 nm. The calibration curves were prepared by using polystyrene standards (Sigma Aldrich). Molecular
masses calculated based on the calibration were rounded to the full hundreds.

2.3.4. FTIR Spectroscopy

The lignin samples were analyzed by a Cary 630 FTIR spectrometer (Agilent Technologies,
Santa Clara, CA, USA). All absorption spectra were obtained in the 4000–600 cm−1 range by 100 scans
at 4 cm−1 resolution. For background, 200 scans were acquired. Good contact between sample and
ATR-crystal surface was ensured before all measurements. All samples were measured in triplicate.

2.3.5. Quantitative 31P NMR Analysis

In general, a procedure similar to the one originally published and previously applied was
used [29]. Approximately 30 mg of the lignin were accurately weighed for analysis in a volumetric flask
and suspended in 400 μL of a solvent mixture of pyridine and deuterated chloroform (dCDCl3) (1.6:1,
v/v) the above prepared solvent solution. One hundred microliters of the internal standard solution,
i.e., cholesterol at a concentration of 0.1 M in the aforementioned NMR solvent mixture, were added.
50 mg of Cr(III) acetyl acetonate were added as relaxation agent to this solution, followed by 100μL of
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxa-phospholane (Cl-TMDP). After stirring for 120 min at ambient
temperature, 31P NMR spectra are recorded on a Bruker 400 MHz NMR spectrometer controlled by
TopSpin software, using an inverse gated decoupling technique with the probe temperature set to 20 ◦C.
The maximum standard deviation of the reported data is 0.02 mmoL g−1, while the maximum standard
error is 0.01 mmoL g−1. NMR data were processed with MestreNova (Version 8.1.1, Mestrelab Research,
Santiego de Compostela, Spain). Technical loadings are determined by comparing the abundancies of
total aromatic hydroxyl groups of the product lignin with the starting lignin.

2.3.6. Qualitative 1H-13C HSQC Analysis

Samples of around 90 mg were dissolved in 600μL DMSO-d6; chromium acetyl acetonate was
added as spin-relaxing agent at a final concentration of ca. 1.5–1.75 mg mL−1. HSQC spectra were
recorded at 27 ◦C on a Bruker 400 MHz instrument equipped with TopSpin 2.1 software. 1H-13C HSQC
spectra were obtained applying the following parameters for acquisition: TD = 2048 (F2), 512 (F1).
The Bruker hsqcetgp pulse program in DQD acquisition mode was used, with NS = 32; TD = 2048
(F2), 512 (F1); SW = 15.0191 ppm (F2), 149.9819 ppm (F1); O2 (F2) = 2000.65 Hz, O1 (F1) = 7545.96 Hz;
D1 = 2 s; CNST2 (1J(C-H) = 145; acquisition time F2 channel = 85.1968 ms, F1 channel = 8.4818 ms;
pulse length of the 90◦ high power pulse P1 was optimised for each sample. NMR data were processed
with MestreNova; spectra were referenced to the residual signals of DMSO-d6 (2.49 ppm for 1H and
39.5 ppm for 13C domain, respectively).
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2.3.7. Thermogravimetric Analysis

The lignin samples were firstly crushed to a fine powder in a mortar with a ceramic pestle.
The thermal decomposition of lignin samples was determined using an atmospheric thermogravimetric
instrument (Mettler Toledo, Columbus, OH, USA). The pyrolysis of lignin samples was investigated in
100 % volume fraction N2 (100 cm3 min−1 of N2 measured at 20 ◦C and 101.3 kPa). The reactivity of
lignin samples in 20 % volume fraction CO2 (20 cm3 min−1 of CO2 and 80 cm3 min−1 of N2 measured
at 20 ◦C and 101.3 kPa) and 5 % volume fraction O2 (5 cm3 min−1 of O2 and 95 cm3 min−1 of N2

measured at 20 ◦C and 101.3 kPa) was determined by loading 5 mg of sample in an Al2O3 crucible.
The lignin samples were firstly heated up to 110 ◦C and kept for 30 min isothermally for drying.
The dried samples were subsequently heated to 1100 ◦C at a constant heating rate of 10 ◦C min−1.
All measurements were conducted in duplicate to verify sufficient reproducibility.

3. Results and Discussion

3.1. Ultimate and Proximate Analysis

The ultimate and proximate analysis of fractionated lignin was carried out and the results are
shown in Table 1. Organosolv lignin fractions were free from sulphur, confirming previous results [30].
Table 1 shows carbon (C), oxygen (O), hydrogen (H), nitrogen (N) and sulphur (S) contents of all lignins
according to CHNS analyzer. The carbon content of lignin from sweet sorghum bagasse was slightly
lower than that of lignin samples from other feedstocks. Nitrogen content found in lignin reflects
contamination by residues of proteins or industrial fertilisers, especially in the case of the annual
plant-derived sorghum and cotton lignins. In most lignins except pine sawdust lignin, nitrogen amount
is in the range of 0.4–1.1 wt. % [31,32].

Table 1. Proximate and ultimate analysis of lignin that was fractionated from cotton, sweet sorghum,
pine sawdust, spruce bark (with and without the acid catalyst). The abbreviations of lignin fractionated
from pine sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL), spruce bark with (SBAL)
and without acid addition (SBNL) were used. The standard error for all measurements was <10 % of
the value.

Properties PL CL SSL SBAL SBNL

Proximate and ultimate analysis (% on dry basis)

Moisture a 2.1 0.1 0.4 0.1 0.2

C 65.2 64.9 61.9 66.5 64.6

H 6.3 7.0 5.9 6.7 6.4

O 28.0 26.3 31.0 25.8 27.8

N 0.4 1.7 1.1 0.9 1.1

S 0.1 0.1 0.1 0.1 0.1
a wt. % (as received).

Table 2 shows the results of analyses of impurities, cellulose and hemicellulose sugars and
ash in the various lignins, determined according to the NREL technical report [33]. The results
indicate that lignin samples are of high purity, exhibiting only low ash and carbohydrate contents.
Specifically, the highest carbohydrate impurities were observed in SSL and reached 7 % w/w,
whereas for the rest of lignins it was less than 2.3 % w/w. The ash content in all lignin samples
was less than 0.6 % w/w, with most of the samples to be below 0.3 % w/w (Table 2).
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Table 2. Composition in impurities ( %, w/w) and GPC analysis of the lignin samples. The abbreviations
of lignin fractionated from pine sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL), spruce
bark with (SBAL) and without acid addition (SBNL) were used. The standard error for all measurements
was <10 % of the value.

Feedstock
Cellulose Hemicellulose Ash Mn Mw PDI

%, w/w Da

PL 0.2 0.9 0.2 1900 7700 4.4

CL 0.3 0.6 0.2 3400 16,800 4.9

SSL 4.1 2.9 0.3 1600 6600 4.1

SBAL 1.5 0.7 0.6 1600 10,600 6.6

SBNL 1.5 0.6 0.2 1600 8900 5.6

3.2. GPC Analysis

The molecular weight of lignin samples is given in Table 2. The lignin number average molecular
weight (Mn) varied from 1600 to 3400 Da with the highest weight for the cotton stalk lignin. The size
exclusion analysis showed a broad variation of the weight average molecular weight (Mw) from 6600
to 16,800 Da, emphasizing eventually the effect of feedstock and the structural characteristics between
the lignins of the various feedstocks in combination with the fractionation protocol applied. In general,
the molecular weight found for the lignin samples can be attributed to the milder reaction conditions
of the organosolv treatment used in the present study. Overall, lower number average molecular
weight samples exhibited also a lower polydispersity, corresponding to previous results [34–37].

3.3. FTIR Analysis

FTIR analysis was conducted to investigate the differences in main functional groups and
monomer composition in the tested lignin samples, as shown in Figure 1; band assignments are
summarized in the Appendix A (Table A1).
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Figure 1. Experimental IR spectra of lignin samples. The abbreviations of lignin fractionated from pine
sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL), spruce bark with (SBAL) and without
acid addition (SBNL) were used.
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The bands at 1514 and 1597 cm−1 were significantly pronounced in all lignin samples and represent
the aromatic skeletal vibrations [38,39]. All organosolv lignins from the different feedstocks presented
the vibration of C-H stretching in -CH2- and -CH3 group at 2960–2933 and 2853 cm−1, respectively,
as well as the C=O group stretching of carbonyl groups of α-oxidized structural motifs with bands
at 1694–1701 cm−1. Aromatic skeletal vibrations at 1514 cm−1, C-H deformations in CH2 and CH3

group (1450–1460 cm−1), aliphatic C-H stretch in CH3, not in OCH3 (1372 cm−1), G ring breathing
(1267–1272 cm−1), and aromatic C-H in plane deformation (G > S) (1028 cm−1) can be observed in
all lignin samples with different intensities. The intensity of the guaiacyl unit in CL and SSL was
represented by the peak at C-C and C-O stretch. FTIR absorptions indicative of syringyl units were
found to be stronger in CL and SSL, as one would expect based on the type of feedstock.

3.4. 31P NMR and 1H-13C HSQC Analysis

Quantitative 31P NMR analyses of the lignins under study reveal structural differences and
dominating types of aromatic structures given the starting biomasses. Results are summarized in
Table 3.

Table 3. 31P NMR analysis of lignin samples. The abbreviations of lignin fractionated from pine
sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL), spruce bark with (SBAL) and without
acid addition (SBNL) were used.

Lignin
Aliph OH

Aromatic OH Acidic Total Arom/Aliph

Cond G p-OH Total OH OH OH

mmoL g−1 mmoL g−1 mmoL g−1 mmoL g−1

PL 1.41 0.32 0.58 0.06 0.96 0.16 2.37 0.68

CL 1.06 0.46 0.41 0.14 1.00 0.26 2.06 0.95

SSL 1.64 0.55 0.39 0.45 1.39 0.27 3.03 0.85

SBAL 0.83 0.39 0.45 0.36 1.21 0.32 2.04 1.46

SBNL 0.87 0.25 0.43 0.32 1.01 0.31 1.88 1.16

Noteworthy, only the two bark lignin samples exhibit more phenolic OH than aliphatic OH,
with a significant difference in the SBAL sample. The positive effect of the presence of the acid
catalyst with respect to generating free phenolics is obvious in this case. The higher amounts of
S-type-phenolics found for CL and SSL reflect the presence of the syringyl monomers in the structure,
while overall notable presence of condensed units suggests that the treatment might cause, to a low
extend, intramolecular condensations.

HSQC spectra of lignins were acquired using fixed, standardised conditions in terms of
concentrations of samples and acquisition parameters to allow a comparative analysis without
quantification. Non-acetylated samples were dissolved in DMSO for analysis. Results are summarized
in Table 4. HSQC-analyses essentially confirm structural differences of the lignins as it can be expected
based on the starting biomasses. In terms of monomer composition, PL which has been chosen
as a base for its essentially ’pure G’ character compared to the other samples, shows the typical
G-units as essentially only monomer type present, and the presence of typical interunit binding motifs.
Cross peaks indicative for α-oxidized β-O-4’ motifs are present. Cinnamyl alcohol and aldehyde
are detectable end motifs in PL. The overall intensities of cross-peaks in the lower aliphatic region,
eventually attributable to the presence of further extractable aliphatic impurities and aliphatic end
groups of various nature are comparable to those found for CL and SSL, but inferior to those of the
bark samples. Traces of hemicellulose residues, especially xylan residues, in the lignin are detectable,
signs indicative of lignin-carbohydrate complexes (LCCs) in PL are de facto absent. CL shows the
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typical distribution of monomer types for herbaceous lignins, and standard interunit motifs are present
as well as typical termination motifs. Cross peaks indicative for α-oxidized β-O-4’ motifs are less
intense than for PL. Traces of hemicellulose residues in the lignin are detectable, signs indicative of
lignin-carbohydrate complexes (LCCs) are absent here as well. The sample contains a significant
amount of para-coumarates as one could expect compared to PL.

A more densely populated aliphatic region indicates the presence of larger amounts of extractives
in the sample compared to PL. Moreover, SSL contains still some extractives/aliphatics but in overall
lower concentrations when normalizing abundancies to PL. Apart from standard monomer units for
this lignin, the sweet sorghum bagasse sample contains the standard bonding motifs, seemingly in less
abundance than PL and CL. However, given the fact that the sample due to the presence of the S-units,
contains significantly more methoxy groups per C9-unit, differences as highlighted in Table 4 must not
be overinterpreted. Nevertheless, coumarate residues can be seen as significantly enhanced also with
respect to CL. The sample contains significantly higher concentrations of hemicellulose residues than
PL and CL.

Both bark extracts, i.e., SBAL and SBNL, give rather different HSQC spectra compared to the
other lignin samples as is expectable. The two samples are overall very similar, showing mainly β-O-4’
and β-O-5’ interunit bondings. The clear presence of LCC-indicating cross-peaks in SBNL vs. traces
of these peaks in SBAL is in agreement with the 31P NMR findings discussed above, hinting at the
effectiveness of the acid treatment for eventually cleaving LCC bonding motifs and facilitating thus
removal of carbohydrates. Both bark samples are characterized by high intensities of cross-peaks
in the lower aliphatic region, eventually attributable to the presence of higher amounts of polar
extractable impurities.
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3.5. Headspace Gas Chromatography-Mass Spectrometry

The formation of main compounds during HSGC-MS treatment of lignin was investigated at
treatment temperatures of 110, 180 and 270 ◦C. Only compounds with a spectral match quality greater
than 85 % and an abundance of greater than 0.5 % are listed in the Table 5.

The HSGC-MS analysis at 110 ◦C indicated only a few compounds in the vapor of lignin samples:
Isovanilline in CL, PL, SSL, vanillin in SBNL and SBAL, eugenol in PL, coumaran, α-curcumene,
o-guaiacol and succinic acid in CL, cadelene in SBAL, CL and PL. The presence of coumaran in CL
agrees with the literature as lignin in grasses generally contains significant greater amount of coumaryl
(H) (5–35 %) than in softwoods [40]. The detected vanillin-based compounds represent the G-group
unit [41]. The increase of vanillin concentration during the heating is the result of the oxidative
degradation of guaiacyl structures [42]. The other released aromatic compounds, i.e., isovanilline,
etc., have other aromatic origins or can be seen as products of more complex degradation/migration
and rearrangements occuring upon heating under air. The relative amounts of vanillin were less
abundant in CL and SSL for the reason of smaller proportion of guaiacyl units in herbaceous
biomass than in softwood. Both bark lignin samples retain greater concentrations of extractives
bonded to their structure than other samples, as the results listed in Table 5 show. Even using the
additional ethanol-water or water-diethyl ether washing of lignin indicated that extractives can remain
partially linked to lignin fibers due to their affinity [43]. In addition, previous results showed that
α-curcumene and cadelene could be formed during low temperature heating of resins [44]. The most
abundant fragment released during HSGC-MS analysis was calamenene in SBNL and SBAL and PL
samples, which were previously found in the released compound vapor of coniferous wood [45]. This
result agrees with the thermogravimetric analysis of lignin samples, whereas lignins fractionated
from softwood showed a pronounced DTG peak at low temperatures, as discussed in Section 3.6.
Overall, cotton stalks lignin showed the broadest distribution of released compounds during headspace
analysis at 110 ◦C.

An increase in heat treatment temperature from 110 ◦C to 180 ◦C and then 270 ◦C during HSGC-MS
analysis led to an increase in aromatic compounds and esters, and decrease in aldehydes which mainly
originated from remaining impurities of hemicellulose and cellulose, as previously discussed [46]. The
ethyl levulinate found in SSL, SBNL, SBAL and CL and dehydroabietal detected in SSL were released at
180 ◦C, emphasizing the presence of cellulose-related compounds, which were, however, not observed
any more at 270 ◦C. Moreover, HSGC-MS treatment at 180 ◦C led to the formation of 5-formylfurfural
in SBNL, SBAL, and SSL, confirming the presence of hemicellulose-related species, in accordance with
HSQC data. This result agrees with the thermogravimetric analysis (see Section 3.6), whereas both bark
lignins showed a pronounced DTG peak at low temperatures that indicates the presence of remaining
extractives and carbohydrates. Results further indicate that compounds in the vapor phase at 270 ◦C
analysis were mainly oxygenated aromatic chemicals. The main products in the HSGC-MS analysis of
SSL, PL, SBAL, SBNL and CL at 270 ◦C were vanillin, acetovanillone and o-guaiacol, stemming from
G-based structural units. Isoeugenol, 4-ethylguaiacol, vanillin and methyl vanillate were present in all
lignin samples, with noteworthy exception of SBAL, whereas 4-vinylguaiacol was detected in all lignin
samples with the exception of both spruce bark lignins. These results are in agreement with data of
thermogravimetric analyses indicating an increased release of guaiacol and its derivatives with higher
heating temperatures. At 180 and 270 ◦C, all lignin samples, except PL at both temperatures and CL at
270 ◦C, formed succinic acid, stemming from oxidative cleavage under the severe conditions.

56



Processes 2020, 8, 860

T
a

b
le

5
.

L
is

to
fi

d
en

ti
fi

ed
co

m
po

un
d

s
fr

om
H

SG
C

-M
S

an
al

ys
is

at
he

ad
sp

ac
e

ov
en

te
m

pe
ra

tu
re

of
11

0,
18

0,
27

0
◦ C

of
lig

ni
n

fr
ac

ti
on

at
ed

fr
om

pi
ne

sa
w

d
us

t(
PL

),
co

tt
on

st
al

ks
(C

L)
,s

w
ee

ts
or

gh
um

(S
SL

),
sp

ru
ce

ba
rk

w
it

h
an

ac
id

ca
ta

ly
st

(S
BA

L)
an

d
sp

ru
ce

ba
rk

w
it

ho
ut

th
e

ac
id

ca
ta

ly
st

(S
BN

L)
.

N
o

C
o

m
p

o
u

n
d

P
re

se
n

ce
w

it
h

M
o

re
th

a
n

0
.5

%
o

f
T

o
ta

l
A

m
o

u
n

t
in

L
ig

n
in

S
a
m

p
le

s
a
t

T
E

q
u

a
l

1
1
0
◦ C

1
8
0
◦ C

2
7
0
◦ C

1
A

ce
to

sy
ri

ng
on

e
PL

2
A

ce
to

va
ni

llo
ne

SS
L,

PL
,C

L,
SB

N
L,

SB
A

L

3
5-

A
ce

to
xy

m
et

hy
l-

2-
fu

ra
ld

eh
yd

e
PL

4
4-

A
ce

ty
ls

yr
in

go
l

SS
L,

C
L,

PL
,B

N
L

SS
L,

C
L

5
1,

2-
Be

nz
en

ed
io

l
C

L,
SB

N
L,

SB
A

L

6
Be

nz
oi

c
ac

id
PL

7
C

ad
el

en
e

SB
A

L,
C

L,
PL

SB
N

L,
SB

A
L

SB
N

L

8
α

-C
al

ac
or

en
e

SB
A

L

9
C

al
am

en
en

e
SB

A
L,

SB
N

L,
PL

SB
A

L,
SB

N
L,

PL
SB

A
L,

SB
N

L,
PL

10
γ

-C
ap

ro
la

ct
on

e
C

L

11
γ

-C
ar

bo
et

ho
xy

-γ
-b

ut
yr

ol
ac

to
ne

SB
A

L,
C

L

12
C

em
br

en
e

SB
N

L

13
C

ou
m

ar
an

C
L,

SS
L

C
L,

SS
L

14
α

-C
ur

cu
m

en
e

C
L

15
D

ec
an

al
SB

A
L,

SB
N

L

16
2-

D
ec

an
on

e
C

L

17
D

eh
yd

ro
ab

ie
ta

l
SB

A
L,

SB
N

L

18
D

eh
yd

ro
ab

ie
ta

n
SB

A
L,

SS
L

19
D

ih
yd

ro
eu

ge
no

l
PL

20
Et

hy
lc

ou
m

ar
at

e
SS

L,
SB

N
L

21
Et

hy
lD

L-
m

al
at

e
SS

L,
SB

A
L,

SB
N

L

22
Et

hy
le

la
id

at
e

SS
L,

C
L

23
Et

hy
lh

ep
ta

de
ca

no
at

e
SB

A
L,

SB
N

L

57



Processes 2020, 8, 860

T
a

b
le

5
.

C
on

t.

N
o

C
o

m
p

o
u

n
d

P
re

se
n

ce
w

it
h

M
o

re
th

a
n

0
.5

%
o

f
T

o
ta

l
A

m
o

u
n

t
in

L
ig

n
in

S
a
m

p
le

s
a
t

T
E

q
u

a
l

1
1
0
◦ C

1
8
0
◦ C

2
7
0
◦ C

24
Et

hy
lh

om
ov

an
ill

at
e

SS
L

25
Et

hy
ll

ev
ul

in
at

e
C

L,
SB

A
L,

SB
N

L,
SS

L

26
Et

hy
ll

in
ol

en
at

e
SB

A
L,

C
L

C
L

27
Et

hy
lo

le
at

e
SB

N
L,

C
L

28
Et

hy
lp

en
ta

de
ca

no
at

e
SS

L

29
Et

hy
lp

yr
og

lu
m

at
e

SS
L

30
4-

Et
hy

lg
ua

ia
co

l
SS

L,
SB

N
L,

SB
A

L
SS

L,
SB

N
L,

C
L,

PL

31
Et

hy
lh

ex
yl

be
nz

oa
te

PL

32
Eu

ge
no

l
PL

33
4-

Et
hy

lp
he

no
l

SS
L,

SB
N

L,
SB

A
L,

C
L

SB
A

L,
C

L,
SS

L

34
Fe

ru
lic

ac
id

et
hy

le
st

er
SS

L
SS

L,
C

L

35
5-

Fo
rm

yl
fu

rf
ur

al
SB

A
L,

SB
N

L,
SS

L

36
4-

Fo
rm

yl
ph

en
ol

PL
SS

L,
PL

37
2-

Fu
ro

ic
ac

id
SB

A
L

SB
N

L

38
G

ua
ia

cy
la

ce
to

ne
SS

L,
C

L
SS

L,
SB

N
L,

C
L

39
5-

H
yd

ro
xy

m
et

hy
lf

ur
fu

ra
l

SS
L,

PL
,S

BA
L

SS
L,

PL

40
Is

oe
ug

en
ol

C
L

C
L,

SB
N

L,
SB

A
L,

PL
,S

SL
SS

L,
SB

N
L,

C
L,

PL

41
8-

Is
op

ro
py

l-
1,

3-
di

m
et

hy
lp

he
na

nt
hr

en
e

PL

42
Is

ov
an

ill
in

e
C

L,
PL

,S
SL

PL

43
Le

vo
gl

uc
os

an
SB

N
L

44
M

et
ho

xy
eu

ge
no

l
SS

L,
C

L,
SB

N
L

45
(1

-M
et

ho
xy

-p
en

ty
l)

-c
yc

lo
pr

op
an

e
SB

A
L,

SB
N

L
SB

N
L

46
M

et
hy

ld
eh

yd
ro

ab
ia

ta
te

PL
SB

A
L,

SB
N

L

47
M

et
hy

lp
im

ar
at

e
SB

N
L,

SS
L

48
M

et
hy

lv
an

ill
at

e
SS

L,
PL

,C
L,

SB
N

L

49
M

on
o(

2-
et

hy
lh

ex
yl

)p
ht

ha
la

te
SS

L,
PL

,S
BA

L,
C

L
SS

L,
PL

,S
BA

L,
C

L

58



Processes 2020, 8, 860

T
a

b
le

5
.

C
on

t.

N
o

C
o

m
p

o
u

n
d

P
re

se
n

ce
w

it
h

M
o

re
th

a
n

0
.5

%
o

f
T

o
ta

l
A

m
o

u
n

t
in

L
ig

n
in

S
a
m

p
le

s
a
t

T
E

q
u

a
l

1
1
0
◦ C

1
8
0
◦ C

2
7
0
◦ C

50
N

ap
ht

ha
le

ne
SB

A
L

51
N

on
an

al
SB

A
L

SB
A

L,
PL

52
N

on
an

oi
c

ac
id

C
L

C
L

53
9,

12
-O

ct
ad

ec
ad

ie
no

ic
ac

id
SS

L
SS

L

54
O

ct
ad

ec
en

oi
c

ac
id

SS
L,

SB
N

L

55
o-

G
ua

ia
co

l
C

L
C

L,
PL

,S
SL

,S
BN

L,
SB

A
L

C
L,

PL
,S

SL
,S

BN
L,

SB
A

L

56
o-

Py
ro

ca
te

ch
ua

ld
eh

yd
e

SB
A

L,
SB

N
L

57
4-

O
xo

no
na

na
l

C
L

58
Pa

lm
it

ic
ac

id
SB

A
L,

C
L

59
Pa

lm
it

ic
ac

id
et

hy
le

st
er

C
L

SB
A

L,
SS

L,
SB

N
L,

C
L

SB
A

L,
SS

L,
SB

N
L,

C
L

60
p-

cr
es

ol
PL

,S
SL

61
p-

Fo
rm

yl
ph

en
ol

C
L

62
Pr

op
en

al
SS

L,
PL

63
3-

Py
ri

di
no

l
SS

L
SB

N
L,

C
L

64
R

et
en

e
SS

L,
SB

A
L,

SB
N

L,
C

L,
PL

SS
L,

SB
A

L,
SB

N
L,

C
L,

PL

65
Su

cc
in

ic
ac

id
C

L
C

L,
SB

N
L,

SB
A

L,
SS

L
SB

A
L,

SB
N

L,
SS

L

66
Sy

ri
ng

a
al

de
hy

de
SS

L,
C

L
SS

L

67
Sy

ri
ng

al
de

hy
de

SS
L,

C
L,

PL

68
Sy

ri
ng

ol
C

L
C

L

69
Te

tr
ad

ec
an

al
C

L

70
2-

Te
tr

ad
ec

an
on

e
C

L

71
2-

U
nd

ec
an

on
e

C
L

72
V

an
ill

in
SB

N
L,

SB
A

L
SS

L,
C

L,
PL

SB
N

L,
SS

L,
SB

A
L,

C
L,

PL

73
4-

V
in

yl
gu

ai
ac

ol
C

L
SS

L,
C

L,
PL

,S
BN

L,
SB

A
L

SS
L,

C
L,

PL

59



Processes 2020, 8, 860

The major difference of CL and SSL to other samples lies in the presence of acetylsyringol and
ferulic acid ethyl ester in their structure confirming the typical presence of dimethoxyphenols for these
lignins. Ferulate and coumarate esters present the major part of LCC linkages in herbaceous biomass
which can produce ester linkage with polysaccharides and proteins due to the presence of carboxylic
acid groups at the end of propenyl groups [47]. In comparison to previous results, esterified fatty
alcohols were detected in significant smaller numbers in this study, hinting at the effectiveness of the
treatment in terms of removing these impurities [48,49].

No p-cresol was detected in cotton and spruce bark lignins. Free fatty acids were present in the
range from palmitic to 13-octadecadienoic acid. The esterified fatty acids were detected in all lignin
samples as impurities. In addition, the HSGC-MS analysis of all lignin samples at 180 and 270 ◦C
showed the presence of retene in the vapor phase, indicating the presence of such lipid components as
impurities in all lignin samples, including the lignin from herbaceous cotton stalks (CL). The presence
of dihydroabietal at 180 ◦C in both spruce bark lignin samples and absence at 270 ◦C emphasizes the
impact of temperature on the released products during HSGC-MS analysis as well as their potential
stability limits.

3.6. Thermogravimetric Analysis

The thermogravimetric analysis showed that the conversion of all lignin samples was similar.
The main difference in O2 and CO2 reactivity of lignin samples was observed in the higher maximum
temperature of PL compared to other lignin samples due to the shift of the DTG peak to the higher
temperatures. The DTG curves show a double broad peak that indicates a heterogeneous lignocellulosic
mixture with respect to O2 and CO2 reactivity [50,51].

The DTG peaks of lignin degradation can be interpreted on the basis of the above discussed
structural differences between various lignin samples, taking into account also impurities [52].
In agreement with HSQC-analyses, the first DTG peak during pyrolysis ranging from 200 to 300 ◦C
can be referred to as the degradation of carbohydrates and contained extractives, i.e., fatty acids,
pheromones, etc., as observed in the GC-MS headspace analysis, respectively. The second DTG
peak located between 300 and 380 ◦C can be associated with the presence of mixed HGS structures
as common in CL and SSL, followed by the third DTG peak that can be seen as reflecting G-only,
or G-dominant lignin structures as typical in PL, SBAL and SBNL between 375 and 500 ◦C. The three
DTG peaks indicate the development of three main components: A reactive carbon constituent,
a carbon constituent with intermediate reactivity, and a less reactive carbon structure with reactivity
that approaches that of commercial guaiacol [53]. The reactivities of lignin isolated from spruce bark
with or without the use of the acid catalyst during the organosolv process were similar in terms of
thermal characteristics, reflecting the basic structural similarity.

Data further underline the fact that both bark lignins have a similar composition. The first DTG
peak was in absolute terms more visible for the bark lignins compared to other samples. This eventually
reflects the greater amount of extractives remaining in the lignin after fractionation, as reported by
the HSQC-analyses. SSL showed only a shoulder of the DTG peak with the maximum temperature
shifted by 10 ◦C to higher temperatures compared to both bark lignins. Accumulative analysis of the
curves indicate that lignins fractionated from herbaceous species are thermally less stable than those
of softwood, which is in line with previous results [54,55]. Interestingly, the thermal data do not seem
to reflect the ratio of aliphatic to aromatic OH-groups, or the impact of phenolic OH-group content.
Both bark lignin, i.e., SBAL and SBNL, exhibiting significantly more phenolic than aliphatic OH-groups,
show similar DTG curves compared to the other lignins. SBAL and SSL, representing the two lignins
with the highest amount of phenolic OH, do not show drastic differences to the other samples.
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4. Discussion

Thermogravimetric experiments demonstrated that the intrinsic reactivity of organosolv lignin
under pyrolysis conditions or towards O2 and CO2 was similar due to the presence of DTG peaks in the
same temperature range, with noteworthy exception of the PL sample. The PL sample was less reactive
than other lignin samples. In principle, the reactivity of lignin can be affected by differences in organic
composition and ash content [56,57]. However, the ash content of both spruce lignin SBAL and SBNL
was below 0.6 %, db, as shown in the proximate analysis (Table 2). Both bark lignin samples showed
similar peak temperatures at 250 and 400 ◦C. Moreover, the first DTG peak of ash lean CL is shifted
to the lower temperatures emphasizing that the degradation of organosolv lignin strongly depends,
apart from fundamental structural differences, on the remaining carbohydrates and extractives after
fractionation and less on the ash content. The results have shown that lignins richer in guaiacol unit
are less reactive than herbaceous lignins containing additionally H- and S-type phenolics, as shown in
Figure 2b,c. This could be explained by the formation of large condensed and polyaromatic structures
from guaiacol during heating of softwood lignin, whereas the HGS and GS lignins contain a high
number of methoxy groups leading to less thermal stability on the basis of an altered reactivity [58,59].
On the basis of the array of lignins studied in here it is not possible, however, to identify points in
the curves that would clearly reflect differences in phenolic OH-group content or the ratio between
aliphatic and aromatic OH-groups. Even when comparing G-lignin PL with structurally similar SBAL
and SBNL, spectroscopically observed trends in terms of OH-group contents are not clearly delineable
in thermogravimetric analysis.

The formation of levoglucosan found in case of SBNL indicates that an acid treatment is beneficial
for facilitating removal of sugars in the generation of bark lignins. Simultaneously, the formation of
phenols and lignin recondensation was enhanced during organosolv spruce bark fractionation using
acid catalysts, as shown previously [60]. The presence of a catalyst promotes the cleavage of lignin
aryl-ether bonds, releasing lignin fractions with lower molecular weight [61]. However, the reactivity
of SBAL and SBNL samples in the thermal analysis was similar despite the differences in a polymer
size and chemical composition in terms of impurities present. In addition, HSQC data suggest that the
acid treatment in case of SBAL has no clear influence on the effectiveness of the hemicellulose removal.
Chemical and HSQC-based analysis of SSL shows that sweet sorghum bagasse contains a higher
concentration of polysaccharides impurities compared to the other lignin samples; however, headspace
analysis did not reveal the formation of compounds that could be traced back to sugar residues. This
finding is thus in line with the findings for carbohydrate-containing spruce bark lignins SBAL and
SBNL. The literature reports a linkage between cellulose and lignin in spruce bark that is resistant to
cleavage by sodium hydroxide [62]. Presence of sugar residues in the sample emphasizes, nevertheless,
the more tedious process to extract the lignin from sweet sorghum bagasse. By means of purification
techniques the residual polysaccharide content can be reduced by changing also the composition of
the residual polysaccharides, e.g., glucose content decreases and the arabinose content increases due
to the participation of this sugar in a lignin-polysaccharide linkage [63]. The compositional differences
among lignins affected the distribution of weight losses during thermogravimetric analysis.

The results of this work demonstrate that the compositional differences among the lignin samples
form the base for observed differences in the pyrolysis and O2/CO2 reactivity, as well as for the nature
of released compounds during HSGC-MS analysis at different temperatures. The level of impurities in
the organosolv lignin is generally low, and these low levels of remaining extractives and sugars in the
lignins after organosolv fractionation do not affect the thermal stability of lignin; to a limited extend,
however, they influence the formation of released products during HSGC-MS heating, leading to the
formation of furfural-based products and the detection of fatty acids and derivatives.
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(a): Pyrolysis of lignin samples

(b): Lignin samples in O2

(c): Lignin samples in CO2

Figure 2. (a–c) DTG curves of lignin samples in 100 % N2, O2 (5 % volume fraction O2 + 95 % volume
fraction N2) and CO2 (20 % volume fraction CO2 + 80 % volume fraction N2). The abbreviations of lignin
fractionated from pine sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL), spruce bark
with (SBAL) and without acid addition (SBNL) were used.

5. Conclusions

Five organosolv lignins from two different classes of biomass were chemically and structurally
analysed. Three softwood lignins and two herbaceous lignins were compared. Softwood lignin samples
consisted of one main wood sample and two bark samples. These five lignins were analysed for impurities
and structural features; the identified characteristics were correlated to data obtained in thermal treatment
and gas phase analyses at various temperatures. The analysis of volatiles showed that the composition
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of the lignin backbones can be predicted in terms of a monomer type content. Presence of potential
impurities, such as carbohydrates and fatty acids in original lignin can be identified using the head-space
GC-MS analysis of volatiles. More interestingly, it was possible to correlate the general shape of the curves
obtained in thermogravimetric analysis under various atmospheres to structural differences of lignins.
These results suggest that G-type lignins can potentially be differentiated in HGS- and GS-lignins by
comparison of mass loss curves, as long as they were isolated from the same biorefinery process, which
yields lignins of comparable impurities. With respect to valorisation approaches, important differences in
the relative amount of free phenolic OH-groups, and/or their ratio to aliphatic OH-groups in the side
chains were not explicitly reflected, but contributed in a complex manner to the shape of mass loss curves.
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Appendix A. FTIR Analysis

FTIR spectra of lignin samples are summarized in Table A1.

Table A1. Summary of FT-IR peak/band assignment for fractionated lignin samples. The abbreviations
of lignin fractionated from pine sawdust (PL), cotton stalks (CL), sweet sorghum bagasse (SSL),
spruce bark with (SBAL) and without acid addition (SBNL) were used.

Band Position, cm−1

Peak AssignmentSSL CL PL SBNL SBAL

2960, 2933 C-H stretch [64]

2953 C-H stretching in CH2 and CH3 [64]

1701 1694 C=O stretching, unconjugated [65]

1597 aromatic skeletal vibrations (S > G) [38]

1514 aromatic skeletal vibrations (G > S) [65]

1460 1450 C-H deformations in CH2 and CH3 [39]

1420 Aromatic skeletal vibrations [39]

1372 C-H bending [66]

1328 S ring breathing [39]

1267 1272 G ring stretching [66]

1215 1202 C-C and C-O stretch [67]

1163 1155 C-O stretch in ester groups (HGS) [39]

1115 C-O stretch, -OCH3 (S) [68,69]

1072 C-O stretching [70]

1028 C-C, C-OH, C-H ring [39]

990 HC=CH-out-of-plane deformation [45]

CH-out-of-plane deformation in ethylenic double bonds [67]

828 820 CH-out-of-plane in positions 2, 5, and 6 of G units [45]

63



Processes 2020, 8, 860

References

1. Umeki K.; Yamamoto K.; Namioka T.; Yoshikawa K. High temperature steam-only gasification of woody
biomass. Appl. Energy 2010, 87, 791–798. [CrossRef]

2. Akin, D.E.; Benner R. Degradation of polysaccharides and lignin by ruminal bacteria and fungi.
Appl. Environ. Microbiol. 1988, 54, 1117–1125. [CrossRef] [PubMed]

3. Dutta T.; Papa G.; Wang E.; Sun J.; Isern N.G.; Cort, J.R. Characterization of Lignin Streams during
Bionic Liquid-Based Pretreatment from Grass, Hardwood, and Softwood. ACS Sustain. Chem. Eng. 2018,
6, 3079–3090. [CrossRef]

4. Doherty, W.O.S.; Mousavioun, P.; Fellows, C.M. Value-adding to cellulosic ethanol: Lignin polymers.
Ind. Crops. Prod. 2011, 33, 259–276. [CrossRef]

5. Alvira P.; Tomas-Pejo E.; Ballesteros M.; Negro M.J. Pretreatment technologies for an efficient bioethanol
production process based on enzymatic hydrolysis: A review. Biores. Technol. 2010, 10, 4851–4861. [CrossRef]

6. Trubetskaya, A.; Brown, A.; Tompsett, G.A.; Timko, M.T.; Kling, J.; Umeki, K. Characterization and reactivity
of soot from fast pyrolysis of lignocellulosic compounds and monolignols. Appl. Energy 2018, 212, 1489–1500.
[CrossRef]

7. Kalogiannis, K.G..; Matsakas, L.; Aspden, J.; Lappas, A.A.; Rova, U.; Christakopoulos, P. Acid Assisted
Organosolv Delignification of Beechwood and Pulp Conversion towards High Concentrated Cellulosic
Ethanol via High Gravity Enzymatic Hydrolysis and Fermentation. Energies 2018, 23, 1647. [CrossRef]

8. Zhao, X.; Cheng, K.; Liu, D. Organosolv pretreatment of lignocellulosic biomass for enzymatic hydrolysis.
Appl. Microbiol. Biotech. 2009, 82, 815–827. [CrossRef] [PubMed]

9. Matsakas, L.; Nitsos, C.; Raghavendran, V.; Yakimenko, O.; Persson, G.; Christakopoulos, P . A novel
hybrid organosolv: Steam explosion method for the efficient fractionation and pretreatment of birch biomass.
Biotech. Biofuels 2018, 11, 1–14.

10. Zhang, J.; Tang, M.; Viikari, L. Xylans inhibit enzymatic hydrolysis of lignocellulosic materials by cellulases.
Biores. Technol. 2012, 121, 8–12. [CrossRef]

11. Kristensen, J.B.; Thygesen, L.G.; Felby, C.; Jorgensen, H.; Elder, T. Cell wall structural changes in wheat
straw pretreated for bioethanol production. Biotech. Biofuels 2008, 1, 1–9.

12. Sipponen, M.H.; Rahikainen, J.; Leskinen, T.; Pihlajaniemi, V.; Mattinen, M.L.; Lange, H. Structural changes
of lignin in biorefinery pretreatments and consequences to enzyme-lignin interactions. Nordic. Pulp. Paper
Res. J. 2018, 32, 550–571. [CrossRef]

13. Kalogiannis, K.G.; Matsakas, L.; Lappas, A.A.; Rova, U.; Christakopoulos, P. Aromatics from Beechwood
Organosolv Lignin through Thermal and Catalytic Pyrolysis. Energies 2019, 12, 1606. [CrossRef]

14. Wyman, C.E.; Dale, B.E.; Elander, R.T.; Holtzapple, M.; Ladisch, M.R.; Lee, Y.Y. Coordinated development of
leading biomass pretreatment technologies. Biores. Technol. 2005, 96, 1959–1966. [CrossRef] [PubMed]

15. Constant, S.; Wienk, H.L.J.; Frissen, A.E.; de Peinder, P.; Boelens, R.; van Es, D. New insights into the
structure and composition of technical lignins: a comparative characterisation study. Green Chem. 2016,
18, 2651–2665. [CrossRef]

16. Nitsos, C.; Rova, U.; Christakopoulos, P. Organosolv Fractionation of Softwood Biomass for Biofuel and
Biorefinery Applications. Energies 2018, 11, 1–23.

17. Huber GW.; Iborra S.; Corma A. Synthesis of Transportation Fuels from Biomass: Chemistry, Catalysts, and
Engineering. Energies 2006, 106, 4044–4098.

18. Yang, H.; Yan, R.; Chen, H.; Lee, D.H.; Zheng, C. Characteristics of hemicellulose, cellulose and lignin
pyrolysis. Fuel 2007, 86, 1781–1788. [CrossRef]

19. Stefanidis, S.D.; Kalogiannis, K.G.; Iliopoulou, E.F.; Michailof, C.M.; Pilavachi, P.A.; Lappas, A.A. A study
of lignocellulosic biomass pyrolysis via the pyrolysis of cellulose, hemicellulose and lignin. J. Anal. Appl.
Pyrolysis. 2014, 105, 143–150. [CrossRef]

20. Rinaldi, R.; Jastzebski, R.; Clough, M.T.; Ralph, J.; Kennema, M.; Bruijnincx, P.C.A. Paving the Way for
Lignin Valorisation: Recent Advances in Bioengineering, Biorefining and Catalysis. Angew. Chem. 2016,
55, 8164–8215. [CrossRef]

21. Karnaouri, A.; Lange, H.; Crestini, C.; Rova, U.; Christakopoulos, P. Chemoenzymatic Fractionation and
Characterization of Pretreated Birch Outer Bark. ACS Sustain. Chem. Eng. 2016, 4, 5289–5302. [CrossRef]

64



Processes 2020, 8, 860

22. Lange, H.; Schiffels, P.; Sette, M.; Sevastyanova, O.; Crestini, C. Fractional Precipitation of Wheat Straw
Organosolv Lignin: Macroscopic Properties and structural Insights. ACS Sustain. Chem. Eng. 2016,
4, 5136–5151. [CrossRef]

23. Nitsos, C.; Stoklosa, R.; Lange, H.; Hodge, D.; Rova, U.; Christakopoulos, P. Isolation and Characterization
of Organosolv and Alkaline Lignins from Hardwood and Softwood Biomass. ACS Sustain. Chem. Eng. 2016,
4, 5171–5193. [CrossRef]

24. Matsakas, L.; Christakopoulos, P. Fermentation of liquefacted hydrothermally pretreated sweet sorghum
bagasse to ethanol at high-solids content. Biores. Technol. 2013, 127, 202–208. [CrossRef]

25. Kemppainen, K.; Siika-aho, M.; Pattathil, S.; Giovando, S.; Kruus, K. Spruce bark as an industrial source of
condensed tannins and non-cellulosic sugars. Ind. Crops. Prod. 2014, 52, 158–168. [CrossRef]

26. MS-SEARCH. NIST Mass Spectrometry Data Center: NIST/EPA/NIH Mass Spectral Database. Available
online: http://chemdata.nist.gov (accessed on 1 January 2011).

27. Mu, L.; Matsakas, L.; Wu, J.; Chen, M.; Rova, U.; Christakopoulos, P.. Two important factors of selecting
lignin as efficient lubricating additives in poly (ethylene glycol): Hydrogen bond and molecular weight.
Int. J. Biol. Macromol. 2019, 129, 564–570. [CrossRef] [PubMed]

28. Asikkala, J.; Tamminen, T.; Argyropoulos, D.S. Accurate and Reproducible Determination of Lignin Molar
Mass by Acetobromination. J. Agric. Food Chem. 2012, 60, 8968–8973. [CrossRef]

29. Meng, X.; Crestini, C.; Ben, H.; Hao, N.; Pu, Y.; Ragauskas, A.J.. Determination of hydroxyl groups in
biorefinery resources via quantitative 31P NMR spectroscopy. Nat. Protoc. 2019, 14, 2627–2647. [CrossRef]
[PubMed]

30. Gordobil, O.; Moriana, R.; Zhang, L.; Labidi, J.; Sevastyanova, O. Assessment of technical lignins for uses
in biofuels and biomaterials: Structure-related properties, proximate analysis and chemical modification.
Ind. Crops. Prod. 2014, 83, 155–165. [CrossRef]

31. Guo, H.; Zhang, B.; Qi, Z.; Li, C.; Ji, J.; Dai, T.. Valorization of Lignin to Simple Phenolic Compounds over
Tungsten Carbide: Impact of Lignin Structure. ChemSusChem 2016, 10, 523–532. [CrossRef]

32. Nadji, H.; Diouf, P.N.; Benaboura, A.; Bedard, Y.; Riedl, B.; Stevanovic, T. Comparative Study of Lignin
Isolated from Alfa grass (Stipa Tenacissima L.). Biores Tech 2009, 100, 3585–3592. [CrossRef]

33. Sluiter, A.; Hames, B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D. Determination of Structural Carbohydrates
and Lignin in Biomass. Golden (CO); Report No. NREL/TP-510-42618. Contract No.; DE-AC36-08-GO28308;
National Renewable Energy LAboratory: Golden, CO, USA, 2011.

34. Thring, R.W.; Vanderlaan, M.N.; Griffin, S.L. Fractionation of ALCELL lignin by sequential solvent extraction.
J. Wood Chem. Technol. 1996, 16, 139–154. [CrossRef]

35. Brodin, I.; Sjöholm, E.; Gellerstedt, G. The behavior of kraft lignin during thermal treatment. J. Anal. Appl.
Pyrolysis. 2010, 87, 70–77. [CrossRef]

36. Cui, C.; Sun, R.; Argyropoulos, D.S. Fractional Precipitation of Softwood Kraft Lignin: Isolation of Narrow
Fractions Common to a Variety of Lignins. ACS Sustain. Chem. Eng. 2014, 2, 959–968. [CrossRef]

37. Sun, S.L.; Wen, J.L.; Ma, M.G.; Li, M.F.; Sun, R.C. Revealing the Structural Inhomogeneity of Lignans from
Sweet Sorghum Stem by Successive Alkali Extractions. J. Agric. Food Chem. 2013, 61, 4226–4235. [CrossRef]

38. El-Hendawy, A.N.A. Variation in the FTIR spectra of a biomass under impregnation, carbonization and
oxidation conditions. J. Anal. Appl. Pyrolysis. 2004, 75, 159–166. [CrossRef]

39. Inkrod, C.; Raita, M.; Champreda, V.; Laosiripojana, N. Characteristics of Lignin Extracted from Different
Lignocellulosic Materials via Organosolv Fractionation. BioEnergy Res. 2018, 11, 277–290. [CrossRef]

40. Abdelaziz, O.Y.; Brink, D.P.; Prothmann, J.; Ravi, K.; Sun, M.; Garcia-Didalgo, J. Biological valorization of
low molecular weight lignin. Biotechnol. Adv. 2016, 34, 1318–1346. [CrossRef]

41. Pawliszyn, J. Theory of Solid-Phase Microextraction. J. Chromatogr. Sci. 2000, 38, 270–278. [CrossRef]
[PubMed]

42. Rocha, S.M.; Gonçalves, V.; Evtuguin, D.; Delgadillo, I. Distinction and identification of lignins based on
their volatile headspace composition. Talanta 2008, 75, 594–597. [CrossRef]

43. Tarasov, D.; Leitch, M.; Fatehi, P. Lignin-carbohydrate complexes: Properties, applications, analyses, and
methods of extraction: A review. Biotechnol. Biofuels 2018, 11, 1–28.

44. Koller, J.; Baumer, U.; Kaup, Y.; Schmid, M.; Weser, U. Analysis of a pharaonic embalming tar. Nature 2003,
425, 784. [CrossRef] [PubMed]

65



Processes 2020, 8, 860

45. Faix, O. Classification of Lignins from Different Botanical Origins by FT-IR Spectroscopy. Holzforschung
1991, 45, 21–28. [CrossRef]

46. Xue, L.; Zhao, Z.; Zhang, Y.; Chu, D.; Mu, J. Analysis of Gas Chromatography-Mass Spectrometry Coupled
with Dynamic Headspace Sampling on Volatile Organic Compounds of Heat-Treated at High Temperatures.
Biores 2016, 11, 3550–3560. [CrossRef]

47. Oliveira, D.; Finger-Teixeira, A.; Mota, T.; Salvador, V.H.; Moreira-Vilar, F.C.; Molinari, H.B.C. Ferilic
Acid: A Key Component in Grass Lignocellulose Recalcitrance to Hydrolysis. Plant Biotechnol. J. 2015,
13, 1224–1232. [CrossRef]

48. Gutierrez, A.; Rodriguez, I.M.; Del Rio, J.C. Chemical Characterization of Lignin and Lipid Fractions in
Industrial Hemp Bast Fibbers Used for Manufacturing High-Quality Paper Pulps. J. Agric. Food Chem. 2006,
54, 2138–2144. [CrossRef]

49. Marques, G.; Gutierrez, A.; del Rio, J.C. Chemical Characterization of Lignin and Lipid Fractions in Leaf
Fibers of Curaua (Ananas erectifolius). J. Agric. Food Chem. 2007, 55, 1327–1336. [CrossRef]

50. Surup, G.R.; Foppe, M.; Schubert, D.; Deike, R.; Heidelmann, M.; Trubetskaya, A. The effect of feedstock
origin and temperature on the structure and reactivity of char from pyrolysis at 1300–2800 ◦C. Fuel 2019,
235, 306–316. [CrossRef]

51. Surup, G.R.; Nielsen, H.K.; Heidelmann, M.; Trubetskaya, A. Characterization and reactivity of charcoal
from high temperature pyrolysis (800–1600 ◦C). Fuel 2019, 235, 1544–1554. [CrossRef]

52. Du, S.; Valla, J.A.; Bollas, G.M. Characteristics and origin of char and coke from fast and slow, catalytic and
thermal pyrolysis of biomass and relevant model compounds. Green Chem. 2013, 15, 3214–3229. [CrossRef]

53. Cen, K.; Cao, X.; Chen, D.; Zhou, J.; Chen, F.; Li, M. Leaching of alkali and alkaline earth metallic species
(AAEMs) with phenolic substances in bio-oil and its effect on pyrolysis characteristics of moso bamboo.
Fuel Process. Technol. 2020, 200, 106332. [CrossRef]

54. Yan, K.; Liu, F.; Chen, Q.; Ke, M.; Huang, X.; Hu, W. Pyrolysis characteristics and kientics of lignin derived
from enzymatic hydrolysis residue of bamboo pretreated with white-rot fungus. Biotechnol. Biofuels 2016,
9, 1–11.

55. Cherif, M.F.; Trache, D.; Brosse, N.; Benaliouche, F.; Tarchoun, A.F. Comparison of the Physicochemical
Properties and Thermal Stability of Organosolv and Kraft Lignins from Hardwood and Softwood Biomass
for Their Potential Valorization. Waste Biomass Valoriz 2020, 15, 1–13.

56. Shimizu, S.; Yokoyama, T.; Akiyama, T.; Matsumoto, Y. Reactivity of Lignin with Different Composition
of Aromatic Syringyl/Guaiacyl Structures and Erythro/Threo Side Chain Structures in β-O-4 Type during
Alkaline Delignification: As a Basis for the Different Degradability of Hardwood and Softwood Lignin.
J. Agric. Food Chem. 2012, 60, 6471–6476. [CrossRef] [PubMed]

57. Trubetskaya, A.; Jensen, P.A.; Jensen, A.D.; Umeki, K.; Gardini, D.; Kling, J.; Glarborg, P. Effects of
several types of biomass fuels on the yield, nanostructure and reactivity of soot from fast pyrolysis at high
temperatures. Appl. Energy 2016, 171, 468–482. [CrossRef]

58. Jiang, G.; Nowakowski, D.J.; Bridgwater, A.V. Effect of the temperature on the composition of lignin
pyrolysis products. Energy Fuel 2010, 24, 4470–4475. [CrossRef]

59. Trubetskaya, A.; Larsen Andersen, M.; Talbro Barsberg, S. The Nature of Stable Char Radicals: An ESR and
DFT Study of Structural and Hydrogen Bonding Requirements. ChemPlusChem 2018, 83, 780–786. [CrossRef]
[PubMed]

60. Mood, S.H.; Golfeshan, A.H.; Tabatabaei, M.; Abbasalizadeh, S.; Ardjmand, M. Comparison of different
ionic liquids pretretment for barley straw enzymatic saccharification. Biotech 2013, 3, 399–406.

61. Kumar, A.; Kumar, J.; Bhaskar, T. Utilization of lignin: A sustainable and eco-friendly approach. J. Energy Inst.
2020, 93, 235–271. [CrossRef]

62. Brauns, F.E.; Brauns, D.A. The Thermal Decomposition of Lignin. In The Chemistry of Lignin; Academic Press:
Cambridge, MA, USA, 1960; p. 814.

63. Fengel, D.; Wegener, G. Wood: Chemistry, Ultrastructure, Reactions; Walter de Gruyter: Berlin, Germany, 1989;
p. 612.

64. Arellano, O.; Flores, M.; Guerra, J.; Hidalgo, A.; Rojas, D.; Strubinger, A. Hydrothermal Carbonization of
Corncob and Characterization of the Obtained Hydrochar. Chem. Eng. Trans. 2016, 50, 235–240.

66



Processes 2020, 8, 860

65. Adapa, P.K.; Tabil, L.G.; Schoenau, G.J.; Canam, T.; Dumonceaux, T. Quantitative Analysis of Lignocellulosic
Components of Non-Treated and Steam Exploded Barley, Canola, Oat and Wheat Straw Using Fourier
Transform Infrared Spectroscopy. J. Agric. Sci. Technol. B 2011, 1, 177–188.

66. Fan, M.; Dai, D.; Huang, B. Chapter 3 Fourier Transform Infrared Spectroscopy for Natural Fibres. In Fourier
Transform. IntechOpen 2012, 3, 45–68.

67. Lisperguer, J.; Perez, P.; Upizar, S. Structure and thermal properties of lignins: characterization by infrared
spectroscopy and differential scanning calorimetry. J. Chil. Chem. Soc. 2009, 54, 460–463. [CrossRef]

68. Arafat, A.; Samad, S.A.; Masum, S.M.; Moniruzzaman, M. Preparation and Characterization of Chitosan
from Shrimp shell waste. IJSER 2015, 6, 538–541.

69. Liu, Z.; Quek, A.; Hoekman, S.K.; Balasubramanian, R. Production of solid biochar fuel from waste biomass
by hydrothermal carbonization. Fuel 2013, 103, 943–949. [CrossRef]

70. Lopes, J.O.; Garcia, R.A.; Souza, N.D. Infrared spectroscopy of the surface of thermally-modified teak
juvenile wood. Maderas Cienc. Technol. 2018, 20, 737–746. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

67





processes

Article

Lipid Production by Yeasts Growing on Commercial
Xylose in Submerged Cultures with Process Water
Being Partially Replaced by Olive Mill Wastewaters

Evangelos Xenopoulos 1, Ioannis Giannikakis 1, Afroditi Chatzifragkou 1,2, Apostolis Koutinas 1

and Seraphim Papanikolaou 2,*
1 Department of Food Science & Human Nutrition, Agricultural University of Athens, 75 Iera Odos,

11855 Athens, Greece; evansxeno@gmail.com (E.X.); jjb.giannis.007@hotmail.com (I.G.);
a.chatzifragkou@reading.ac.uk (A.C.); akoutinas@aua.gr (A.K.)

2 Department of Food and Nutritional Sciences, University of Reading, Whiteknights, P.O. Box 226,
Reading RG6 6AD, UK

* Correspondence: spapanik@aua.gr; Tel.: +30-210-5294700

Received: 24 May 2020; Accepted: 8 July 2020; Published: 11 July 2020

Abstract: Six yeast strains belonging to Rhodosporidium toruloides, Lipomyces starkeyi, Rhodotorula
glutinis and Cryptococcus curvatus were shake-flask cultured on xylose (initial sugar—S0 = 70 ± 10 g/L)
under nitrogen-limited conditions. C. curvatus ATCC 20509 and L. starkeyi DSM 70296 were further
cultured in media where process waters were partially replaced by the phenol-containing olive mill
wastewaters (OMWs). In flasks with S0 ≈ 100 g/L and OMWs added yielding to initial phenolic
compounds concentration (PCC0) between 0.0 g/L (blank experiment) and 2.0 g/L, C. curvatus presented
maximum total dry cell weight—TDCWmax ≈ 27 g/L, in all cases. The more the PCC0 increased,
the fewer lipids were produced. In OMW-enriched media with PCC0 ≈ 1.2 g/L, TDCW = 20.9 g/L
containing ≈ 40% w/w of lipids was recorded. In L. starkeyi cultures, when PCC0 ≈ 2.0 g/L, TDCW ≈
25 g/L was synthesized, whereas lipids in TDCW = 24–28% w/w, similar to the experiments without
OMWs, were recorded. Non-negligible dephenolization and species-dependent decolorization of
the wastewater occurred. A batch-bioreactor trial by C. curvatus only with xylose (S0 ≈ 110 g/L) was
performed and TDCW = 35.1 g/L (lipids in TDCW = 44.3% w/w) was produced. Yeast total lipids
were composed of oleic and palmitic and to lesser extent linoleic and stearic acids. C. curvatus lipids
were mainly composed of nonpolar fractions (i.e., triacylglycerols).

Keywords: lignocellulosic sugars; microbial lipid; olive mill wastewater; Cryptococcus curvatus;
Lipomyces starkeyi

1. Introduction

Lignocellulosic materials represent the largest and the most attractive biomass resource worldwide
that can serve as cheap feedstock of monosaccharides in a remarkable plethora of microbial
fermentations. These low-cost materials like woody biomass, grass, agricultural and forestry solid
wastes, process waters rich (or potentially very rich) in lignocellulosic sugars (i.e., spent sulfite liquor,
waste xylose mother liquid), municipal solid wastes, etc., are particularly abundant in nature and have
a very important potential for various types of microbial bioconversions [1–8]. Commercial xylose,
being one of the principal monomer sugars of these feedstocks, is produced after acid hydrolysis
of various types of lignocellulosic biomass (i.e., corn cobs, sugarcane bagasse, etc.) [2,3,7], followed
by subsequent condensation and crystallization [1,6]. The capability of microorganisms to grow
on and produce biotechnological compounds during culture on C-5 sugars and specifically during
fermentations on xylose, that, as stressed, is one of the most abundant sugars on the lignocellulosic
biomass, presents continuously growing importance [3–5,7,8].
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Olive mill wastewaters (OMWs) are the major effluent deriving from olive oil production process,
specifically when traditional (viz. press extraction systems) or 3.0- and 2.5-phase centrifugation systems
are employed. Despite the gradual utilization of 2.0-phase centrifugation systems (that generate lower
OMW quantities than the 3.0- or the 2.5-phase systems) within the EU countries, OMWs are always
considered as one of the most important agro-industrial wastes generated into the Mediterranean
region; these residues are seasonally produced in very high quantities, whereas their strong odor and
dark color as also their relatively high organic load have a direct negative impact on the environment
if they are released without previous treatment. This important residue of the olive oil industry is
one of the most difficult to treat wastes because of its high content in phenolic compounds [9,10].
The increased concentration of OMWs in organic matter and phenolic components results in reduction
of the available concentration of oxygen when these residues are released without prior treatment
and this upsets the balance of ecosystems and the soil porosity, resulting in contaminated aquifers
and polluted environments [10–12]. In addition, the phenolic compounds found into the OMWs are,
in general, quite instable and their polymerization during uncontrolled release often leads to the
generation of high-molecular-weight, hardly degradable substances [10,13,14]. The annual production
of OMWs is estimated to be > 15 × 106 m3 [13] and this very high residue production together with
the seasonal production of these wastewaters render their environmentally friendly disposal and
management as very important priorities, specifically for the Mediterranean countries [9,13,14].

The last years a new trend has appeared in relation to the valorization various types of
food-processing wastewaters or low-quality waters referring to their simultaneous utilization as
substrate and as fermentation water implemented in various types of microbial-guided bioprocesses.
Specifically, “concentrated” wastes and residues (like crude glycerol, molasses, etc.) and renewable
low- or zero-cost hydrophilic (i.e., glucose syrups, low-purity sugars, white grape pomace, etc.) or
hydrophobic (i.e., various low quality fatty compounds) carbon sources could be diluted; in this type of
dilution, instead of the tap water, OMWs (or similar types of wastewaters like the table olive-processing
wastewaters) can be used as process waters. Accordingly, added-value metabolites could be produced
during these fermentation processes with simultaneous partial detoxification (i.e., decolorization and
phenol removal) of the implicated wastewaters [11,12,15–21]. On the other hand—and in combination
with the strategy previously mentioned—OMWs could initially be subjected to purification in order
to recover useful materials that are found into the residue (i.e., antioxidant compounds) [14], and,
thereafter, utilize the bulky remaining wastewater as process water and simultaneous substrate in
fermentation processes.

Microbial lipids (single-cell oils—SCOs) are produced by the “oleaginous” microorganisms (these
that can accumulate lipid to quantities ≥20% in DCW during growth on glucose in conditions favoring
lipogenesis; [22,23]). These lipids possess similar fatty acid (FA) composition with various edible
oils [24]. Therefore, these fatty materials can be implicated as perfect agents in the synthesis of
the so-called “2nd generation” biodiesel (in fact, it is the biodiesel the production of which is not
in competition with the arable land) [3,5,22,25]. SCOs can also be employed as starting materials
for the synthesis of several added-value oleochemical compounds or can be implicated as high
added-value fatty supplements in the food-processing industries (specifically the ones that contain
rarely found poly-unsaturated FAs or these that have composition similarities with expensive exotic
fats) [3–5,7,8,22,23,26,27].

In the current investigation, a number of yeasts belonging to the species Rhodosporidium toruloides,
Rhodotorula glutinis, Cryptococcus curvatus and Lipomyces starkeyi (in total six strains) were tested as
regards their potential to assimilate commercial, non-purified xylose, deriving from lignocellulosic
biomass. Trials were carried out in shake-flask mode under nitrogen-limited conditions, favoring
the production of SCO [22–24]. In the next step, the most promising among the previously screened
yeasts, namely Cryptococcus curvatus ATCC 20509 and Lipomyces starkeyi DSM 70296, were cultivated in
media presenting high initial xylose concentrations with initial nitrogen remaining constant, in order
to further enhance the production of SCO. Moreover, according to a new trend recently appeared in
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the Industrial Biotechnology, OMWs were employed as liquid medium in order to partially replace
tap water in the fermentation carried out. Finally, C. curvatus ATCC 20509 culture that presented very
interesting total biomass and SCO production on high-xylose concentration media was scaled-up in
bench top laboratory-scale bioreactor. Quantitative and kinetic considerations concerning the yeast
physiological behavior were critically discussed.

2. Materials and Methods

2.1. Microorganism, Media and Cultures

The strains used in the present study belonged to the species Rhodosporidium toruloides (strains
DSM 4444 and NRRL Y-27012), to the species Rhodotorula glutinis (strain NRRL YB-252), to the species
Cryptococcus curvatus (strains ATCC 20509 and NRRL Y-1511) and to the species Lipomyces starkeyi
(strain DSM 70296). The strain with the code nomination ATCC was given from the American Type
Culture Collection, the strains with the code nomination DSM were provided by the German Collection
of Microorganisms and Cell Cultures, while strains encoded NRRL Y-derive from the NRRL culture
collection. With the exception of R. toruloides and R. glutinis, strains were maintained on YPDA slants
(10-g/L glucose, 10-g/L yeast extract, 10-g/L peptone and 20-g/L agar) at 4 ◦C. R. toruloides and R. glutinis
were maintained on YPDMA medium (10-g/L glucose, 10-g/L yeast extract, 10-g/L malt extract, 5-g/L
peptone and 20-g/L agar) at 4 ◦C.

Most of the experiments were carried out in 250-mL Erlenmeyer flasks containing 50 ± 1 mL of
growth medium, previously sterilized at T = 115 ± 1 ◦C for 20 min and inoculated with 1 mL of 24-h
exponential preculture yeast incubated at 180 rpm at T = 28 ± 1 ◦C (use of an orbital shaker Zhicheng
ZHWY 211C; PR of China). This type of shake-flask culture performed in the current investigation
(utilization of 250-mL flasks filled with the 1⁄5 of their volume and agitated at 180 rpm) implicates full
aerobic conditions (viz. dissolved oxygen tension—DOT ≥ 20% v/v) throughout the flask experiments
performed [11,12,16]. The yeast preculture was carried out in YPD medium. Liquid cultures were
performed in a medium in which the salt composition was as in Papanikolaou et al. [28]. Yeast extract
at 3.0 g/L and peptone at 1.0 g/L were used as nitrogen sources. Yeast extract contained c. 7% w/w
nitrogen, while peptone contained c. 14% w/w nitrogen, respectively. Commercial-type xylose (purity
of c. 95%, w/w) implicated as starting material for the large-scale synthesis of xylitol, was used as
the sole carbon source. In the first part of the study, a screening of all available microorganisms was
carried out on media containing xylose at initial total sugar (S0) concentration ≈70 g/L. In the nest
step of the experimental procedure and in order to further enhance the production of cellular lipids,
the most promising of the previously screened microorganisms (it was found that were mainly the
strains C. curvatus ATCC 20509 and L. starkeyi DSM 70296) were cultured on media containing higher
S0 concentration (≈100 g/L) with initial nitrogen concentration into the medium remaining the same as
in the previously mentioned screening experiment (yeast extract at 3.0 g/L and peptone at 1.0 g/L),
therefore trials in media with higher initial C/N molar ratio were prepared.

In one case (trial using xylose at S0 ≈ 100 g/L, with initial nitrogen concentration as mentioned
above), a batch bioreactor trial was performed by the strain C. curvatus ATCC 20509. The culture was
carried out in a bench top 3-L bioreactor (New Brunswick, SC, USA), containing 1.9 L of fermentation
medium. The reactor was aseptically inoculated with 100 mL of 24-h yeast preculture (see details
in the previous section). The culture conditions in the bioreactor trials were as follows: incubation
temperature 28 ± 1 ◦C; agitation rate 450 ± 5 rpm, aeration 0.1–1.5 vvm (the aeration was set on cascade
mode, and the air-pump debit varied automatically within the above-mentioned vvm values in order to
maintain a dissolved oxygen tension (DOT) value above 20%, v/v, in all culture phases); pH = 6.0 ± 0.1
regulated with automatic addition of KOH (2 M).

In the frame of sustainability and water-saving policies adopted, fermentation waters were
partially replaced by olive mill wastewaters (OMWs) obtained from a three-phase decanter olive mill in
the region Kalentzi (Corinthia, Peloponnisos, Greece). After their collection, OMWs were immediately
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frozen at–20 ± 1 ◦C and before use, these wastes were thawed and the solids were removed by
centrifugation and subsequent filtration [17], to ensure the uniformity of the liquid material implicated
in the fermentations. This procedure is in accordance with the current Greek legislation [29] regarding
pretreatment of the waste before its disposal. Before fermentations, chemical analyses of the used
OMWs that would replace process water were carried out; the initial pH of OMWs used was = 4.9 ± 0.1.
Initial phenolic compounds concentration (PCC0) in the residue was found to be ≈3.5 g/L (phenolic
compounds (PC) were expressed as gallic acid equivalents). Moreover, OMWs contained a small
concentration of total sugars (≈10.0 g/L). These sugars, after HPLC analysis conducted (see analysis
details in the next paragraphs) were mainly composed of glucose (c. 80% of sugars) and fructose
(c. 20% of sugars). Insignificant quantities of organic acids (citric acid at c. 2.0 g/L and acetic acid
at c. 2.5 g/L—analysis equally performed through HPLC) were also detected. Protein quantity into
the residue, as quantified through the Lowry method, was found to be ≈3.0 g/L. The quantity of
ammonium ions, as determined with the aid of an ammonium selective electrode (SA 720, Orion,
Boston, MA, USA) was found to be ≈10 mg/L. The electrical conductivity of the wastewater at 25 ◦C
was 13.85 ms/cm (Hanna HI-8733 conductivity meter, Padova, Italy). Finally, triple extraction of OMWs
by hexane revealed very small concentrations of fatty materials (0.4 ± 0.1 g/L of olive oil) in the volume
of the residue. In the cases in which OMWs partially replaced the process fermentation waters in
the cultures carried out, due to the indeed low concentrations of proteins, organic acids and oils,
these compounds were not taken into consideration concerning their impact upon the quantitative
physiological response of the microorganisms tested. In contrast, in the quantitative determination of
total sugars in the growth medium, the contribution of sugars added from the OMWs, although almost
negligible as compared with the initial concentration of xylose added, was taken into consideration.

The initial pH in the culture media after the addition of the salts was found to be = 6.0 ± 0.1 while
pH value during all trials was always maintained between the ranges of 5.2–5.8, due to the buffer
capacity of the salts of the employed medium. Since microorganisms did not produce appreciable
quantities of organic acids, no external addition of base was requested in order to maintain the pH
value within this range.

2.2. Determinations and Analyses

For the flask cultures, flasks were periodically removed from the incubator while for the bioreactor
experiments c. 10 mL of culture was aseptically collected. In the flask trials, pH was measured in
a SevenCompact™ pH S210 pH meter (Mettler-Toledo, Columbus, OH, USA). The whole content of the
250-mL flasks or the sample collected from the bioreactor experiment were subjected to centrifugation at
9000× g/10 min at 4 ◦C (Universal 320R-Hettich centrifuge, Tuttlingen, Germany). Wet biomass collected
after the first centrifugation, was then extensively washed with distilled water and centrifugation was
applied once more at the same conditions. Wet yeast biomass was dried at T = 90 ± 5 ◦C for 24 h to
obtain the total dry cell weight (TDCW—X, in g/L) [28]. Biomass yield (YX/S, in g/g), was expressed as
the grams of cell dry weight (X) produced, per grams of total sugar (mostly or completely xylose; S)
consumed (g TDCW/g total sugars consumed).

Total cellular lipid (L) extracted from the TDCW with a chloroform-methanol mixture (2/1, v/v)
according to Gardeli et al. [30], was determined gravimetrically and was expressed as g/L. Lipid
in TDCW (%, w/w; YL/X), was calculated based on percentage of the accumulated lipid (L, g/L) per
produced TDCW (X, g/L). Extracted intracellular lipids were converted to their fatty acid methyl
esters (FAMEs) and analyzed in a gas chromatography (GC) according to Fakas et al. [31]. Specifically,
a quantity of total lipids (<100 mg) was converted to the respective methyl esters in a two-step reaction
using CH3O−Na+ and CH3OH/HCl as methylation agents [31]. The identification of the analyzed
methyl esters was based on the comparison of retention times with known FAMEs standards. In the
representations done, the relative area of the FAMEs is presented. Moreover, in some instances, crude
lipid of C. curvatus ATCC 20509 was washed with 0.88%-w/v KCl solution and was subsequently
fractionated to its principal lipid fractions (viz. neutral lipids (NLs), glycolipids plus sphingolipids
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(G + S) and phospholipids (PLs), respectively) according to Fakas et al. [31] and Gardeli et al. [30].
Lipid fractions were trans-methylated according to the previously mentioned protocol. Thin layer
chromatography (TLC) analysis in this crude lipid (“Folch” extract) was performed on glass pre-coated
silica gel G plates (Merck, Darmstadt, Germany) (20 cm × 20 cm; thickness = 0.25 mm) as previously
described [30]. Plates were pre-washed and activated according to Papanikolaou et al. [32] and
separation of crude total lipid was carried out with petroleum ether/diethyl ether/glacial acetic acid
(80:20:1, v/v/v). Plate application of the sample and the lipid standards and visualization after the
development were conducted according to Papanikolaou et al. [32]. Glyceryl trioleate (TAG), cholesterol
(CL), cholesteryl linoleate (CE), oleic acid (FFA), and monononadecanoin (MAG) [33] were employed
as lipid standards for the identification of the main bands on TLC plates.

Determination of total intracellular polysaccharides (IPS) was carried out using a modified
protocol described by Diamantopoulou et al. [34]. In brief, a precisely weighted quantity of TDCW
(≤100 mg) was subjected to boiling (100 ◦C) with 20 mL of 2.5-N HCl for 1 h, and afterwards the
whole was neutralized to pH = 7.0 with 2.5-N NaOH. Then, IPS were quantified as glucose equivalents
with the DNS method [35] and were expressed in both absolute (g/L) and relative (YIPS/X, % of total
polysaccharides in TDCW) values.

Total reducing sugars in the fermentation medium (viz. xylose for the trials with no OMWs,
mostly xylose and to lesser extent glucose and fructose for the trials in which OMWs were added) were
quantified according to the DNS method [35]. Pure xylose (purity = 99% w/w) was employed in order
to trace the calibration curve. In some instances, and in order to perform cross-validation of the results,
the concentration of the remaining xylose was also determined during the fermentation using HPLC.
Xylitol, produced in small concentrations and organic acids and sugars found in the OMWs, were also
determined through HPLC analysis, performed according to Papanikolaou et al. [16]. The area of each
compound was determined according its retention time and the concentration of each compound was
determined using reference curves and expressed as g/L. Free amino nitrogen (FAN) concentration into
the liquid samples was determined at 570 nm using the ninhydrin colorimetric method with glycine
employed in order to trace the calibration curve, according to Kachrimanidou et al. [36].

Determination of total phenol compounds concentration (PCC) into the medium was carried out
according to the method described by the Folin–Ciocâlteu protocol modified according to Aggelis
et al. [37] in the sample supernatant. Absorbencies were measured at 750 nm in a Hitachi U-2000
Spectrophotometer (Hitachi High Technologies Corp., Fukuoka, Japan). The concentration of phenolic
compounds was expressed in equivalence of gallic acid according to a reference curve. Moreover,
in order to determine the decolorization efficiency of the fermentations, 0.5-mL samples were mixed
well with 14.5 mL distilled water and the absorbance was measured at 395 nm (same spectrophotometer
as previously) according to Sayadi and Ellouz [38]. The decolorization percentage was calculated
using the equation: % A = [(A0 − A1)/A0] × 100, where, A0 is the absorbance at time 0 and A1 is the
absorbance at each experimental point during the fermentation.

2.3. Data Analysis

Each experimental point of all the kinetics presented in tables and figures is the mean value of two
independent determinations; in fact, for each experiment presented, two lots of independent cultures
using different inocula were conducted; the standard error (SE) was < 15%. Data were plotted using
Kaleidagraph 4.0 Version 2005 showing the mean values with the standard error mean. Throughout
the text, indices 0 and max represent the initial and the maximum quantity of the elements in each
kinetics presented.
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3. Results and Discussion

3.1. Initial Screening on Commercial-Type Xylose

In the first part of this investigation, all available strains were cultivated on commercial-type
xylose at initial total sugar (xylose) (S0) concentration ≈70 g/L under nitrogen-limited conditions.
The achieved kinetic results are illustrated in Table 1. All strains presented appreciable TDCW
production (Xmax ranging between 15.6 and 19.0 g/L, respective total biomass yield on sugar consumed
YX/S ≈ 0.22–0.28 g/g). YX/S values seemed to be slightly higher in the middle of the cultures and
before Xmax values were recorded. Moreover, variable quantities of SCO were produced by the
microorganisms tested; the lower lipid in TDCW quantities (YL/X, % w/w) were recorded for the strains
Rhodosporidium toruloides NRRL Y-27012 (YL/X < 20% w/w) and Rhodotorula glutinis NRRL YB-252
(YL/X ≈ 10% w/w) despite the fact that growth was conducted in media favoring the production of
SCO. This result is in disagreement with recent investigations demonstrating the strain R. toruloides
NRRL Y-27012 produced huge quantities of SCO (YL/X > 40% w/w, in some trials this value was = 54.3%
w/w, with an Lmax value ≈ 12 g/L) on media composed of crude glycerol, the principal waste stream
deriving from biodiesel production process [39]. Equally, significant SCO quantities were produced
by the strain R. glutinis NRRL YB-252 (YL/X = 38.2% w/w, corresponding to Lmax ≈ 7.2 g/L) in similar
types of media (crude glycerol) [40], demonstrating that in the above-mentioned yeast, as well as in a
plethora of other yeast species and genera, glycerol is a very competitive substrate related with the
production of TDCW and added-value extracellular and intracellular metabolites [33,40–43]. It is not
clearly understandable why such important discrepancies exist between the lipid production process
for R. toruloides NRRL Y-27012 and R. glutinis NRRL YB-252 growing on xylose and glycerol, but in
any case—and in accordance with the literature [4,5,22,23,44,45]—it appears that the carbon source
seems to play a very crucial role in the de novo lipid production process, even if implicated substrates
present important similarities among them in molecular and metabolic level. In this section, though,
it must be indicated that while the intracellular metabolism of glycerol and glucose (or other hexoses)
theoretically presents important similarities (these compounds are mostly metabolized through the EMP
pathway) [5,22,23], the intracellular metabolism of xylose could present some differences compared
with the above-mentioned compounds. These differences could, finally, reflect in the quantity of
cellular lipids produced by the microorganisms growing on these substrates; for instance, xylose
metabolism implicates in many instances the pentose–phosphate pathway [5,22,23], that is somehow
less efficient as regards biomass production compared with the typical EMP glycolysis utilized for the
catabolism of hexoses or glycerol [5,22]. On the other hand, xylose metabolism implicates in its first
step, the reduction of xylose into xylitol, that in many cases in which oleaginous microorganisms are
involved [30,33] is secreted into the medium and it is not re-utilized in order to be converted into SCO.
Therefore, there would be a carbon “loss” related with the production of microbial lipids when xylose
is used as microbial substrate amenable to be converted into cellular lipid compared with utilization of
hexoses or glycerol [22,30,33].

The remaining “red” yeast strain implicated in the current investigation, namely R. toruloides DSM
4444, presented efficient cell growth and non-negligible lipid accumulation (YL/X ≈ 30% w/w) on media
composed of commercial-type xylose (Table 1). The above-mentioned strain has been revealed capable
to produce interesting SCO quantities during growth of glycerol and, to lesser extent glycerol/xylose
blends [33], whereas it accumulated indeed impressive quantities of storage lipid during growth on
flour-rich waste stream hydrolysates, mostly composed of glucose, during growth in shake-flask or
bioreactor experiments [46].

C. curvatus NRRL Y-1511 presented the highest TDCW production among all tested strains
cultivated on commercial-type xylose (Xmax = 19 g/L) even though this strain did not produce
significant SCO production under the given culture conditions (YL/Xmax < 25% w/w for all growth steps)
(Table 1). The very same has been reported to produce a SCO quantity= 4.3 g/L (respective YL/Xmax value
≈ 30% w/w) during growth on lactose, in shake-flask fermentations [47]. Harde et al. [48] reported a SCO
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produced quantity = 5.1 g/L (respective YL/X ≈ 38% w/w) during growth of the above-mentioned yeast
strain on xylose-based shake-flask fermentations. On the other hand, the same strain was not capable to
produce significant SCO quantities (YL/X values always < 20% w/w) during growth on media composed
of saccharose (i.e., molasses, crude sucrose, orange peel waste extracts) [47,49]. Moreover, in the current
submission, L. starkeyi DSM 70296 was proved to be a robust TDCW-producing strain during growth on
commercial-type xylose, in shake-flask experiments under nitrogen-limited conditions, although total
lipid quantities produced (YL/Xmax ≈ 34% w/w) were somewhat or remarkably lower compared with
the ones achieved on glycerol [39] or (mostly glucose-based) flour-rich waste stream hydrolysates [50]
in shake-flask and bioreactor experiments. All these results and their comparisons with the literature
indicate, once more, that important differentiations in the lipid production bioprocesses may exist
even when carbon sources presenting biochemical similarities are used as substrates for the given
oleaginous microorganisms employed.

Table 1. Quantitative data of yeast strains deriving from experiments performed on commercial-type
xylose, in nitrogen-limited shake-flask cultures, in which the initial sugar concentration was adjusted to
c. 70 g/L. Four different points in the fermentations are represented: (a) when the maximum quantity of
total dry cell weight (TDCW—X, g/L) was observed; (b) when the maximum quantity of total cellular
lipids (L, g/L) was observed; (c) when the maximum quantity of xylitol (Xyl, g/L) was observed; (d) when
the maximum quantity of total intracellular polysaccharides (IPS, g/L) was observed. Fermentation time
(h), quantities of TDCW (X, g/L), total lipid (L, g/L), intracellular polysaccharides (IPS, g/L), total sugar
(xylose) consumed (Scons, g/L), lipid in TDCW (YL/X,% w/w) and polysaccharides in DCW (YIPS/X,%
w/w) are depicted for all the above-mentioned fermentation points. Culture conditions: growth on
250-mL conical flasks filled with the 1⁄5 of their volume at 180 ± 5 rpm, initial pH = 6.0 ± 0.1, pH ranging
between 5.2 and 5.8, incubation temperature 28 ◦C. Each experimental point is the mean value of two
independent measurements (SE < 15%).

Yeasts
Time

(h)
Scons

(g/L)
X

(g/L)
L

(g/L)
Xyl

(g/L)
YL/X

(%, w/w)
IPS

(g/L)
YIPS/X

(%, w/w)

Rhodosporidium c 72 26.8 5.6 0.6 4.3 10.7 1.3 23.2
toruloides d 120 37.2 10.7 2.8 4.0 26.2 2.3 21.4
DSM 4444 a, b 264 57.8 16.5 4.8 3.1 29.1 1.7 10.3

Rhodosporidium d 120 40.1 11.9 1.3 Tr.* 10.9 3.2 26.9
Toruloides NRRL Y-27012 a, b, c 264 59.0 15.6 3.0 Tr.* 19.5 2.7 17.3

Rhodotorula glutinis b 168 41.7 10.1 1.1 0.2 9.9 1.9 12.6
NRRL YB-252 a, c, d 264 59.0 15.1 1.0 2.0 6.6 5.0 33.1

Cryptococcus curvatus c, d 192 50.9 16.6 2.9 4.5 17.5 5.7 34.3
NRRL Y-1511 a, b 220 63.0 19.0 4.4 2.6 23.2 5.4 28.4

Lipomyces starkeyi c 144 46.4 15.6 4.0 1.0 25.6 5.8 37.1
DSM 70296 a, b, d 170 56.1 17.5 5.9 Tr. * 33.7 6.3 36.0

Cryptococcus curvatus c 144 40.4 13.5 5.6 4.5 41.5 2.8 20.7
ATCC 20509 a, b, d 216 64.0 17.4 8.1 3.2 46.6 3.2 18.4

* Tr. < 0.1 g/L.

With the exception of the strain R. glutinis NRRL YB-252 that gradually and throughout the
culture seemed to accumulate total intracellular polysaccharides (IPS) (in accordance with the results
achieved during growth on glycerol under nitrogen-limited conditions; see Filippousi et al. [40]),
all other yeast strains used seemed to present higher IPS in TDCW values (YIPS/X, % w/w) at the
relative earlier growth steps, and these values seemed to decrease as growth proceeded. Moreover,
in several of the tested microorganisms (i.e., strains C. curvatus NRRL Y-1511, R. toruloides NRRL
Y-27012, R. toruloides DSM 4444, L. starkeyi DSM 70296), appreciable YIPS/X quantities (i.e., ≥ 35% w/w)
have been reported even at the very early growth steps (i.e., in fermentation time, t ≤ 60 h) where
assimilable nitrogen was found into the medium—or it had barely been exhausted, in accordance
with results in which other low-molecular weight hydrophilic carbon sources had been used as
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substrates under nitrogen-limited conditions (i.e., crude sucrose, lactose, biodiesel-derived glycerol,
etc.; see: [33,40,47]). In contrast, in other yeast strains reported in the literature (yeast species/genera
like Apiotrichum curvatum, Yarrowia lipolytica, other R. toruloides strains, Metschnikowia sp.) that had
been cultivated on hydrophilic carbon sources under nitrogen-limited conditions, it has been seen
that accumulation of intracellular polysaccharides inside the cells occurred continuously and without
interruption after nitrogen deprivation from the medium, that in some cases occurred simultaneously
with lipid accumulation [33,40,51,52].

Most of the yeast strains cultivated on xylose produced small quantities of xylitol (Xyl), which in
some of the performed trials was reconsumed in order for TDCW to be synthesized. The concentration
of the secreted xylitol was not significant (Xyl ≤ 4.5 g/L), and in any case it was drastically lower
than the one reported for other eukaryotic microorganisms cultivated on media based on xylose like
Thamnidium elegans [53], Ashbya gossypii [54] and Mortierella isabellina [30]. Given that Xyl concentration
was not high under the present culture conditions, the biosynthesis of this metabolite was not further
studied in the current investigation.

The most promising among the microorganisms tested in the “screening” part of the work was the
yeast strain C. curvatus ATCC 20509, and the kinetic profile of growth of this strain on commercial-type
xylose in shake-flask cultures is depicted in Figure 1a–c. The microorganism presented efficient
microbial growth with almost not any lag phase at all occurring during growth. The μmax value,

calculated by the formula μmax =
ln(X1/X0)

t1−t0
(where X1 was the first experimental point after inoculation

and t1 was the respective time; X0 was the initial TDCW quantity and t0 = 0 h) was found to be= 0.19 h−1.
Moreover, cellular lipids in appreciable quantities were accumulated only after virtual depletion of
nitrogen from the growth medium, which occurred at t ≈ 60 h after inoculation (see and compare
evolutions of FAN in Figure 1c and YL/X in Figure 1b). Interestingly, xylose consumption rate seemed
to be uninterrupted despite nitrogen limitation that rapidly occurred in the medium (Figure 1c),
in disagreement with results reported for several types of oleaginous microorganisms cultivated on
sugars or similarly metabolized compounds under nitrogen-limited conditions, where sugar uptake
rate was (much) higher in the balanced growth phase in which nitrogen in significant quantities was
found into the medium, compared with that recorded in the lipid-accumulating phase in which nitrogen
had been exhausted [30,55–59]. On the other hand, IPS in non-negligible concentrations (i.e., YIPS/X

> 35% w/w) were recorded at the early growth steps during the presence of assimilable nitrogen
into the medium. YIPS/X values significantly decreased as the fermentation proceeded (Figure 1b,c).
This sequential biosynthesis of intracellular polysaccharides and storage lipids that finally becomes
an “interplay” between their productions has been originally observed in another C. curvatus strain
(namely NRRL Y-1511) during its flask cultures on commercial-type lactose. This physiological feature
seems to be quite characteristic for the species C. curvatus, and it has also been observed, nevertheless
less clearly than in the case of C. curvatus, for other oleaginous species like M. isabellina growing on
sugars [30] or R. toruloides growing on glycerol [33].

Finally, at the late growth steps and when the concentration of xylose seemed not capable
to saturate the microbial metabolic activities, cellular lipids were mobilized in favor of energy
creation, in accordance with several reports indicated in the literature for Mucor circinelloides [60],
Y. lipolytica [28,32,41], M. isabellina [30,32,44], Cunninghamella echinulata [57], Trichoderma viride [61],
Candida curvata [62,63] and other oleaginous strains, suggesting that lipid mobilization (turnover) in
the oleaginous microorganisms is a quite common feature observed regardless of the carbon source
that was used in order for cellular lipids to be created [22].
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Figure 1. (a) Kinetics of total dry cell weight (TDCW; X, g/L) and lipid (L, g/L) production, (b) lipid
in TDCW (%, w/w) and endopolysaccharides in TDCW (%, w/w) evolution and (c) xylose (S, g/L) and
free-amino nitrogen (FAN, mg/L) assimilation by Cryptococcus curvatus ATCC 20509, during growth
on commercial-type xylose in shake-flask experiments under nitrogen-limited conditions. Culture
conditions: growth on 250-mL conical flasks filled with the 1⁄5 of their volume at 180 ± 5 rpm, initial
pH= 6.0± 0.1, pH ranging between 5.2 and 5.8, incubation temperature 28 ◦C, initial sugar concentration
≈70 ± 10 g/L. Each experimental point is the mean value of two independent measurements (SE < 15%).

3.2. Lipid Production in High-Xylose Concentration Media Partially Diluted with Olive Mill Wastewaters

In the second part of the current investigation, the most promising of the previously screened
strains as regards their lipid-producing capabilities (namely C. curvatus ATCC 20509 and L. starkeyi DSM
70296), were cultured on media composed of higher S0 concentrations (adjusted to ≈ 100 g/L), in which
the concentration of extracellular nitrogen remained constant (as in the “screening” experiment).
The increase of the S0 concentration in media in which nitrogen availability remained stable, would be
attainable to further “boost” the production of SCOs, since higher initial C/N molar ratio media would
have been prepared and typically and according to the theory lipid accumulation would have further
been stimulated [5,7,8,23]. In these media, OMWs were added in various quantities, in order to partially
replace tap water in the fermentations carried out. As previously indicated, this concept was realized
within the frame of zero-waste release and water-saving policies that are currently adopted, in a dual
scope: To partially replace water by this highly polluted and toxic wastewater, and to potentially
perform partial detoxification (i.e., removal of phenolic compounds and color) during lipid production
bioprocesses performed. Moreover, it must be stressed that the phenolic compounds that are presented
into the OMWs, present significant chemical similarities with recalcitrant phenol-type compounds
that are found in various abundant xylose-rich lignocellulose-type wastewaters like spent-sulfite
liquor [64–66] and waste xylose mother liquid [1,6]. The composition itself of the media that were
currently prepared in order to carry out the lipid production bioprocesses (viz. media containing
initial xylose at c. 100 g/L, insignificant glucose and fructose quantities (<5 g/L) and variable PC0

concentrations ranging between 0.0 g/L (no OMWs added) and c. 2.0 g/L (60% OMWs and 40% water))
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present noticeable similarities with the above-mentioned liquid waste-streams. Therefore, in this part of
the work it can be considered among other issues, that lipid production was studied in media mimicking
the composition of various types of abundant xylose-containing lignocellulosic-type wastewaters.

The obtained results for C. curvatus ATCC 20509 and L. starkeyi DSM 70296 cultures performed on
xylose-based media blended with OMWs are depicted in Table 2. Concerning the cases of C. curvatus,
the obtained results indicated that within the range of PCC0 added into the medium (up to c. 2.0 g/L)
significant TDCW occurred regardless of the addition of OMWs (and, hence, phenolic compounds)
into these media. Moreover, interestingly, it appears that the more the OMWs were added into the
medium, the more the TDCWmax concentrations increased. In a similar trend, as far as the case of
L. starkeyi is concerned, addition of OMWs in significant concentrations (viz. PCC0 up to c. 2.0 g/L)
did not seem to have serious impact upon the TDCW synthesis by this microorganism, that always
remained in high levels (TDCWmax ≈ 25–26 g/L irrespective of the addition of OMWs), demonstrating
its suitability related with biomass production on these types of media, in accordance with results
reported for other strains of this species [67,68].

Table 2. Quantitative data of Cryptococcus curvatus ATCC 20509 and Lipomyces starkeyi DSM 702096
originated from kinetics performed on commercial-type xylose, in nitrogen-limited shake-flask cultures,
in which OMWs were added in various concentrations into the medium and the initial sugar (mostly
xylose) concentration was adjusted to c. 100 g/L. The initial phenolic compounds concentration (PCC0)
is illustrated for all runs carried out. Two different points in the fermentations are represented: (a)
when the maximum quantity of total dry cell weight (TDCW—X, g/L) was observed; (b) when the
maximum quantity of total cellular lipids (L, g/L) was observed. Fermentation time (h), quantities of
TDCW (X, g/L), total lipid (L, g/L), total sugar (mostly xylose) consumed (Scons, g/L) and lipid in TDCW
(YL/X,% w/w) are depicted for all the above-mentioned fermentation points. Culture conditions: growth
on 250-mL conical flasks filled with the 1⁄5 of their volume at 180 ± 5 rpm, initial pH = 6.0 ± 0.1, pH
ranging between 5.2 and 5.8, incubation temperature 28 ◦C. Each experimental point is the mean value
of two independent measurements (SE < 15%).

PCC0 (g/L) Time (h) Scons (g/L) X (g/L) L (g/L) YL/X (%, w/w)

Cryptococcus curvatus ATCC 20509

0.00 * b 168 87.3 21.0 10.0 47.6
a 215 89.9 23.0 6.0 26.1

1.16 b 144 77.6 20.9 8.4 40.2
a 215 89.7 24.4 3.6 14.8

1.65 b 240 94.8 24.7 5.0 20.2
a 336 97.0 25.7 1.8 7.0

1.91 b 192 92.1 23.8 2.5 10.5
a 216 94.0 27.0 1.6 5.9

Lipomyces starkeyi DSM 702096

0.00 * b 216 84.1 25.3 6.0 23.7
a 239 92.3 26.2 4.4 16.7

1.96 b 239 92.8 21.1 5.9 27.9
a 255 96.0 25.0 4.0 16.0

*: No olive mill wastewaters (OMWs) added.

It is not a simple task to explain this type of feature of the microbial “resistance”—or, even more,
the “boost” of TDCW production in the presence of OMWs in the fermentations carried out. It is widely
known that these wastewaters contain phenolic compounds that are recalcitrant and highly toxic
substances, the presence of which constitutes the main problem of the safe remediation and disposal of
OMWs and similar types of wastewaters [9,20,37,38,69]. On the other hand, it must be pointed out
that within the range of PCC0 found in the current investigation (viz. 0.0 up to 2.0 or even 3.0 g/L),
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similar results concerning the “resistance” of TDCW production—or even the “boost” of growth
in the presence of OMWs for other yeast strains—has been reported [11,12,16–18,70]. Specifically,
the increment of TDCW production by the strain Saccharomyces cerevisiae MAK-1 in which OMWs were
added in various initial concentrations (additions up to PCC0 ≈ 3.0 g/L) was impressive as compared
with the blank experiment (PCC0 = 0.0 g/L—no OMWs added) [18]. Likewise, various strains of the
nonconventional yeast Y. lipolytica noticeably resisted despite the presence of phenolic compounds in
significant concentrations (i.e., PCC0 up to 5.5 g/L) in the media [11,12,17,70,71]. In accordance with
the achieved in the present study results, other yeasts belonging to the species Candida cylindracea,
C. tropicalis, C. albidus and Trichosporon cutaneum seemed to demonstrate remarkable resistance upon the
phenolic compounds of OMWs [15,68,72–74]. Likewise, some addition of OMWs into glucose-based
media (i.e., OMWs added to 20% or 30% v/v) seemed to enhance TDCW production not only in yeast
cultures but also in other cultures of microbial species like the edible fungi Lentinula edodes and Pleurotus
ostreatus growing on OMW-based media [69,75].

The addition of phenolic compounds into the medium significantly altered the cellular metabolism
of C. curvatus shifting the intracellular carbon flow towards the synthesis of lipid-free biomass,
and significantly decreasing the accumulation of lipid inside the yeast cells (Table 2). When PCC0

was = 0.0 g/L (no OMWs added), C. curvatus produced noticeable SCO quantities (Lmax = 10.0 g/L
corresponding to YL/X ≈ 48% w/w) that were reduced when increasing PCC0 and thus, increasing
OMWs amounts were added into the medium. When PCC0 was adjusted to ≈ 1.2 g/L (viz. trials in
which c. 100 g/L of xylose were diluted to c. 35% v/v of OMWs and c. 65% v/v of tap water), again
the production of SCO was quite satisfactory (Lmax = 8.4 g/L corresponding to YL/X = 40.2% w/w).
Further increase of OMWs addition into the medium (i.e., PCC0 up to ≈2.0 g/L meaning that xylose
was diluted to c. 60% v/v of OMW and c. 40% of tap water) noticeably decreased both the Lmax and
YL/X values for C. curvatus. On the other hand, SCO production bioprocess for L. starkeyi growing on
phenol-containing wastewaters enriched with commercial-type xylose seemed to be more “robust”
compared with the one of C. curvatus; as it was demonstrated, at least for the range of PCC0 tested in
the current submission (PCC0 up to c. 2.0 g/L), lipid production seemed unaffected by the addition of
toxic phenolic compounds into the medium (see Table 2). The above-mentioned physiological feature
of L. starkeyi (meaning, in fact, that lipid production seemed unaffected by the addition of OMWs into
the medium, at least until PCC0 ≈ 2.0 g/L) together with the fact that TDCWmax production was equally
not negatively influenced by the addition of the same range of OMWs into the medium, were the main
reasons for which the growth of L. starkeyi was not tested in intermediate PCC0 values (i.e., 1.2 or
1.7 g/L), as it happened with C. curvatus. Moreover, another interesting result achieved in this second
set of experiments, was related with the fact that the highest concentrations of TDCW and total lipids
did not occur at the same fermentation time (see Table 2); apparently, the carbon flow that occurred
during the fermentation steps after nitrogen limitation led to significant lipid accumulation (that was
higher compared with the results reported in Table 1, as it has been anticipated), but finally, cellular
lipids were subjected to degradation despite the fact that xylose remained in some non-negligible
concentrations into the medium. At the latter growth steps, the low xylose concentration seemed
incapable to saturate the metabolic requirements of C. curvatus and L. starkeyi, leading to consumption
of the cellular lipids in favor of lipid-free material, and for this reason TDCW concentration peaked at
the end of the cultures (see Table 2).

The addition of OMWs into the medium seemed to have contradictory results in relation to several
types of oleaginous microorganisms; for instance, addition of PC increased, in some cases noticeably,
the quantity of lipids in TDCW for some strains of the yeast Y. lipolytica [11,17]. Equally, addition of
OMWs in glucose-based cultures of oleaginous Zygomycetes, seemed to enhance the YL/Xmax values
of several oleaginous Zygomycetes, and due to this feature, OMWs had been characterized as a
“lipogenic” medium [26]. In the above-mentioned studies, as in the current investigation, OMWs
deriving from 3.0-phase extraction systems and containing comparable (and, in general, relatively low)
concentrations of sugars were employed as microbial substrates and fermentation waters. Moreover,
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these OMWs contained indeed negligible concentrations of residual olive oil, as is the case of the
current investigation. This fact excludes any ex novo lipid accumulation process that could be carried
out from olive oil found into the growth medium; in the above-mentioned studies as in the current
investigation, physiological differences concerning the microbial behavior seemed to be attributed
mostly to the PC presence into the medium. Contradictory to these results, the addition of OMWs
negatively affected the production of SCO in the strain L. starkeyi NRRL Y-11557, than the control
experiment (trial on glucose in which no OMWs were added) [68]. Generally, the addition of OMWs
can significantly change the spectrum of the final products synthesized by various types of yeasts,
compared with the control trials (no OMWs added) [11,12,15,17,70,73]. The kinetics of TDCW and
lipid production and total extracellular sugars (mostly xylose) and FAN evolution during growth of C.
curvatus in media in which PCC0 was adjusted to ≈ 1.2 g/L is depicted in Figure 2a,b.

The μmax value, calculated as previously was found to be slightly lower than in the previous trial
(=0.13 h−1) and this was due to the potential inhibiting effect of the phenol-type wastewater found into
the medium. As in the previous set of experiments (see Figure 1a,b) cellular lipids were subjected to
biodegradation when somehow low quantities of xylose, incapable to saturate the microbial metabolic
requirements, were found into the medium.

Given that C. curvatus presented an efficient growth and a quite satisfactory lipid-accumulation
in shake-flask cultures in which high initial xylose concentrations were added, whereas the addition
of OMWs into the medium negatively affected the process of lipid accumulation, in the next part
of the present investigation it was decided to scale-up the culture in a bench top laboratory-scale
bioreactor (active volume = 2 L). Commercial xylose (S0 ≈ 100 g/L) and nitrogen compounds (yeast
extract at 3.0 g/L and peptone at 1.0 g/L) were added as in the previous part of the investigation,
whereas no OMWs were added into the medium, in order to enhance the maximum the quantity of
cellular lipids produced by C. curvatus. The obtained results are shown in Figure 3a,b. Compared
with the equivalent trial performed in shake-flask mode (see Table 2, entry in which PCC0 = 0.0 g/L)
it may be assumed that xylose uptake rate seemed to be slightly lower in the bioreactor experiment
than in the shake-flask trial. This finding is in agreement with results in which filamentous fungi
(like T. elegans and M. isabellina) have been reported to consume more rapidly sugars (including xylose)
in shake-flask experiments than in batch bioreactor experiments [44,53,59]. On the other hand—and in
accordance with the literature [5,22,23]—the batch bioreactor experiment of C. curvatus cultivated on
commercial-type xylose revealed TDCWmax and Lmax values that were significantly higher than in the
respective shake-flask trial (after 340 h of incubation Xmax and SCOmax quantities achieved were 37.0
and 16.4 g/L with respective YL/X value = 44.3% w/w). Moreover, the global yield of SCO produced
per quantity of xylose consumed (YL/S) was ≈0.17 g/g (Figure 3b), that is higher than the respective
shake-flask experiment (≈0.11 g/g– see results in Table 2, entry in which PCC0 = 0.0 g/L).

In any case, the production of TDCW and lipids for C. curvatus and L. starkeyi cultivated on
commercial-type xylose and blends of commercial-type xylose and OMWs seemed promising. Various
bioreactor experiment studies using batch, fed-batch and continuous strategies have appeared in a
number of times in the literature [50,76–81], including in various cases the strains C. curvatus ATCC
20509 and L. starkeyi DSM 70,296. Comparisons of TDCW and lipid production with data collected
from the relevant literature concerning C. curvatus and L. starkeyi strains are depicted in Table 3.
From this table it can be deduced that strains of the species L. starkeyi (and also the currently used
DSM 70296 strain) can present excellent SCO production in bioreactor experiments [50,76], therefore
potentially high lipid production can be achieved by this microorganism cultivated on xylose-based
media in bioreactor trials. On the other hand, the reported in the current investigation results by
C. curvatus ATCC 20509, especially the ones achieved in batch bioreactor trials during growth on
commercial-type xylose, were revealed as quite competitive and promising, demonstrating the potential
of the microorganism in this type of bioprocesses.
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Figure 2. (a) Kinetics of total dry cell weight (TDCW; X, g/L) and lipid (L, g/L) production and
(b) xylose (S, g/L) and free-amino nitrogen (FAN, mg/L) assimilation by Cryptococcus curvatus ATCC
20509, during growth on commercial-type xylose in media diluted with olive mill wastewaters,
at initial phenol-content concentration ≈1.2 g/L in shake-flask experiments under nitrogen-limited
conditions. Culture conditions: growth on 250-mL conical flasks filled with the 1⁄5 of their volume at
180 ± 5 rpm, initial pH = 6.0 ± 0.1, pH ranging between 5.2 and 5.8, incubation temperature 28 ◦C, initial
sugar concentration ≈100 ± 10 g/L. Each experimental point is the mean value of two independent
measurements (SE < 15%).
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Figure 3. (a) Kinetics of evolution of total dry cell weight (TDCW; X, g/L), lipid (L, g/L) and xylose
(S, g/L) and (b) lipid produced (L, g/L) vs. remaining xylose (S, g/L) by Cryptococcus curvatus ATCC
20509, during growth on commercial-type xylose in batch bioreactor experiment under nitrogen-limited
conditions. Culture conditions: growth on laboratory-scale bioreactor (active volume 2.0 L), agitation
rate 450 ± 5 rpm, incubation temperature 28 ◦C, aeration rate up to 1.5 vvm, initial xylose concentration
(S0) ≈100 g/L, pH ranging between 5.9 and 6.1, oxygen saturation ≥ 20% (v/v) for all growth phases.
Each experimental point is the mean value of two independent measurements (SE < 15%).
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Table 3. Total dry cell weight (TDCW, g/L) and lipid in TDCW (YL/X,% w/w) values obtained by
(a) Cryptococcus curvatus and (b) Lipomyces starkeyi strains growing on several carbon sources and
fermentation configurations.

Strain Culture Mode Carbon Source
TDCW

(g/L)
YL/X

(%, w/w)
Reference

(a)

Cryptococcus curvatus

D Continuous bioreactor
Glucose 13.5 29.0 Evans and Ratledge [77]
Xylose 15.0 37.0

ATCC 20509

Batch bioreactor Whey permeate 21.6 36.0 Ykema et al. [78]
Continuous recycling 85.0 35.0

Batch bioreactor Prickly pear juice 10.9 45.8 Hassan et al. [79]

Fed-batch bioreactor Glycerol (pure) 118.0 25.0 Meesters et al. [80]

Fed-batch bioreactor Glycerol (crude) 32.9 52.9 Liang et al. [81]

Fed-batch bioreactor Glycerol (crude) 44.9 49.0 Cui et al. [82]

Single-stage continuous Acetic acid 5.1 66.4 Gong et al. [83]

NRRL Y-1511

Shake flasks Lactose (commercial) 14.5 29.7 Tchakouteu et al. [47]

Shake flasks Glucose 13.2 19.7 Harde et al. [48]
Shake flasks Xylose (pure) 13.3 38.3

ATCC 20509

Continuous bioreactor Acetic acid 26.7 48–53 Béligon et al. [84]

Shake flasks WPHL 17.3 52.5 Zhou et al. [85]

Fed-batch bioreactor Cheese whey 66.8 49.6 Kopsahelis et al. [86]

ATCC 20509
Shake flasks

Xylose (commercial) 21.0 47.6
Present studyXylose/OMWs 20.9 40.2

Batch bioreactor Xylose (commercial) 37.0 44.3

(b)

Lipomyces starkeyi

DSM 70295 Shake flasks
Glucose 9.4 68.0 Angerbauer et al. [87]

Glucose/sewage sludge 9.3 72.3

AS 2.1560 Batch bioreactor Glucose 30.0 46.0 Liu et al. [88]

CBS 187 Shake flask Xylose (pure) 12.5 80.0 Oguri et al. [89]

DSM 70296
Fed-batch bioreactor Glucose/xylose 82.4 46.9 Anschau et al. [76]

Batch bioreactor SCBHL 13.9 26.7

AS 2.1560 Fed-batch bioreactor Xylose (pure) 94.7 65.5 Lin et al. [90]

CBS 1807 Shake flasks
Glucose/fructose 12.3 47.3 Matsakas et al. [91]

SSJc 21.7 29.5

DSM 70296

Fed-batch bioreactor FRWHL/glucose 109.8 57.8 Tsakona et al. [50]
Shake flasks FRWHL 30.5 40.4

Shake flasks Glycerol (crude) 34.4 35.9 Tchakouteu et al. [39]

NRRL Y-11557 Shake flasks Glucose/OMWs 9.5 24.5 Dourou et al. [68]

DSM 70296 Shake flasks
Xylose (commercial) 25.3 23.7 Present study

Xylose/OMWs 21.1 27.9

WPHL—waste paper hydrolysate; SCBH—sugarcane bagasse hydrolysate; SSJc—sweet sorghum juice;
FRWH—flour-rich waste hydrolysate; OMWs—olive mill wastewaters.

Concerning the trials in OMW-based media, irrespective of the PCC0 imposed into the medium,
C. curvatus proceeded to a gradual dephenolization of the medium, reaching to a total phenolic content
removal of ≈25–28% w/w (Figure 4a). On the other hand, decolorization process was not “parallel”
with that of dephenolization (Figure 4b), reaching much more rapidly to a color removal “plateau”
(c. 25% of decolorization), whereas, interestingly, at the late fermentation steps (i.e., t > 200 h), although
dephenolization constantly occurred, the color into the medium seemed to be more “dense” than
in the earlier growth steps. As far as the detoxification process led by L. starkeyi was concerned,
the kinetic profile of phenol removal was almost identical with the ones recorded for C. curvatus
(see Figure 3a). In contrast—and despite the non-negligible dephenolization that occurred—L. starkeyi
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did not remove at all color from the wastewater. It may be assumed, therefore, that color and phenol
removal from phenol-containing wastewaters, seem processes that are not obligatorily implicated
to each other, in agreement with results recorded for the detoxification of wastewaters performed
by edible and medicinal mushrooms [37,69], several types of yeasts like strains of Y. lipolytica and
S. cerevisiae [11,16,18,70] or even crude enzymes deriving from mushroom cultivations [92].
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Figure 4. Kinetics of (a) dephenolization (%, w/w) and (b) decolorization (%) performed by Cryptococcus
curvatus ATCC 20509, during growth on commercial-type xylose in media diluted with olive mill
wastewaters, at initial phenol-content concentrations ≈1.2 g/L, ≈ 1.7 g/L and ≈ 2.0 g/L, in shake-flask
experiments under nitrogen-limited conditions. Culture conditions: growth on 250-mL conical flasks
at 180 ± 5 rpm, initial pH = 6.0 ± 0.1, pH ranging between 5.2 and 5.8, incubation temperature
T = 28 ◦C, initial sugar concentration ≈100 ± 10 g/L. Each experimental point is the mean value of two
measurements (SE < 15%).
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Yeast strains compared to higher fungi, do not possess the mechanisms of producing
the appropriate extracellular oxidases [10,13,92] to break down phenolic compounds that are
found in several phenol-containing wastewaters [37,38,69,92]. Oxidative enzymes produced
by higher fungi in these processes include but are not limited to lignin peroxidase (LiP, E.C.
1.11.1.14), manganese-dependent peroxidase (MnP, E.C. 1.11.1.13), phenol oxidase (laccase) (Lac, E.C.
1.10.3.2) [37,38,69,92]. On the other hand, besides OMWs, phenol-containing wastes are nowadays
produced in significant quantities from several industrial processes (e.g., coal conversion, petroleum
refining, sugar refining, paper production processes, etc.) [7,10,37], therefore these “detoxification”
and “remediation” bioprocesses present a constantly increasing scientific and industrial importance.
The last years, in an increasing number of reports, a non-negligible reduction of phenolic-type
compounds has been observed in cultures performed by yeast species like C. cylindracea, C. tropicalis,
L. starkeyi and T. cutaneum [15,67,68,73,74,93]. Since, as previously indicated, yeasts lack the existence
of phenol-oxidizing enzymes [10,13], the OMW decolorization and removal of phenol compounds by
yeasts should not be achieved by such mechanisms. Potentially, adsorption of phenolic compounds in
the yeast cells may exist [11]. It could be also supposed that partial utilization of phenolic compounds
as carbon source by the microorganism may occur [67,73,74].

3.3. Cellular Lipid Analysis

All screened strains were analyzed concerning the fatty acid (FA) composition of their total
lipids at the stationary growth phase (FA composition analysis performed at t = 120–150 h after
inoculation) (Table 4). In agreement with the literature (for critical reviews see: [3,5,22,23,25]) the
principal FAs found in variable quantities were mainly oleic acid (Δ9C18:1) and palmitic acid (C16:0).
Other FAs like stearic (C18:0) palmitoleic (Δ9C16:1) and linoleic (Δ9,12C18:2) were found in lower
concentrations, whereas poly-unsaturated FAs containing >2 double bonds (i.e., α- and γ-linolenic
acid, arachidonic acid, etc.) were not detected, since these compounds are the principal storage
lipophilic compounds in oleaginous fungi and algae [25–27]. The FA compositions of lipids produced
by other C. curvatus—or generally, other nonconventional yeast species/genera employed as cell
factories amenable to produce SCOs (like Y. lipolytica, Rhodosporidium sp., Lipomyces sp., etc.) during
growth on sugars or other hydrophilic substrates (like glycerol)—can present differences that reflect
on the microbial growth stage, the incubation temperature, the initial molar ratio C/N and the initial
concentration of substrate used without any systematic common effect on the modification of cellular
FAs by the above-mentioned parameters [33,39,40,47,48,58,67,68,81–87]. On the other hand, SCOs
containing increased concentrations of the FA Δ9C18:1 and non-negligible ones of the FAs C16:0 and
Δ9,12C18:2 (as is the case of the yeast lipids produced in the current investigation; see Table 4) constitute
perfect fatty materials amenable to produce high-quality “2nd generation” biodiesel [3–5,7,8,22,25].

In the present investigation, the addition of OMWs into the culture medium, did not seem to bring
significant modifications in the FA composition of the total cellular lipids produced by C. curvatus
(Table 5a) and L. starkeyi (Table 5b). As previously, the main cellular FAs were the Δ9C18:1 and C16:0,
therefore, SCOs produced by C. curvatus and L. starkeyi cultivated on commercial xylose/OMW blends
were suitable materials to be converted into nonconventional biodiesel. The FA C16:0 seemed to be
presented in slightly higher concentrations in the cellular lipids of L. starkeyi compared with these
of C. curvatus. In disagreement with the results indicated in the current investigation, addition of
OMWs, as indicated by the PCC0 that was comparable with the current investigation, seemed to
significantly increase the quantity of the cellular FA Δ9C18:1 decreasing that of C18:0 and Δ9C16:1 for
various strains of the yeasts S. cerevisiae and Y. lipolytica [11,12,16–18]. It had been postulated that the
presence of microbial inhibitors like gallic acid, caffeic acid, polyphenols, etc., could perform potential
activation of the cellular Δ9 desaturase (catalyzing the reaction of conversion of the FA C18:0 to the FA
Δ9C18:1) [11,18]. However, as shown in the current investigation (Table 5a,b), the mentioned feature of
the yeasts S. cerevisiae and Y. lipolytica in not observed for L. starkeyi and C. curvatus.
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Table 4. Fatty-acid composition of the cellular lipids produced by yeast strains cultivated on
commercial-type xylose employed as sole carbon source in shake-flask experiments (S0 concentration ≈
70 g/L). Time of fermentation for the determination of the fatty-acid composition was at the stationary
growth phase (between 120 and 150 h after inoculation). Culture conditions as in Table 1.

Fatty-Acid Composition of Yeast Lipids (%, w/w)

Yeast Strain C16:0 Δ9C16:1 C18:0 Δ9C18:1 Δ9,12C18:2 Others

Rhodosporidium toruloides DSM 4444 29.5 0.6 7.0 51.6 7.7 3.6
Rhodosporidium toruloides NRRL Y-27012 28.4 0.5 6.9 53.7 7.5 3.0

Rhodotorula glutinis NRRL YB-252 20.5 1.5 2.0 55.5 9.0 11.5
Cryptococcus curvatus NRRL Y-1511 22.5 0.5 14.0 49.9 13.0 0.1

Lipomyces starkeyi DSM 702096 28.9 5.0 5.4 50.1 5.5 5.1
Cryptococcus curvatus ATCC 20509 22.5 0.9 9.0 51.1 10.8 5.7

Table 5. Fatty-acid composition of cellular lipids of Cryptococcus curvatus ATCC 20509 (a) and Lipomyces
starkeyi DSM 702096 (b) during growth on commercial-type xylose, in nitrogen-limited shake-flask
cultures, in which OMWs were added in various concentrations into the medium and the initial sugar
(mostly xylose) concentration was adjusted to c. 100 g/L. The initial phenolic compounds concentration
(PCC0) is also illustrated for all runs carried out. LE is the late exponential phase (t ≈ 48 h) and S is the
stationary phase (t ≈ 150–180 h for C. curvatus and t = 215 h for L. starkeyi). Culture conditions as in
Table 2.

(a) Cryptococcus curvatus Fatty-Acid Composition of Cellular Lipids (%, w/w)

PCC0 (g/L) Fermentation Period C16:0 C18:0 Δ9C18:1 Δ9,12C18:2 Others

0.0 LE 28.0 8.6 50.0 10.5 2.9
S 24.0 11.0 54.3 7.0 3.7

1.16 LE 25.3 11.4 46.3 5.4 11.6
S 21.5 13.0 54.0 7.5 4.0

1.65 LE 25.0 12.0 49.0 6.1 7.9
S 19.7 13.7 54.4 8.2 4.0

1.91 LE 24.8 12.2 51.2 6.8 5.0
S 20.1 13.9 54.0 8.9 3.1

(b) Lipomyces starkeyi Fatty-Acid Composition of Cellular Lipids (%, w/w)

PCC0 (g/L) Fermentation Period C16:0 C18:0 Δ9C18:1 Δ9,12C18:2 Others

0.0 LE 31.5 3.9 49.0 5.8 9.8
S 32.0 5.0 53.0 2.7 7.3

1.96 LE 32.3 4.7 49.7 6.6 6.7
S 33.4 6.3 52.5 2.9 4.9

C. curvatus lipid was mainly composed of neutral lipids (NLs) (85–88% w/w of cellular lipids)
whereas smaller quantities of glycolipids plus sphingolipids (G + S) (10–13% w/w of cellular lipids)
principally phospholipids (PLs) (c. 2.0% w/w of cellular lipids) were quantified, in an analysis
performed at the stationary (and, therefore, “oleaginous”) phase (t ≈ 170–190 h after inoculation)
(Table 6a,b). In most instances, in the case of oleaginous microorganisms, NLs are mainly composed
of triacylglycerols (TAGs) and to lesser extent steryl esters, while low concentrations of mono- and
diacylglycerols (MAGs and DAGs) are identified [7,8,23]. It is also noted that NLs have been revealed
to be the major component of the cellular lipids irrespective of the fact of significant or insignificant
accumulation of lipids in many yeast species like R. toruloides, Y. lipolytica, Pichia membranifaciens, etc.,
when growth is performed on sugars or glycerol under nitrogen-limited conditions [32,41,58,94].

(Finally, C. curvatus ATCC 20509 stored total lipids (extracted with the aid of chloroform/methanol
2/1 v/v mixture) that were mainly composed of triacylglycerols (TAGs) (Figure 5), in accordance with
many results reported for various oleaginous yeasts [4,33,94] and fungi [32,59].
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Figure 5. TLC analysis of the “crude” “Folch” extract (lanes 1, 2 and 3) of Cryptococcus curvatus
ATCC 20509 lipid produced during growth on xylose in shake-flask experiments (S0 concentration
≈100 g/L), c. 170 h after inoculation. Lane 1 corresponds to deposited sample of 4 μL, lane 2 of 6 μL
and lane 3 of 8 μL. Total lipids were diluted to chloroform/methanol 2/1 v/v solution, at concentration
≈10 mg/mL. Lane 4 corresponds to a mixture of neutral lipid standards (monononadecanoin—MAG,
cholesterol—CL, oleic acid—FFA, glyceryl trioleate—TAG and cholesteryl linoleate—CE). Solvents:
petroleum ether/diethyl ether/glacial acetic acid (70:30:1, v/v/v); time of run 45 min (16 cm above the
origin); intermediate drying at room temperature for 15–30 min. Detection system: H2SO4:H2O 1:1
(v/v) at 110–120 ◦C for 30 min. Culture conditions as in Table 2.

Table 6. Quantities (in %, w/w) of neutral lipid (NL), sphingolipid and glycolipid (G + S) and
phospholipid (PL) fractions during lipid accumulation phase of Cryptococcus curvatus ATCC 20509
cultivated on commercial xylose at S0 ≈ 100 g/L without OMWs added (PCC0 = 0.0 g/L) in shake-flask
experiment, c. 170 h after inoculation (a) and batch bioreactor experiment, c. 190 h after inoculation (b)
and fatty-acid composition (in%, w/w) of the mentioned lipid fractions as compared with the fatty-acid
composition of total lipid for the relevant fermentation point. Culture conditions for the shake-flask
trials as in Table 2, for the batch bioreactor trial as in Figure 3.

(a) Flask Experiment

% w/w C16:0 C18:0 Δ9C18:1 Δ9,12C18:2

Total lipid 26.0 9.7 53.2 7.2
NLs 85.2 29.0 6.5 50.8 10.8
G+S 12.6 26.0 7.2 53.4 6.1
PLs 2.2 22.1 8.0 59.0 7.0

(b) Bioreactor Experiment

% w/w C16:0 C18:0 Δ9C18:1 Δ9,12C18:2

Total lipid 32.1 6.0 54.4 2.9
NLs 88.1 40.2 4.8 49.4 3.0
G+S 10.0 37.3 8.8 49.3 2.1
PLs 1.9 26.4 5.1 61.4 4.0
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4. Conclusions

Wild-type yeast strains were screened towards their ability to convert commercial xylose, a low-cost
carbon source deriving from lignocellulosic biomass, into SCO. Trials were carried out with initial xylose
at c. 70 g/L using six yeast strains of the species Rhodosporidium toruloides, Lipomyces starkeyi, Rhodotorula
glutinis and Cryptococcus curvatus and the most promising results as regards lipid production were recorded
for the strains C. curvatus ATCC 20509 and L. starkeyi DSM 70296. In the next step, media presenting high
xylose quantities (≈100 g/L) in which OMWs were added in various concentrations, were employed as
fermentation media. These media mimic various abundant xylose-rich lignocellulose-type wastewaters
like spent-sulfite liquor and waste xylose mother liquid. Both C. curvatus and L. starkeyi presented
interesting TDCW production. In the media without OMWs added, C. curvatus produced SCO = 10 g/L
(lipid in TDCW ≈ 48% w/w. Scale-up in laboratory-scale bioreactor clearly increased the production
of TDCW and SCO synthesized by C. curvatus; the values for both biomass and lipids produced in
bioreactor experiments (37.0 g/L and 16.4 g/L respectively) were among the very high ones achieved in
the international literature for this type of conversion (commercial xylose towards SCO) demonstrating
the high potential of this strain on the mentioned bioprocess.

In media presenting increasing phenolic compounds, lipid in TDCW values decreased whereas
shift towards the creation of lipid-free material was observed. In contrast, lipid production bioprocess
was significantly unaltered by the presence of phenolic compounds into the medium for L. starkeyi
(in all cases lipids in TDCW quantities 24–28% w/w, similar to the blank experiment were recorded).
Interesting dephenolization occurred for both yeast strains, irrespective of the initial concentration of
the phenolic compounds found into the medium. On the contrary, decolorization of the wastewater
occurred only by C. curvatus.

Total lipids of all yeasts tested were mainly composed of the FAs oleic and palmitic and to lesser
extent linoleic and stearic, found in variable concentrations and constituting perfect fatty materials
amenable for the synthesis of high-quality biodiesel. In C. curvatus, lipids were mainly composed of
nonpolar fractions (i.e., triacylglycerols) whereas polar lipids (i.e., phospholipids, glyco+ sphingolipids)
were found at drastically lower concentrations.

Concluding, both C. curvatus and L. starkeyi are robust TDCW- and SCO-producing microorganisms
during growth on xylose and xylose/OMWs blends. The current submission has demonstrated the
potential of the bioconversion of these compounds or also residues mimicking these substrates
(i.e., abundant xylose-containing wastewaters) into yeast biomass and lipid with satisfactory
productions and conversion yields.
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Abstract: This study aims to evaluate the sugar yield from enzymatic hydrolysis and the interactive
effect pretreatment parameters of microwave-assisted pretreatment on glucose and xylose. Three types
of microwave-assisted pretreatments of sago palm bark (SPB) were conducted for enzymatic
hydrolysis, namely: microwave-sulphuric acid pretreatment (MSA), microwave-sodium hydroxide
pretreatment (MSH), and microwave-sodium bicarbonate (MSB). The experimental design was done
using a response surface methodology (RSM) and Box–Behenken Design (BBD). The pretreatment
parameters ranged from 5–15% solid loading (SL), 5–15 min of exposure time (ET), and 80–800 W of
microwave power (MP). The results indicated that the maximum total reducing sugar was 386 mg/g,
obtained by MSA pretreatment. The results also illustrated that the higher glucose yield, 44.3 mg/g,
was found using MSH pretreatment, while the higher xylose yield, 43.1 mg/g, resulted from MSA
pretreatment. The pretreatment parameters MP, ET, and SL showed different patterns of influence
on glucose and xylose yield via enzymatic hydrolysis for MSA, MSH, and MSB pretreatments.
The analyses of the interactive effect of the pretreatment parameters MP, ET, and SL on the glucose
yield from SPB showed that it increased with the high MP and longer ET, but this was limited by low SL
values. However, the analysis of the interactive effect of the pretreatment parameters on xylose yields
revealed that MP had the most influence on the xylose yield for MSA, MSH, and MSB pretreatments.

Keywords: microwave-assisted pretreatment; pretreatment parameters; enzymatic hydrolysis;
glucose; xylose

1. Introduction

The utilization of solid waste, such as lignocellulosic biomass, as raw materials for the fuel,
food, and pharmaceutical component industries is a global concern [1]. Forestry, agricultural,
and agro-industrial residues are the main sources of these useful materials [2,3], such as sago palm
bark (SPB) which is a by-product generated by the sago starch industry. Due to the presence of
cellulose and hemicellulose contents in sago palm bark (> 63%) [4], SPB can provide a sustainable
resource for sugar platform-based chemicals and organic fuels because of its availability in enormous
quantities at low cost. The conversion of the lignocellulosic materials into different valuable products
faces the complex structure of lignocellulosic materials, which make these materials resistant to some
conversion possessing stages, such as enzymatic hydrolysis. Hence, the challenge in the hydrolysis
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stage is to achieve a high sugar yield from lignocellulosic biomass using limited amounts of energy
and chemicals during pretreatment to reduce the investment cost. A pretreatment stage is a key to
the use of lignocellulose materials in bio-alcohol compound production [5]. Various techniques have
been developed for the pretreatment of lignocellulosic compounds, including physical and chemical
pretreatment methods, such as steam explosion [6], diluted acid [7], alkali [8], and hydrothermal
pretreatments [9]. Most of these methods of pretreatment involve high processing costs, due to harsh
operating conditions, such as high pressure and/or temperature. Furthermore, highly concentrated
chemicals, such as acids, are toxic to the enzymes or fermentative microorganisms and, therefore,
require an additional processing step [10].

In recent years, microwave heating has received more recognition. The key benefit of microwave
heating is the short amount of time it takes, relative to traditional heating; minutes versus hours [11].
This is because of the fundamental difference in the heat transfer mechanism between microwave and
conventional heating [12]. Conventional heating requires surface heating until conduction, convection,
or radiation transfers the heat inwards. However, during microwave heating, the microwave energy
not only interacts with the surface material but, at the same time, penetrates the surface that comes
into contact with the material’s core [13]. Because of its high heating rate and easy operation,
microwave heating is, therefore, a viable alternative to conventional heating methods, which have
been widely used in many fields. The microwave-assisted pretreatment of various lignocellulosic
biomass substrates was used in many studies [14–16]. These studies reported that microwave heating
has a positive effect on cellulosic material digestion for downstream processes. Despite the large
number of microwave-assisted application studies, microwave technology has not completely replaced
conventional heating in industry. The problems associated with the processing of waste materials
with microwaves include inherent difficulties with microwaves themselves and those inherent with
processed materials. Microwave radiation can be applied via an applicator; therefore, it can be placed
remotely and heating can be done in a clean environment. However, not all materials (e.g. transparent
materials) are easily heated via microwave heating. Another characteristic of microwave processing is
the differential coupling of materials, which enables selective heating. Adding absorbers to transparent
material could help to increase the reaction temperature. On the other hand, using additives (absorbers)
may result in unwanted impurities. At a temperature below the critical temperature of a material,
microwave processing is self-limiting and, therefore, heating can cease after the process or phase is
completed. For this reason, the efficacy of microwave-assisted pretreatment relies ultimately on the
the pretreatment parameters. The factors that have most influence on sugar recovery in microwave
pretreatments are solvent type, solid loading (solvent to feed ratio), exposure time, and microwave
power [16–20].

Microwave heating-based processes may achieve a green and low-energy pretreatment cycle.
The minimal use of energy requirements (short heating time), chemical auxiliaries (use of extreme
diluted solvents), and the recycling of biomass wastes meet with the principles of green-extraction
and can provide more sustainable and feasible routes for commodity production [21,22]. Therefore,
this study investigates the use of low concentration solvents in microwave-assisted pretreatment and
evaluates their effect on fermentable sugar yield from sago palm bark wastes through enzymatic
hydrolysis. Extremely diluted solvents, such as sulphuric acid, sodium hydroxide, and sodium
bicarbonate were applied in the microwave-assisted pretreatment prior to the enzymatic hydrolysis
process. The microwave-assisted pretreatment methods were, namely, microwave-sulphuric acid
pretreatment (MSA), microwave-sodium hydroxide pretreatment (MSH), and microwave-sodium
bicarbonate pretreatment (MSB). Experimentally, the response surface methodology (RSM) was used for
the design of experiment (DOE), to construct an empirical model based on the collected experimental
data, and to highlights the interactions among the microwave-assisted pretreatment parameters and
their effect on the enzymatic hydrolysis process. Therefore, this study aims to evaluate the sugar yield
and the interactive effect of the key operating parameters of acidic and alkali microwave-assisted
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pretreatments. An emphasis is placed on how MSA, MSH, and MSB pretreatment processes effect
glucose and xylose yield from the enzymatic hydrolysis of SPB.

2. Material and Methods

2.1. Substrate

The purchased sago palm trunks from a plantation in Melaka, Malaysia were used to prepare
the experiment feedstock. These trunks were debarked to obtain the bark fraction (the outer layer).
The collected bark was dried in an oven until reached a constant weight (temperature of 105 ◦C
for ~24 h). Then, a woodchipper (Woodchipper from Pallmann Maschinenfabrik Gmb & Co KG in
Zweibrücken, Germany type PZ 8) was used to chop the dried bark. The chopped matter was sieved
by a chip classifier to get particle size (2–3 cm). Finally, these materials were stored in plastic bags at
−20 ◦C until the experiments were carried out.

2.2. Enzymes and Chemicals

The cellulase enzymes from Trichoderma reesei (E.C. 3.2.1.4), xylanase from Trichoderma viride
(E.C. 3.2.1.8) and β-glucosidase from Almond (E.C. 3.2.1.21) were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used in enzymatic hydrolysis. In addition, the monosaccharides glucose,
xylose analytical standards, and 3,5 dinitrosalicylic acid, as well as sodium azide were and used in
the qualitative and quantitative analysis for sugar. Concentrated sulphuric acid, sodium hydroxide
pellets, and sodium bicarbonate powder were purchased from R&M (Selangor, Malaysia) and were
utilized in the pretreatment process. Citric acid monohydrate and sodium citrate were obtained from
R&M (Selangor, Malaysia) to prepare the sodium citrate buffer.

2.3. Microwave-Assisted Pretreatment

The microwave-assisted pretreatment was performed in a single-phase stainless steel domestic
microwave oven with a 206 mm (H) × 315 mm (W) × 353 mm (D) microwave oven cavity from
Panasonic (NN-ST340M, Panasonic, Kadoma, Osaka Prefecture, Japan). This microwave has a 2.45 GHz
magnetron. This magnetron was mounted at the side of the casing and with a maximal operation power
of 800 W and five discrete settings. The microwave oven was modified by making a 25 mm round
hole at the center of upper side to facilitate the connection between the reaction flask and the reflux
condenser and the upper end of the reflex condenser was sealed by aluminum paper to prevent
evaporation. The reflux unit is often included to control pressure by condensing the vaporized sample
mixture, and this system operates at atmospheric conditions. The dried samples were transferred to
a 1000 mL round-bottom flask that contained 100 mL of the pretreatment solvent. Then, the flask was
placed inside the microwave cavity. After the pretreatment, the slurry was filtered through filter paper
(0.45 μm) (Double Ring filter paper 102, China) to separate the solid residue and liquid faction (liquor).
The filtered solid fraction was washed with distilled water to remove the pretreatment solvent and was
dried at 60 ◦C for 48–72 h to get a constant weight. Then, the dried materials were stored at −20 ◦C in
plastic bags for the subsequent enzymatic hydrolysis process.

Three solvents—0.05 M H2SO4, 0.1 M NaOH, and 0.01 M NaHCO3—were used for the microwave-
sulphuric acid pretreatment (MSA), microwave-sodium hydroxide pretreatment (MSH), and microwave-
sodium bicarbonate pretreatment (MSB) of SPB, respectively. The pretreatments were performed at
various solid loading, exposure time, and microwave power which resulted from the experimental
design (DOE). The design of experiment (DOE) was done using Design Expert software (Version 7.1,
Stat-EaseInc., Silicon Valley, CA, USA) a RSM approach. The Box–Behnken factorial design (BBD) with
three independent variables and three levels was employed to plan experiments with consideration for
the interactive effects among the variables during the pretreatments and their responses. Since there
is no accurate procedure to directly measure the exact temperature and pressure of pretreatment in
a domestic microwave oven, pretreatment was expressed in terms of the microwave power output
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that can be set on the instrument. The case study in this design involves the interaction effects of
the pretreatment variables, microwave power (MP) (X1), exposure time (ET) (X2), and solid loading
(SL) (X3) on enzymatic hydrolysis from biomass. Table 1 shows the 17 experimental runs which were
generated in terms of coded and actual variables.

Table 1. Number and Conditions of Experiments According RSM and BBD.

RUN X1 X2 X3 SL (%) ET (min) MP (W)

1 0 −1 1 10 5 800
2 0 1 1 10 15 800
3 0 1 −1 10 15 80
4 −1 0 1 5 10 800
5 −1 1 0 5 15 440
6 −1 −1 0 5 5 440
7 1 0 1 15 10 800
8 0 0 0 10 10 440
9 0 0 0 10 10 440

10 1 0 −1 15 10 80
11 0 0 0 10 10 440
12 1 −1 0 15 5 440
13 −1 0 −1 5 10 80
14 0 0 0 10 10 440
15 0 0 0 10 10 440
16 1 1 0 15 15 440
17 0 −1 −1 10 5 80

2.4. Enzymatic Hydrolysis

Enzymatic hydrolysis was performed in an incubator shaker at 55 ◦C and 150 rpm for 72 h. A total
of 1.0 g of pretreated biomass, on a dry matter basis, was immersed in 30 mL of 50 mM sodium citrate
buffer (pH 4.8) in a 250 mL Erlenmeyer flask. Cellulase was supplemented by 24 FPU/g, 2 UN/g
of xylanase and β-glucosidase at an enzyme loading of 50 U/g. U and UN refer to the activity of
β-glucosidase and xylanase, respectively, as reported by the manufacturer: “One U of β-glucosidase
corresponds to the amount of enzyme which liberates 1 μmol of glucose per minute at pH 5.0 and
37 ◦C (salicin as substrate)” and “one UN will liberate 1 μmole of reducing sugar measured as xylose
equivalents from xylan per minute at pH 4.5 at 30 ◦C. Additional β-glucosidase was essential to
alleviate the cellobiose inhibition of cellulase. Prior to use, the cellulase activity assay for determining
filter paper cellulase units (FPU) was performed as outlined by the NREL LAP-006 procedure [23]
which was found to be 67 FPU/mL. A dose of 0.3% (w/v) sodium azide was added to avoid microbial
contamination. Following hydrolysis, the samples were immediately transferred to a boiling water
bath for 10 min to avoid further reaction and the denaturing of the enzymes. They were then cooled in
an ice bath. Samples of the slurries were collected and filtered through a 0.22 μm nylon membrane,
neutralized and kept at −30 ◦C for further sugar analysis. The sugar analysis was performed to identify
the total reducing sugar using the dinitrosalicylic acid method (DNS) and to estimate monomeric sugar
content via HPLC analysis.

2.5. Sugar Analysis

The total reducing sugar analysis was performed according to the DNS method of Miller (1959) [24].
The colored samples were then measured with a UV–VIS spectrophotometer (UV-2700, Shimadzu,
Japan) at 540 nm using a standard curve of glucose. The monomeric sugars of glucose and xylose were
analyzed by a high-performance liquid chromatography (HPLC) system (Alltech 2000, East Lyme, CT,
USA) equipped with a RI detector and a Rezex RPM-Monosaccharide Pb+2 column, 300 mm in length
and 7.5 mm in internal diameter, particle size: 8 (μm), Max back pressure: 1000 (PSI) (Phenomenex
Inc., Torrance, CA, USA). The column was conditioned for 30 to 60 mins to reach a steady state using
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a mobile phase deionized water HPLC grade, which was already sonicated to deaerate the system at
a flow rate of 0.6 mL/min. The column and detector temperatures were set at 85 and 40 ◦C, respectively
and the injection volume of sample was 20 μL. The liquid samples were filtered using a 0.22 μm
disposable nylon membrane syringe filter (Phenex Inc., England, UK) prior to HPLC analysis.

3. Results and Discussion

3.1. Effect of Microwave-Assisted Pretreatment Type on Sugar Yield

The effects of MSA, MSH, and MSB pretreatment on the physical and chemical characteristics
of SPB were reported and discussed in a previous study by Ethaib et al. [4], and the composition of
the pretreated solids is shown in Table 2.

Table 2. The chemical composition of solids before and after pretreatment [4].

Component
% w/w

SPB

Untreated MSA MSH MSB

Cellulose 40.79 47.23 47.1 44.92
Hemicellulose 22.32 19.55 24.21 27.18

Lignin
(Removal)

25.85 17.68 (31.6%) 20.21
(21.8%)

18.83
(27.1%)

others 11.04 15.47 8.48 9.07

In the current study, the enzymatic hydrolysis of pretreated SPB using MSA, MSH, and MSB was
carried out to evaluate the sugar yield and the interactive effect of microwave-assisted pretreatment
parameters on sugar yield. In the present section, the sugar yield (mg/g of pretreated solids) and
enzymatic hydrolysis efficiency of pretreated SPB were evaluated based on the total reducing sugar
content using the DNS method on both glucose and xylose yields. Figure 1 depicts the levels of
the total reducing sugar content that was obtained via MSA, MSH, MSB, and enzymatic hydrolysis for
the seventeen experiment runs of the design of experiment. The examination of glucose and xylose
yields using HPLC analysis are tabulated in Table 3 for MSA, MSH, and MSB based on BBD experiments.
The results show that the sugar yield from enzymatic hydrolysis, which was calculated using the DNS
method, was higher than the HPLC results. From a chemical standpoint, the DNS reagent reacts with all
of the reducing sugars that contain aldehyde groups, which include all monosaccharaides, along with
some disaccharides, such as cellobiose, oligosaccharides, and some polysaccharides [25]. In general,
the HPLC can be used to detect the individual components of monosaccharaides, in this study, it was
limited for glucose and xylose detection.

 

Figure 1. Total reducing sugar measured after enzymatic hydrolysis of sago palm bark for MSA, MSH,
and MSB pretreatments.
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Table 3. Glucose and xylose yield after enzymatic hydrolysis of sago palm bark for MSA, MSH, and
MSB pretreatments.

Run

Pretreatment Conditions MSA Pretreatment MSH Pretreatment MSB Pretreatment

SL(%)
ET

(min)
MP (W)

Glucose
(mg/g)

Xylose
(mg/g)

Glucose
(mg/g)

Xylose
(mg/g)

Glucose
(mg/g)

Xylose
(mg/g)

1 10 5 800 25.5 ± 5.8 32.7 ± 2.8 32.9 ± 1.5 24.5 ± 0.0 16.0 ± 2.0 17.9 ± 1.5
2 10 15 800 20.8 ± 1.4 33.6 ± 5.8 35.8 ± 7.9 25.5 ± 0.2 19.6 ± 1.8 18.9 ± 0.3
3 10 15 80 27.1 ± 0.7 32.1 ± 7.6 32.5 ± 4.7 22.4 ± 1.4 18.8 ± 2.0 14.6 ± 2.3
4 5 10 800 24.4 ± 3.3 37.5 ± 5.7 44.3 ± 4.8 24.6 ± 0.7 20.1 ± 1.5 17.2 ± 2.4
5 5 15 440 37.5 ± 5.7 30.6 ± 3.2 40.9 ±3.4 24.7 ± 0.0 20.6 ± 0.3 14.7 ± 0.1
6 5 5 440 23.6 ± 0.8 31.4 ± 3.3 37.0 ± 1.0 15.8 ± 3.8 13.6 ± 1.9 16.8 ± 2.4
7 15 10 800 20.4 ± 2.1 43.1 ± 4.2 39.3 ± 1.0 22.9 ± 1.4 16.6 ± 1.0 17.2 ± 1.3
8 10 10 440 28.3 ± 2.4 33.8 ± 0.4 32.2 ± 1.4 19.6 ± 1.0 17.1 ± 2.0 21.2 ± 3.4
9 10 10 440 27.6 ± 2.2 37.1 ± 5.5 33.2 ± 1.7 18.3 ± 1.7 16.2 ± 1.3 19.9 ± 0.3
10 15 10 80 22.4 ± 2.3 34.5 ± 4.9 30.9 ± 5.3 17.7 ± 0.3 13.0 ± 2.6 16.3 ± 0.8
11 10 10 440 27.6 ± 0.8 31.1 ± 0.6 30.2 ± 1.4 18.2 ± 1.4 16.2 ± 1.3 19.0 ± 0.2
12 15 5 440 29.3 ± 3.9 33.0 ± 1.3 28.0 ± 1.4 14.7 ± 1.5 14.4 ± 0.7 16.5 ± 0.8
13 5 10 80 29.3 ± 1.5 38.9 ± 7.5 35.9 ± 3.8 19.7 ± 1.6 16.5 ± 0.3 19.8 ± 0.2
14 10 10 440 27.7 ± 3.7 35.5 ± 2.0 31.2 ± 2.6 19.6 ± 1.0 16.5 ± 0.3 19.8 ± 0.6
15 10 10 440 28.3 ± 3.0 32.0 ± 2.9 32.2 ± 1.3 18.8 ± 1.4 16.6 ± 1.8 18.9 ± 0.6
16 15 15 440 27.7 ± 3.9 35.5 ± 2.0 28.9 ± 0.9 17.3 ± 0.9 17.1 ± 1.0 13.9 ± 0.3
17 10 5 80 23.1 ± 1.2 30.1 ± 0.6 29.7 ± 1.0 14.9 ± 1.0 11.5 ± 2.4 17.4 ± 1.9

The results show that, overall, microwave-acid pretreatment (MSA), followed by the enzymatic
hydrolysis of SPB gave a higher sugar yield in comparison to both types of alkaline pretreatments
(MSH and MSB), as shown in Figure 1. The maximum total reducing sugar was found to be 386 mg/g
when SPB was loaded at 5% and soaked in 0.05 M H2SO4 under 440 W for 15 mins. With 0.1 M NaOH
and 0.01 M NaCHO3 treatments under the same conditions, the yields were 332 mg/g and 279 mg/g,
respectively. The results in Table 3 indicate that the highest glucose yield was found through MSH
pretreatment, with an average glucose yield of 1.27—times the pretreatment yields of MSA and MSB,
respectively. The highest glucose yield was found at 44.3 ± 4.8 mg/g in run 4 when the SPB underwent
MSH pretreatment, loaded at 5% solid and subjected to 800 W for 5 mins. SPB, pretreated under
the same conditions with sulphuric acid and bicarbonate sodium, only yielded 24.4 ± 3.3 mg/g and
20.1 ± 1.5 mg/g after the enzyme hydrolysis, respectively. Zhang and his co-workers [26] reported
that NaOH solutions can cause the swelling and dissolution of cellulose. The swelling of cellulose
causes significant changes in physical properties and an increase in cellulose volume. Moreover,
the dissolution of cellulose can destroy the supramolecular structure of cellulose. Therefore, cellulose
swelling and the increase in the cellulose content and its volume and the disruption of its structure,
caused by the NaOH solution, may lead to an increase in the surface area available for the cellulase
enzyme to react, resulting in increased glucose release.

Xylose yield in MSH pretreatment was lower than that of MSA pretreatment; however, a higher
xylose yield was found at 43.1 ± 4.2 mg/g in run 7 using MSA pretreatment. The xylose yields for
the MSH and MSB pretreatments under the same pretreatment conditions were 22.9 ± 1.4 mg/g
and 17.2 ± 1.3 mg/g, respectively. This can be attributed to the ability of sulphuric acid to provide
hydrogen ions to breakdown long hemicellulose chains and form shorter chain oligomers, facilitating
the liberation of monomeric sugars C5 and C6 [24]. The average xylose yield in SPB hydrolysate via
MSA was 1.72, which was 1.95 times the xylose yields of MSH and MSB, respectively.

Table 3 details the glucose and xylose yields for MSA, MSH, and MSB pretreatments, based on
the variables SL, ET, and MP. These variables have a significant effect on glucose and xylose yields.
For instance, in run 4, the glucose yield was 44.3 ± 2.8 mg/g when SPB underwent MSH pretreatment
and was loaded at 5% (SL) and subjected to 800 W (MP) for 5 min. In run 2, increasing the solid
loading to 10% at the same microwave power led to a decrease in glucose yield to 35.8 ± 3.9 mg/g,
even though the time was increased to 10 min. This means that the SL has a significant effect on sugar
yield compared to ET. A similar trend was found with MSA. For more details on the combined effects
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of these variables on glucose and xylose yield, statistical analysis was performed and a 3D contour plot
was created for discussion in the following sections.

3.2. Analysis Effect of Microwave-Assisted Pretreatment Parameters Using ANOVA

In order to understand the effect of the parameters in microwave-assisted pretreatment on glucose
and xylose yields, analyses of variance (ANOVA) for the BBD, as shown in Table 3, were performed
using Design Expert software. The BBD was used to evaluate the effect of the three microwave-assisted
pretreatment independent variables, SL, ET, and MP, on the response variables, glucose and xylose
yields, via enzymatic hydrolysis to create models between these variables. Second-order multi
regression models were constructed as a function of the three microwave-assisted pretreatment
variables, SL (X1), ET (X2), and MP (X3), on the predicted response of glucose yield (Y1) and xylose
yield (Y2). The quality of fit of the polynomial model equations and their parameters were evaluated
by determining the R2 coefficient. Statistical and regression coefficient significances were checked
against the probability (p-value). p-values of less than 0.05 were applied to validate the significant
of the models and each of the variables, which, in turn, is necessary to understand the pattern of
the mutual interactions between the test variables.

The glucose yield (Y1) and xylose yield (Y2) models for MSA pretreatments and the enzymatic
hydrolysis of SPB are illustrated using second-order polynomial equations as follows:

Y1 = 11.01211 + 0.35256X1 + 1.71473X2 + 0.035514X3 − 0.15532X1X2+

0.000394581X1X3 − 0.00120793X2X3 + 0.032591X1
2 + 0.032933X2

2−
0.0000354291X3

2
(1)

Y2 = 35.76288− 2.78708X1 + 2.91092X2 − 0.022262X3 + 0.033276X1X2+

0.00138219X1X3 − 0.000152006X2X3 + 0.10210X1
2 − 0.15315X2

2+

0.0000157648X3
2

(2)

The glucose yield (Y1) and xylose yield (Y2) models for MSH pretreatment and enzymatic
hydrolysis are illustrated in Equations (3) and (4), respectively:

Y1 = 41.5865− 3.18614X1 + 1.75493X2 − 0.00832057X3 − 0.028987X1X2−
0.0000126471X1X3 + 0.0000142204X2X3 + 0.13534X1

2 − 0.060397X2
2+

0.0000186437X3
2

(3)

Y2 = 6.19687 + 0.39759X1 + 1.65842X2 − 0.00238738X3 − 0.073023X1X2−
0.000906216X1X3 + 0.0000219542X3

2 (4)

The regression model for the glucose yield (Y1) and xylose yield (Y2) of MSB pretreatment and
the enzymatic hydrolysis of SPB are presented in Equations (5) and (6), respectively:

Y1 = 9.14903− 0.15517X1 + 0.91215X2 + 0.00852174X3 − 0.022048X1X2+

0.000128086X1X3 − 0.000514792X2X3
(5)

Y2 = 8.48181− 1.27393X1 + 1.55549X2 − 0.00771416X3 − 0.00612675X1X2+

0.000498938X1X3 + 0.000525542X2X3 − 0.077275X1
2 − 0.094553X2

2

+0.00000165916X3
2

(6)

Tables 3 and 4 display the ANOVA for glucose yields (Y1) and xylose yields (Y2) for MSA, MSH,
and MSB pretreatments.
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Table 4. ANOVA for glucose of MSA, MSH, and MSB pretreatments.

Pretreatment.
Source of
Variations

Sum of
Squares

Degree of
Freedom

Mean
Square

F-Value p-Value R2

MSA

Model 232.76 9 25.86 6.30 0.0120 0.8901
X1 (SL) 28.16 1 28.16 6.86 0.0345
X2 (ET) 16.67 1 16.67 4.06 0.0837
X3 (MP) 14.95 1 14.95 3.64 0.0980

X1X2 60.31 1 60.31 14.69 0.0064
X1X3 2.02 1 2.02 0.49 0.5058
X2X3 18.91 1 18.91 4.61 0.0690
X1

ˆ2 2.80 1 2.80 0.68 0.4365
X2

ˆ2 2.85 1 2.85 0.70 0.4319
X3

ˆ2 88.77 1 88.77 21.63 0.0023

MSH

Model 286.65 9 31.85 6.59 0.0106 0.8944
X1 (SL) 120.08 1 120.08 24.85 0.0016
X2 (ET) 13.82 1 13.82 2.86 0.1347
X3 (MP) 68.05 1 68.05 14.08 0.0071

X1X2 2.10 1 2.10 0.43 0.5308
X1X3 0.02073 1 0.02073 0.004289 0.9841
X2X3 0.02621 1 0.02621 0.05422 0.9821
X1

ˆ2 48.20 1 48.20 9.97 0.0160
X2

ˆ2 9.60 1 9.60 1.99 0.2016
X3

ˆ2 24.58 1 24.58 5.09 0.0587

MSB

Model 90.99 6 15.17 30.11 <0.0001 0.9476
X1 (SL) 20.39 1 20.39 40.49 <0.0001
X2 (ET) 43.28 1 43.28 85.93 <0.0001
X3 (MP) 22.46 1 22.46 44.61 <0.0001

X1X2 1.22 1 1.22 2.41 0.1514
X1X3 0.21 1 0.21 0.42 0.5305
X2X3 3.43 1 3.43 6.82 0.0260

The ANOVA for the glucose models (Y1), pertaining to MSA, MSH, and MSB pretreatments,
shows that the p-values are significant, as shown in Table 3. The results show that the p-value for the Y1

of the MSA pretreatment model was 0.012, which means model is significant at a linear regression of R2

0.8901 and a F-value of 6.3. The p-values also revealed that the independent variables, X1 and X2, and
the quadratic term X3 had significant effects on glucose yields during MSA pretreatment, as shown in
Table 4.

The R2 and associated p-values for the MSH pretreatment of Y1 were 0.8944 and 0.0106, respectively
at F-value 6.59, showing that this model is significant. The variables X1 and X2 and the quadratic term
of X1 illustrate their significant effect on glucose yields during MSH pretreatment, as shown in Table 4.

For MSB pretreatment, the p-value of the Y1 model is very low (less than 0.0001) reflecting a high
R2 value (0.9476) and F-value 30.11. Based on the p-values of the model variables, the variables X1, X2,
and X3, and the interaction between X2 and X3, had significant effects on glucose yields during MSB
pretreatment, as shown in Table 3.

An ANOVA was also executed for the xylose yield (Y2) models of the three types of pretreatments.
The p-values of the generated models are significant, as shown in Table 5. The p-value of 0.0363 for
the Y2 model for MSA pretreatment is significant where R2 = 0.8431. This suggests that the interaction
between the independent variables X1 and X3, and quadratic terms X1 and X2, had a significant effect
on xylose yields during MSA pretreatment.
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Table 5. ANOVA for xylose models of MSA, MSH, and MSB pretreatments.

Pretreatment Source
Sum of
Squares

Degree of
Freedom

Mean
Square

F-Value p-Value R2

MSA
Pretreatment

Model 155.51 9 17.28 4.18 0.0363 0.8431
X1 (SL) 7.68 1 7.68 1.86 0.2152
X2 (ET) 2.59 1 2.59 0.63 0.4545
X3 (MP) 15.88 1 15.88 3.84 0.0909

X1X2 2.77 1 2.77 0.67 0.4402
X1X3 24.76 1 24.76 5.99 0.0443
X2X3 0.30 1 0.30 0.072 0.7956
X1

ˆ2 27.43 1 27.43 6.63 0.0367
X2

ˆ2 61.72 1 61.72 14.93 0.0062
X3

ˆ2 17.58 1 17.58 4.25 0.0782

MSH
Pretreatment

Model 201.90 9 22.43 17.89 0.0005 0.9583
X1 (SL) 22.13 1 22.13 17.65 0.0040
X2 (ET) 56.07 1 56.07 44.72 0.0003
X3 (MP) 64.22 1 64.22 51.22 0.0002

X1X2 13.33 1 13.33 10.63 0.0138
X1X3 0.024 1 0.024 0.019 0.8931
X2X3 10.64 1 10.64 8.49 0.0225
X1

ˆ2 1.20 1 1.20 0.96 0.3605
X2

ˆ2 0.011 1 0.011 0.08855 0.9277
X3

ˆ2 34.73 1 34.73 27.70 0.0012

MSB
Pretreatment

Model 58.39 9 6.49 4.31 0.0335 0.8472
X1 (SL) 2.57 1 2.57 1.71 0.2328
X2 (ET) 5.49 1 5.49 3.64 0.0979
X3 (MP) 1.19 1 1.19 0.79 0.4037

X1X2 0.094 1 0.094 0.062 0.8100
X1X3 3.23 1 3.23 2.14 0.1866
X2X3 3.58 1 3.58 2.38 0.1669
X1

ˆ2 15.71 1 15.71 10.44 0.0144
X2

ˆ2 23.53 1 23.53 15.63 0.0055
X3

ˆ2 0.19 1 0.19 0.13 0.7297

For MSH pretreatment, the p-value of the Y2 model was 0.0005, which means that this model
is highly significant where R2 = 0.9583 and the F-value = 17.89. The variables X1, X2, and X3 are
significant, as are the interactions between X1 and X2, and between X2 and X3. The quadratic term X3

has a significant effect on xylose yields during MSH pretreatment, as shown Table 4.
Finally, Table 4 also shows the significance of the Y2 model for MSB pretreatment, where:

R2 = 0.8472, p-value = 0.0335. In this table, only the quadratic terms of X1 and X2 are observed as
having a significant effect on xylose yield under MSB pretreatment with p-values of 0.01440 and
0.0055, respectively.

3.3. Analysis Effect of Microwave-Assisted Pretreatment Parameters Using RSM Plots

In order to understand the main and interactive effects between the pretreatment parameters on
glucose and xylose yields, 3D response surface plots and contour lines were generated for glucose and
xylose yields, according to the pretreatment condition (SL, ET and MP). This allows for the examination
of the interactive effect of the operating parameters. The shape and color of the surface plot and
the contour lines provide information about the relationship between the pretreatment variables and
related response. Contour plots are the projection of the response surface on a two-dimensional plane,
while 3D surface plots are the projection of the response surface on a three-dimensional plane [27].
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3.3.1. Pretreatment Parameters on Glucose Yield

Figure 2 displays the effect of the pretreatment parameters—solid loading (SL), exposure time (ET),
and microwave power (MP)—on glucose yields during microwave-sulphuric acid (MSA) pretreatment.
Figure 2a illustrates the response surfaces of the combined effects of MP and ET with a constant SL.
The glucose yields gradually increased with an increase in MP and ET. However, after a certain point,
further increases in MP caused a decrease in glucose yield. This might be related to the interactive effect
of the third parameter (SL) whose effect on MP and ET can be clearly seen in the previous subsection in
Table 3 regarding run 2 and run 7. It was reported that the increase in SL level could cause a decrease
in the saccharification process. This might be attributed to the different “energy effect” with different
SL. In other words, the samples with a high SL (and thus relatively low pretreatment solvent loading)
receive less energy absorbed by the pretreatment solvent, resulting in a decrease in the internal heating
and the oscillation of the pretreatment solvent molecules [17].

Figure 2. The effect of pretreatment parameters in MSA pretreatment on the glucose yield (a) with MP
and ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET.

Figure 2b shows the relationship between ET and SL at a fixed MP. In this figure, the surface
plot shows an increase in the glucose yield with an increase in ET, reaching a peak at the lowest SL
(5%). An increase in ET allowed the sample (solvent + biomass) to absorb more microwave energy.
This, in turn, generated more heat in the sample-breaking cellulose chains, which led to more enzyme
accessibility during enzymatic hydrolysis, resulting in increased glucose yields [28].

Figure 2c shows a similar trend between MP and SL, where an increase in solid loading levels led
to a gradual decrease in glucose yield. The higher glucose yields were found at the surface plot regions
with low and medium SL. This confirms that high solid loadings have a negative effect on glucose
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yield because more energy is needed to produce a higher yield. A low solid loading allows the sample
particles to receive more microwave energy per gram of the solid substrate. Moisture is heated inside
the sample particles, evaporates, and generates tremendous pressure on the plant cell walls because of
plant cell swelling. The pressure pushes the cell wall from inside, stretching and ultimately rupturing
it, which facilitates a leaching out of the active constituents from the ruptured cell to the surrounding
solvent, thus improving the yield of sugar [29].

Regarding MSH pretreatment, Figure 3 shows the combined effect of the pretreatment parameters
on glucose yield. Figure 3a illustrates that a continuous increase in ET with a lower level of MP does not
affect glucose yield, while increasing ET in combination with a high level of MP causes a steady increase
in glucose yield due to the increase in heat generation within the sample. This may lead to a high
delignification process because of disruptions in the lignin structure during the microwave-alkaline
pretreatment [14]. Removing the lignin reduces the mechanical strength of the plant cell which, in turn,
helps enzymes to access the cellulosic compounds inside the cell. Figure 3b shows that only lower
levels of SL (less than 10%) result in a higher glucose yield at various ET levels. Figure 3c demonstrates
that a higher level of microwave power leads to a higher glucose yield at lower levels of SL (5%),
while an increase in SL to 15% causes a decrease in glucose yield mg/g (at a fixed ET). This is because
samples which have low solid loading absorb more microwave energy, which helps to generate more
heat within the sample. This reflects positively on enzymatic hydrolysis, as mentioned in an earlier
study by Manaso et al. [28].

Figure 3. The effect of pretreatment parameters of MSH pretreatment on the glucose yield (a) with MP
and ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET.
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Regarding MSB pretreatment, Figure 4 depicts the effect of the operating parameters of this
pretreatment on glucose yield. The response surface plot shape and the contour lines in Figure 4a
indicate that there is a linear relationship among MP, ET, and glucose yield. An increase in both
microwave power and exposure time intensified the generation of heat, enhancing the delignification
process, making the lignocellulose more accessible for enzyme action. Figure 4b shows the interaction
between ET and SL, where it can be seen that there is a contrasting relationship between the latter
parameters and response. Similarly, Figure 4c shows the same relationship among MP, SL, and glucose
yield as a result of the “energy effect”, where low solid loaded samples received more microwave
energy [30].

 
Figure 4. The effect of pretreatment parameters of MSB pretreatment on glucose yield (a) with MP and
ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET.

3.3.2. Effect of Pretreatment Parameters on Xylose Yield

Figure 5 illustrates the interactive effects of microwave-assisted pretreatment conditions MP, ET,
and SL on xylose yields under MSA pretreatment. Figure 5a points to a strong interaction between MP
and ET. It can be observed that the gradual increase in microwave power from 80 to 800 W enhanced
the xylose yield from 32 to 43.2 mg/g at low and medium levels of exposure time. A maximum xylose
yield (43.2 mg/g) was achieved at 800 W for 10 min. However, increasing the exposure time beyond
10 min caused a decrease in xylose yield, a similar finding to that of Ma et al. [17]. This interactive effect
between irradiation time and microwave power level increased biomass digestibility by enhancing
hemicellulose removal. However, an extended exposure time with a higher microwave power may

106



Processes 2020, 8, 787

lead to a decline in biomass digestibility, as this increases irradiation time and microwave power cause
high temperatures within the sample, which could initiate the decomposition of released sugar [31].

Figure 5. The effect of pretreatment parameters of MSA pretreatment on the xylose yield (a) with MP
and ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET.

By the same token, as seen in Figure 5b, ET has a stronger influence on xylose yield compared to
SL. The xylose yield is less influenced by increases in SL, while the increase in ET results in a higher
xylose yield until a specific point. Ma et al. [17] reported that the elliptical nature of the contour plots
refers to a prominent interaction between the pretreatment variables, as seen between MP and SL in
Figure 5c. An increase in solid loading causes a decrease in biomass digestibility at low and medium
levels of MP; an increase in microwave power to 800 W mitigates the negative effect of the increase
in solid loading. These results can be attributed to the energy effect for high solid loading samples.
By increasing microwave power, the sample is able to receive more energy absorbed by the solvent,
which helps to disturb the hemicellulose structure, impacting positively on xylose yield [32].

Similarly, Figure 6a shows the significant interaction between MP and ET at a constant solid
loading on xylose yields under MSH pretreatment. The gradual increase in microwave power and
exposure time causes a gradual increase in xylose yield. Extending the exposure time and increasing
the microwave power, in addition to the high dielectric constant of NaOH (6.8 Debay) [33], can lead
to higher heat generation within the sample which, in turn, enhances sugar yield. These results
support the view that to facilitate partial hemicellulose fractionation may require a strong pretreatment
condition during alkaline pretreatment [34].
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Figure 6. The effect of pretreatment parameters of MSH pretreatment on the xylose yield (a) with MP
and ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET.

Figure 6b suggests a significant relationship between exposure time and solid loading; a high xylose
yield (25.7 mg/g) was found with a longer exposure time (15 min) and a low solid load (5%). Extended
exposure time and low solid loadings allow the samples to absorb more energy, which intensifies
the generation of heat within the biomass particles. This increases hemicellulose destruction and
enhances its hydrolysis, resulting in the swelling of the biomass particles and the improvement of
carbohydrate accessibility to enzymes [34]. It has been suggested that alkaline pretreatments may
need more time to reach the same level of digestibility offered by other pretreatments [5]. Figure 6c
shows that the xylose yield found at a high microwave power and low solid loading decreased
when the microwave power was reduced, and solid loading was increased. These results can also
be explained by energy absorption, where higher microwave power provided more energy, causing
an increase in reaction temperature. In summary, it can now be stated that high microwave power,
longer exposure time, and low solid loading during MSH pretreatment can enhance xylose yield
during the enzymatic hydrolysis step.

Figure 7a shows that a gradual increase in microwave power and exposure time can increase
xylose yield until a tipping point is reached where further increments cause a decrease in xylose
yield. This may be related to the formation of carbonic acid in NaHCO3 aqueous solutions which,
coupled with heat, cause sodium bicarbonate to act as a raising agent by releasing carbon dioxide [35].
This enhances biomass destruction. However, extended exposure time and microwave power does not
enhance the sugar yield; this may be due to loss of carbon dioxide because of the conversion of sodium
bicarbonate. The circular contour nature between exposure time and solid loading, as shown Figure 7b,
suggests a less prominent or negligible interaction between these two parameters [17]. Figure 7c also
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illustrates a minor interactive effect between MP and SL, as there is no significant difference in xylose
yield (between 5% and 15%) or increase in microwave power (from 80 to 800 W). In other words,
the xylose yield is less affected by the interaction of pretreatment variables during MSB pretreatment.

Figure 7. The effect of pretreatment parameters of MSB pretreatment on the xylose yield (a) with MP
and ET at a constant SL, (b) with ET and SL at a constant MP, and (c) with MP and SL at a constant ET.

4. Conclusions

The results revealed that MSA pretreatment is the most efficient sago palm bark pretreatment
technique, compared to the two other types of microwave-alkali pretreatment (MSH and MSB),
for the release of reducing sugar and the yield of xylose. However, MSH pretreatment methods
resulted in the higher glucose yield. The analyses of the effects of the pretreatment parameters MP,
ET, and SL on the glucose and xylose yield from SPB revealed that microwave-assisted pretreatment
parameters showed different patterns of influence on glucose and xylose yield via enzymatic
hydrolysis for MSA, MSH, and MSB pretreatment. From this, it can be interfered that variation
in microwave-assisted pretreatment parameters and the pretreatment solution play a crucial role on
the sugar yield from lignocellulosic biomass. For further studies, the performance of conventional
sulphuric acid pretreatments using the same solvent level and same exposure time is recommended.
Moreover, the base cost analysis is useful when exploring new technology. Therefore, conducting
overall mass-energy balance and economic analyses will help the microwave-assisted pretreatment to
be commercialized. Additionally, performing the microwave-assisted pretreatment in a microwave
system equipped with a temperature sensor will be useful to develop the kinetic models for sugar yield.
Moreover, this will enable the identification of appropriate process parameters that will be useful in
the scale-up of microwave-assisted pretreatment processes.
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Abstract: Ethanol is one of the widely used liquid biofuels in the world. The move from sugar-based
production into the second-generation, lignocellulosic-based production has been of interest due to
an abundance of these non-edible raw materials. This study interested in the use of Napier grass
(Pennisetum purpureum Schumach), a common fodder in tropical regions and is considered an energy
crop, for ethanol production. In this study, we aim to evaluate the ethanol production potential
from the grass and to suggest a production process based on the results obtained from the study.
Pretreatments of the grass by alkali, dilute acid, and their combination prepared the grass for further
hydrolysis by commercial cellulase (Cellic® CTec2). Separate hydrolysis and fermentation (SHF),
and simultaneous saccharification and fermentation (SSF) techniques were investigated in ethanol
production using Saccharomyces cerevisiae and Scheffersomyces shehatae, a xylose-fermenting yeast.
Pretreating 15% w/v Napier grass with 1.99 M NaOH at 95.7 ◦C for 116 min was the best condition
to prepare the grass for further enzymatic hydrolysis using the enzyme dosage of 40 Filter Paper
Unit (FPU)/g for 117 h. Fermentation of enzymatic hydrolysate by S. cerevisiae via SHF resulted in the
best ethanol production of 187.4 g/kg of Napier grass at 44.7 g/L ethanol concentration. The results
indicated that Napier grass is a promising lignocellulosic raw material that could serve a fermentation
with high ethanol concentration.

Keywords: Napier grass; bioethanol; biomass fractionation; enzyme hydrolysis; acid pretreatment;
alkali pretreatment

1. Introduction

Napier grass (Pennisetum purpureum Schumach), known also as elephant grass, is a perennial grass
found in tropical regions. Its high yield, easy cultivation, nutrient availability and versatility make
it widely popular for use as a fodder crop. Annual production yields of the grass vary depending
on cultivars, harvest cycles, fertilization, and climates. The reported Napier grass yield in temperate
climates was 20–40 ton/ha [1], while the yield in tropical climates was higher at 50–67 ton/ha [2,3].
Napier grass is classified as a lignocellulosic biomass. Its structural compositions varies depending
on weather, variety, and age. Reports on its composition covered 31–41% cellulose and 15–47%
hemicellulose [4–7]. Hydrolysis of its structure yields glucose and xylose, which are monomeric sugars
that serve as substrates in microbial fermentation to produce various biochemical including biofuels.

Napier grass plantation in Thailand has been for agricultural purposes. As the country
has continuously promoted biofuel production, Napier grass is considered as an energy crop.
Thailand’s 10 Year (2012–2021) Alternative Energy Development Plan has placed the grass as one of
the focused energy plants [8]. Napier grass has been successfully used in biogas production [8–10].
Studies on the use of Napier grass for other biofuels production also exist, including for bioethanol
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production. Pretreatments play an important role in production of liquid fuels. A study showed a
higher ethanol yield when using pretreated versus non-pretreated grasses, mainly due to increases in
sugar yields obtained in hydrolysis [11].

Pretreatment of Napier grass is an important step to prepare it for further hydrolysis. The process
alters physical structure of the biomass so that enzyme has a better access to the cellulose chain of
the biomass and improves hydrolysis [12,13]. Studies have been investigating various methods of
pretreatment, primarily physical and chemical methods, with the aim to obtain high sugar yields.
Some examples of the pretreatments focused on Napier grass included the uses of various alkalis,
e.g., aqueous ammonia, Ca(OH)2, NaOH, alkali H2O2 [14–16], and ammonia gas [17,18], dilute acid [14],
acid-peroxide [19], acid-alkali [20], steam explosion [14,21], hydrothermal treatment [11], and nitrogen
explosive decompression [22].

In the current study, we attempted to determine a simple and viable process for ethanol
production from Napier grass. The works in each pretreatment and hydrolysis step involved the use of
response surface methodology in order to determine the suitable conditions for each pretreatment and
hydrolysis routes.

Despite various pretreatment methods available, we chose to investigate the chemical pretreatment
of mechanically ground Napier grass due to its operational simplicity. We also chose NaOH and
H2SO4 as they are common chemicals that are already in use by industries. The suitable conditions for
enzymatic hydrolysis of the each pretreatment methods were then determined to obtain the process
that resulted in the highest sugar released from the grass. Upon obtaining suitable pretreatment and
hydrolysis conditions, ethanol production was investigated using hydrolysate obtained from enzymatic
hydrolysis of pretreated grass, through separated hydrolysis and fermentation (SHF), and using the
pretreated grass, through simultaneous saccharification and fermentation (SSF). Two yeast strains
were used in fermentations, a common yeast and a xylose-fermenting yeast. We evaluated the ethanol
production using such combination of substrates and yeasts and suggested the process for ethanol
production from Napier grass based on the results of the study.

2. Materials and Methods

2.1. Preparation of Napier Grass

Napier grass (Pennisetum purpureum Schumach) Pakchong 1 aged 90–150 days was harvested from
the Demonstration field of the Faculty of Agriculture, Khon Kaen University, Thailand. Stems were cut
approximately 5 cm above the ground. They were then chopped and oven dried at 70 ◦C. The dried
stems were then milled and sieved through a 10-mesh screen to obtain dried grass used in the study.

2.2. Alkali and Dilute Acid Pretreatments

Pretreatments using alkali and acid followed a similar procedure. In the case of alkali pretreatment,
dried Napier grass was soaked in 200 mL sodium hydroxide solution at 15% w/v loading in 500 mL
high-pressure laboratory bottles and heated in an autoclave. For acid pretreatments, dried Napier grass
or alkali-pretreated grass was soaked in sulfuric acid and heated in an autoclave. The concentration,
time, and temperature of the pretreatment were varied according to the values shown in Table 1.
After pretreatment, solid fractions were collected and washed until the pH was neutral. They were
then dried at 70 ◦C prior to analysis and enzymatic hydrolysis.

Design Expert® (version 7.0 demo, Stat-Ease, Minneapolis, MN, USA, 2005) was used in designing
the experimental runs and analysis of results. Box–Benkhen design was applied for all experiments.
Treated grasses were analyzed for their susceptibility to cellulase hydrolysis which was used as
responses in all pretreatments. Mathematical models obtained from program analysis were used to
predict the conditions that resulted in the highest susceptibility for each of the pretreatment methods.
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Table 1. Factors and levels used in pretreatment and enzymatic hydrolysis studies.

Treatment Methods Factors Low Level (−1) High Level (+1)

Alkali pretreatment NaOH, Molarity (M) 0.25 3
Temperature, ◦C 50 100

Time, min 30 180

Acid pretreatment H2SO4, % v/v 1 5
Temperature, ◦C 80 120

Time, min 30 120

Acid pretreatment H2SO4, % v/v 1 5
of alkali-treated grass Temperature, ◦C 50 100

Time, min 60 180

Enzymatic hydrolysis Enzyme dosage (Filter Paper
Unit (FPU)/g substrate) 10 50

Incubation time, h 24 120
Substrate loading, % w/v 5 15

2.3. Enzymatic Hydrolysis

Pretreated grasses were hydrolyzed using a cellulase, Cellic® CTec2 (Novozymes, Bagsvaerd,
Denmark). Grass was added into 100 mL of 50 mM citrate buffer solution (pH 5.0) in a 500-mL
laboratory bottle. The enzyme was then added and mixed, and the mixture was incubated in a water
bath at 50 ◦C with constant mixing. The hydrolysis reaction was stopped by boiling the content for
5 min. The liquid fraction was analyzed for reducing sugar.

Operation factors that were evaluated in enzymatic hydrolysis included enzyme dosage, incubation
time and substrate loading (Table 1). The Box–Benkhen design was used in designing experimental
runs with the help of Design Expert® software (version 7.0 demo, Stat-Ease, Minneapolis, MN, USA,
2005). The analysis of data was also carried out using the program. Suitable conditions for hydrolysis
by the enzyme were determined based on the maximum amount of reducing sugars obtained from
model prediction.

2.4. Ethanol Fermentation via SHF and SSF

Saccharomyces cerevisiae TISTR 5339 (Thailand Institute of Scientific and Technological Research,
Bangkok, Thailand) and Scheffersomyces shehatae ATCC 22984 (The American Type Culture Collection,
Manassas, VA, USA) were used in all fermentations. Yeast stocks were maintained in 30% glycerol.
They were propagated twice in Yeast Malt (YM) agar. Liquid medium used in fermentation was
prepared from enzymatic hydrolysate of alkali-treated grass supplemented with 2 g/L autolyzed yeast
powder (FM801, Angel Yeast, Yichang, China) for S. cerevisiae or 6 g/L for S. shehatae. Fermentations
were carried out in 250 mL Erlenmeyer flasks.

In inoculum preparation, a few single colonies were inoculated in diluted hydrolysate medium
whose glucose was adjusted to 10 g/L. It was incubated at 30 ◦C with shaking at 200 rpm for 24 h.
Ten percent of the first seed inoculum was transferred to a fresh hydrolysate medium with 20 g/L
glucose and incubated at the same conditions for another 24 h.

In separate hydrolysis and fermentation (SHF), 10 mL of inoculum was transferred to 100 mL of
hydrolysate medium. For simultaneous saccharification and fermentation (SSF), 100 mL of 15% w/v
slurry of alkali-treated grass in water, supplemented with autolyzed yeast powder, were used as
substrate and medium for fermentation. Ten mL of inoculum was added together with 40 Filter Paper
Unit (FPU)/ggrass of cellulase, Cellic® CTec2, to start the cultivation. Fermentation conditions were
30 ◦C with shaking at 100 rpm. Samples were taken at intervals and analyzed for cell growth, sugars,
and ethanol concentrations.

115



Processes 2020, 8, 567

2.5. Analysis

Grasses after pretreatment were analyzed by assessing their susceptibility to cellulase hydrolysis
(“susceptibility test” in short). One gram of dried grass was hydrolyzed by 30 FPU/g of cellulase
(Cellic® CTec2) in 50 mM citrate buffer (pH 5.0) for 72 h at 50 ◦C. Results from the analysis were
reported as susceptibility with the unit of gram of reducing sugar per liter (gRS, suscepibility/L).

Structural compositions of grasses before and after pretreatments were analyzed based on
extractive-free biomass following the NREL procedure [23] and ASTM standard test E1758-01(2007).
Surfaces of grasses were observed under scanning electron microscope (S-3000N, Hitachi, Tokyo, Japan).

Number of cells was reported as cells/mL and determined using cell count on hemocytometer.
Reducing sugar was analyzed using dinitrosalicylic acid colorimetric assay. High-performance liquid
chromatography (LC-20A, Shimadzu, Kyoto, Japan) was used to determine concentrations of glucose,
xylose, and ethanol. It was equipped with an Aminex HPX-87H (Bio-Rad, Hercules, CA, USA) column
and a refractive index detector (RID-6A, Shimadzu, Kyoto, Japan) for analysis. Column temperature
was set at 40 ◦C. The mobile phase was 5 mM sulfuric acid, flowing at 0.75 mL/min.

3. Results

3.1. Pretreatments of Napier Grass

Prior to hydrolysis of Napier grass by enzyme or using it in fermentation, pretreatment of the grass
is necessary in order to obtain biomass that is more vulnerable to further hydrolysis. Investigations in
using alkali, acid and their combinations in pretreatment of Napier grass were carried out to determine
for suitable conditions when applying each pretreatment regime.

3.1.1. Alkali Pretreatment

In order to obtain pretreatment conditions using alkali, NaOH concentrations (A in molarity),
treatment temperature (B in ◦C) and time (C in min) were varied within the value ranges indicated in
Table 1. By using the Box–Behnken design, experimental runs and their respective results were obtained
as shown in Table 2. The data fitted well with this following quadratic equation with R-squared value
of 0.9843.

y = 7.24 + 19.8 A + 0.045 B + 0.168 C + 0.093 AB + 0.015 AC − 0.0014 BC − 6.46 A2

+ 0.00081 B2 − 0.00029 C2 (1)

Table 2. Experimental runs and results for determining conditions of alkali pretreatment following the
Box–Behnken design.

Run No. NaOH, A Temperature, B Time, C Susceptibility

(M) (◦C) (min) (gRS, susceptibility/L)

1 3 75 30 24.3
2 1.625 75 105 31.7
3 0.25 75 180 10.8
4 1.625 100 180 35.8
5 1.625 75 105 32.4
6 1.625 75 105 33.4
7 0.25 100 105 10.0
8 3 100 105 39.1
9 0.25 50 105 9.62
10 1.625 50 180 31.2
11 1.625 75 105 31.7
12 0.25 75 30 9.80
13 1.625 50 30 22.4
14 1.625 100 30 37.7
15 3 75 180 31.4
16 3 50 105 26.0
17 1.625 75 105 26.0
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The analysis of variance (ANOVA) for the model (Table 3, NaOH) indicated that all the factors had
a significant effect on the susceptibility of the grass to cellulase hydrolysis. In addition, interactions
between NaOH concentration and temperature (A, B) and between temperature and time (B, C) also had
significant effects as demonstrated in Figure 1. The plots indicate that an increase in the concentration
of NaOH resulted in an increase in reducing sugar obtained from the susceptibility test until the
concentration was approximately 2 M; then the sugar started to decrease. Furthermore, the time taken
in pretreatment has shown its dependence on the temperature used (Figure 1b). At low pretreatment
temperature, the grass was more susceptible to cellulase hydrolysis with longer treatment time whereas
time had little effect at high treatment temperature.

Table 3. P-values obtained from ANOVA (analysis of variance) for response surface quadratic models
used in the prediction of suitable conditions for pretreatments of Napier grass.

Source p-Value Source p-Value

NaOH H2SO4 NaOH + H2SO4

Model <0.0001 Model 0.0075 0.0055
A—NaOH <0.0001 A—H2SO4 0.0022 0.0244

B—Temperature 0.0005 B—Temperature 0.0011 0.0004
C—Time 0.0318 C—Time 0.0979 0.9906

AB 0.0145 AB 0.2714 0.8541
AC 0.1648 AC 0.7242 0.5962
BC 0.0306 BC 0.0766 0.7019
A2 <0.0001 A2 0.0923 0.0210
B2 0.6162 B2 0.7228 0.0061
C2 0.1380 C2 0.1178 0.2965

Lack of Fit 0.1695 Lack of Fit 0.5632 0.0018

R-Squared 0.9843 R-Squared 0.9053 0.9139
Predicted R-Squared 0.8206 Predicted R-Squared 0.3468 −0.3992

Notes: NaOH = pretreatment with NaOH, H2SO4 = pretreatment with H2SO4 and NaOH + H2SO4 = pretreatment
with NaOH followed by H2SO4.2020
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Figure 1. Surface plots showing significant interactions (α = 0.05) between (a) NaOH concentration and
temperature (AB) at 116 min and (b) temperature and time (BC) at 1.99 M NaOH in alkali pretreatment
on reducing sugar obtained from the susceptibility test.

The equation predicted the pretreatment conditions that resulted in the highest susceptibility
(39.3 gRS, susceptibility/L) of 15% dried grass to be 1.99 M NaOH, 95.7 ◦C and 116 min. A verification test
using these conditions in pretreating Napier grass resulted in 38.4 g/L of reducing sugar obtained from
the susceptibility test, which was a 2.2% deviation from the model prediction.
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3.1.2. Dilute Acid Pretreatment

In the investigation for suitable conditions in pretreatment of Napier grass by dilute acid,
three factors of interest were H2SO4 concentration (A in % v/v), temperature (B in ◦C) and time
(C in min). Their levels as indicated in Table 1 was applied to the Box–Behnken design and the
results of 17 experimental runs are shown in Table 4. The data were fitted with a quadratic equation.
The resulting equation gave the best fit with R-squared value of 0.9053:

y = −3.40 − 1.06 A + 0.124 B + 0.110 C + 0.008 AB − 0.0011 AC − 0.00063 BC + 0.130 A2

− 0.00025 B2 − 0.00023 C2 (2)

Table 4. Experimental runs and results for determining conditions of dilute acid pretreatment following
the Box–Behnken design.

Run No. H2SO4, A Temperature, B Time, C Susceptibility

(%) (◦C) (min) (gRS, susceptibility/L)

1 3 120 120 9.57
2 3 100 75 9.17
3 1 100 120 8.36
4 3 100 75 8.02
5 5 100 120 9.77
6 1 80 75 7.76
7 3 100 75 8.62
8 3 100 75 9.37
9 3 80 120 8.32
10 3 80 30 5.95
11 5 120 75 11.5
12 3 120 30 9.47
13 5 80 75 9.13
14 1 120 75 8.86
15 3 100 75 9.33
16 5 100 30 9.73
17 1 100 30 7.92

Analysis of variance for the model (Table 3, H2SO4) suggested that the main factors that posed
significant influence on the susceptibility of the grass to cellulase hydrolysis at 95% confidence level
were H2SO4 concentration (A) and temperature (B). Time was also significant but at a higher significance
level (α = 0.1). In pretreatment with dilute acid, interaction between factors did not significantly affect
the susceptibility of the grass. Nonetheless, the interaction between time and temperature (BC) was
significant at a 90% confidence level. The surface plot in Figure 2 shows that temperature affected the
susceptibility strongly when using a short pretreatment time. Its effect was lesser at longer treatment
time. Furthermore, combination of high temperature and long treatment time exerted detrimental
effects on the susceptibility of the grass at 5% H2SO4.

The quadratic model predicted the maximum reducing sugar from susceptibility test to be 11.6 g/L.
The respective conditions were pretreating the grass at 15% loading with 5% v/v H2SO4 at 120 ◦C
for 56 min. The verification test resulted in 11.4 ± 0.1 g/L of reducing sugar from susceptibility test.
Although the predicted R-squared of this model was low, these results of the conditions were still valid
since the conditions were similar to those of run number 11. The small difference in pretreatment time
between run number 11 and the predicting value was insignificant, as the pretreatment time did not
have a significant effect on the susceptibility test result.

According to the susceptibility results in Table 4, it should be noted that dilute acid pretreatment
was generally inferior to alkali pretreatment. Lower reducing sugar released in susceptibility test
indicated that the pretreated grass was less susceptible to cellulase hydrolysis.
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Figure 2. Figure 2. Surface plot showing interactions (α = 0.10) between temperature and time (BC) at optimal
H2SO4 concentration (5% v/v) in dilute acid pretreatment on reducing sugar obtained from the
susceptibility test.

3.1.3. Alkali Followed by Acid Pretreatment

In this pretreatment, Napier grass was firstly pretreated with NaOH under the best conditions.
The NaOH-treated grass was subjected to the treatment using the same factors as in the dilute acid
pretreatment but the levels were adjusted as shown in Table 1. The results from all 17 experimental
runs showed that the difference between the lowest and highest values of reducing sugars from
susceptibility test was quite narrow (Table 5). This circumstance indicated the more profound effect of
alkali pretreatment on the biomass such that further treatment by acid resulted in small changes in
susceptibility values.

Table 5. Experimental runs and results for determining conditions of alkali followed by dilute acid
pretreatments following the Box–Behnken design.

Run No. H2SO4, A Temperature, B Time, C Susceptibility

(%) (◦C) (min) (gRS, susceptibility/L)

1 5 75 180 29.5
2 1 75 180 33.9
3 5 100 120 23.7
4 1 50 120 30.7
5 5 75 60 28.1
6 3 50 60 34.3
7 1 100 120 25.8
8 5 50 120 29.2
9 1 75 60 31.1
10 3 75 120 32.0
11 3 50 180 32.7
12 3 100 180 25.2
13 3 75 120 32.3
14 3 75 120 31.8
15 3 75 120 31.5
16 3 75 120 31.6
17 3 100 60 27.9

Analysis of variance (Table 3, NaOH +H2SO4) suggested that acid concentration and temperature
were the two factors that influenced the susceptibility of the grass to cellulase hydrolysis at 97.6%
and more than 99.9% confidence levels, respectively. The ANOVA also indicated that there was no
interaction between factors.
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The experimental data was fitted to a quadratic model with the resulting equation:

y = 15.2 + 2.82 A + 0.522 B − 0.027 C − 0.0026 AB − 0.0031 AC − 0.00018 BC − 0.490 A2

− 0.0041 B2 + 0.00021 C2 (3)

This equation fitted well with the experimental data with R-squared value of 0.9139. The model
predicted the best conditions that yielded the highest susceptibility of 33.5 gRS,susceptibility/L to be
the use of 2.53% v/v H2SO4 at 62 ◦C for 60 min at 15% grass loading. Although the lack of fit test
was shown as significant (p-value = 0.0018) and the predicted R-squared was negative, the result of
the independent susceptibility test using the predicted conditions (33.0 ± 0.5 gRS,susceptibility/L) was
very close to the predicted value. This situation was possible regardless of the significant lack of fit
and due to the following supporting reason. Since the time was not a significant factor and there
was no interaction between factors, it would not affect the response. Considering runs with the
same temperature, the optimum values of acid concentration (2.53% v/v) laid between run 9 and 10
(Table 5) where the temperature was 75 ◦C. The responses of the two runs were very similar at 31.6
and 31.9 gRS,susceptibility/L. Following the same principle, optimum temperature (62 ◦C) laid between
values in run 10 and 11 (Table 5) where acid concentration was the same. The responses of the 2
runs were also similar at 31.9 and 33.3 gRS,susceptibility/L. From these explanations, it was evident that
changes in acid concentration and temperature between those ranges barely affected the responses.
Therefore, the confirmation test using the predicted conditions was valid. However, low predicted
R-squared values indicated that this equation is not suitable for predicting the response of the conditions
that were not at the experimental points.

3.2. Physical Structure and Composition of Napier Grass after Pretreatments

Napier grass obtained after the three pretreatment regimes were analyzed for their physical
structures and structural compositions. The results in Table 6 demonstrated that all pretreatments are
able to reduce the amount of lignin in Napier grass, although at different capability. Reduction in
lignin content was more pronounced when treating with NaOH than using the acid. The acid directly
affects the hemicellulose part of the grass as reflected in the more than 50% reduction in hemicellulose
in the pretreated samples. NaOH also dissolves some hemicellulose causing a drop in hemicellulose
content, although not to the same extent caused by the dilute acid. As the results of pretreatment,
an increase in the cellulose fraction was evident.

Table 6. Structural composition of native and pretreated Napier grasses.

Composition Native Grass
Treated Grass
with NaOH

Treated Grass
with H2SO4

Treated Grass with
(NaOH + H2SO4)

% Lignin 19.4 ± 0.1 a 9.90 ± 0.4 c 15.0 ± 0.6 b 4.27 ± 0.34 d

% Cellulose 35.2 ± 1.2 b 46.5 ± 0.6 a 46.6 ± 0.0 a 48.3 ± 1.7 a

% Hemicellulose 18.1 ± 0.3 a 14.0 ± 0.2 b 7.72 ± 0.0 c 13.9 ± 0.2 b

% Ash 1.73 ± 0.18 a 0.58 ± 0.03 c 0.98 ± 0.08 b 0.25 ± 0.07 d

Susceptibility
(gRS, susceptibility/L) n/a 38.4 ± 0.14 a 11.4 ± 0.1 c 33.0 ± 0.5 b

Notes: (1) The statistical comparisons were between the same compositions of the different treatments. The same
letter indicated that the values were not significantly different at 95% confidence level. (2) All samples were
extractive-free. n/a = not available.

When matching the susceptibility data to the structural composition of the pretreated grasses, it is
evident that the presence of lignin relates to a much lesser vulnerability of the biomass to hydrolysis by
cellulase. Although the pretreated grasses have similar polysaccharide contents, they do not result in
the same level of hydrolysis as indicated by the resulting reducing sugar from the susceptibility test.

Surfaces of native grass observed under SEM shows smooth and packed-layer surface (Figure 3a).
The layering surface still exists but with loose, wrinkled, and swelling appearance after the pretreatment
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with NaOH, both with and without acid pretreatment (Figure 3b,d). A different effect when using
acid pretreatment is observed such that the grass appeared fibrous with signs of degradation but the
appearance is still packed (Figure 3c).2020
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Figure 3. Physical appearances of Napier grass (a) in native form, (b) when pretreated with NaOH,
(c) when pretreated with H2SO4 and (d) pretreated with NaOH followed by H2SO4 under a scanning
electron microscope at 1500×magnification.

According to the results on susceptibility to cellulase hydrolysis, the structural compositions and
the physical structures of the grass, we conclude that the pretreatment of 15% dried grass by 1.99 M
NaOH at 95.7 ◦C for 116 min is suitable as it makes the grass most susceptible to further enzymatic
hydrolysis. The treatment with dilute acid following the NaOH pretreatment is not necessary, as the
susceptibility did not improve with the extra treatment.

3.3. Enzymatic Hydrolysis of Pretreated Grass

Although the previous results on pretreatment methods have suggested the use of NaOH
alone in pretreating the Napier grass, we decided to investigate the enzymatic hydrolysis of the
grass from all three pretreatment methods. Pretreated grasses were dried prior to the hydrolysis.
The hydrolysis conditions followed those shown in Table 1. The reducing sugar concentration in
the liquid hydrolysate was the response used for the analysis of the results and the prediction of the
suitable hydrolysis conditions.

The experimental results of enzymatic hydrolysis of grass pretreated with the three methods
were demonstrated in Table 7. In general, both pretreatments involving NaOH resulted in similar
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reducing sugar concentrations and the values were significantly higher than that treated with dilute
acid. The ANOVA of the results in Table 8 show that all factors (enzyme dosage, hydrolysis time,
and substrate loading) affect the amount of sugar obtained in the liquid hydrolysate, except for the
grass pretreated with H2SO4 where enzyme dosage does not affect the reducing sugar obtained.

Table 7. Experimental runs based on the Box–Behnken design and results for determining conditions
of enzymatic hydrolysis of pretreated Napier grass.

Run Enzyme, A Time, B Substrate Loading, C Reducing Sugars (g/L)

(FPU/g) (h) (%) NaOH H2SO4 NaOH + H2SO4

1 30 120 5 65.5 19.3 57.1
2 30 72 10 83.6 33.4 99.9
3 50 120 10 98.9 36.1 112.5
4 10 120 10 71.6 32.5 89.5
5 30 24 5 53.2 11.6 50.9
6 10 72 5 43.3 9.85 46.6
7 30 72 10 83.0 32.3 98.2
8 10 72 15 56.9 52.1 75.9
9 10 24 10 50.3 18.8 82.9
10 30 72 10 84.5 32.8 98.1
11 30 120 15 128.6 54.5 125.7
12 50 72 5 28.7 23.2 73.1
13 30 72 10 84.2 33.7 98.2
14 50 24 10 57.5 15.3 74.9
15 30 72 10 83.2 34.2 99.9
16 50 72 15 110.3 38.1 107.3
17 30 24 15 81.6 31.0 93.6

Table 8. ANOVA for response surface quadratic models used in prediction of suitable conditions for
enzyme hydrolysis of pretreated Napier grass.

Source p-Value

NaOH H2SO4 NaOH + H2SO4

Model <0.0001 <0.0001 <0.0001
A—Enzyme dosage <0.0001 0.7787 <0.0001

B—Time <0.0001 <0.0001 <0.0001
C—Substrate loading <0.0001 <0.0001 <0.0001

AB <0.0001 0.0009 <0.0001
AC <0.0001 <0.0001 <0.0001
BC <0.0001 <0.0001 <0.0001
A2 <0.0001 <0.0001 0.0100
B2 <0.0001 <0.0001 <0.0001
C2 <0.0001 0.0789 <0.0001

Lack of Fit 0.0904 0.7141 0.2125
R-Squared 0.9993 0.9989 0.9987

Predicted R-Squared 0.9910 0.9939 0.9865

Notes: NaOH = grass pretreated with NaOH, H2SO4 = grass pretreated with H2SO4 and NaOH + H2SO4 = grass
pretreated with NaOH followed by H2SO4.

Quadratic equations for predicting the suitable hydrolysis conditions for the pretreated grass
using different pretreatment regimes are as follows:

Grass pretreated with NaOH:

y = 34.32 + 1.12 A − 0.459 B + 1.47 C + 0.0052 AB + 0.170 AC + 0.036 BC − 0.046 A2

+ 0.0018 B2 − 0.224 C2 (4)
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Grass pretreated with H2SO4:

y = −25.60 + 1.01 A + 0.221 B + 3.07 C + 0.0018 AB − 0.068 AC + 0.018 BC − 0.0077 A2

+ 0.0019 B2 − 0.026 C2 (5)

Grass pretreated with H2SO4 followed by NaOH:

y = −29.77 + 0.879 A − 0.131 B + 14.59 C + 0.0081 AB − 0.096 AC + 0.027 BC − 0.0052 A2

− 0.0030 B2 − 0.409 C2 (6)

where y = reducing sugar (g/L), A = enzyme dosage (FPU/g), B = hydrolysis time (h) and C = substrate
loading (% w/v). All model equations have high R-squared values, which indicate that the models fit
well with the experimental data. In addition, the high values of predicted R-squared suggest that the
model equations can be used to predict the reducing sugar obtained from the hydrolysis.

The surface plots in Figure 4 show the reducing sugar concentrations obtained from varying enzyme
dosages and times when hydrolyzing grasses from different pretreatments. Hydrolysis time greatly
affects the sugar obtained, such that longer time results in higher sugar concentration. By observing
the surface shapes, the pretreatment involving the dilute acid causes a different response pattern of
sugar obtained from hydrolysis when compared with the pretreatment with NaOH alone. Pretreating
the grass with dilute acid seems to gain some benefit from the use of lower enzyme dosage with a
long hydrolysis time, as shown in Figure 4b,c. While removing lignin by NaOH could loosen the grass
structure and allow for more cellulase accessibility to the cellulose, dissolving hemicellulose by dilute
acid could also increase the cellulose accessibility [24]. Since the cellulose accessibility is the major
factor on cellulase hydrolysis [12,13], the extra increase in this accessibility allows better penetration of
the enzyme during hydrolysis even at a lower enzyme dosage.
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Table 9. 

 NaOH H2SO4 NaOH + H2SO4 
 Optimal Values Sugar (g/L) Optimal Values Sugar (g/L) Optimal Values Sugar (g/L) 

Figure 4. Surface plots showing significant interactions (α = 0.05) between enzyme dosage and time
(AB) for the enzymatic hydrolysis of Napier grass (a) pretreated with NaOH, (b) pretreated with H2SO4,
and (c) pretreated with NaOH followed by H2SO4, each at their optimal conditions.
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The hydrolysis conditions obtained from the model equations for pretreated grasses of different
pretreatment regimes are shown in Table 9, together with the predicted and actual reducing sugar
concentrations obtained from the hydrolysis. Pretreatment solely with NaOH resulted in the highest
reducing sugar concentrations when the pretreated grass was hydrolyzed with cellulase. Confirmation
tests using the predicted optimal conditions were carried out for all pretreated grasses and the reducing
sugar concentrations were very close to the predicting values.

Table 9. Optimal values of operating conditions for enzymatic hydrolysis and reducing sugar obtained.

NaOH H2SO4 NaOH +H2SO4

Optimal
Values

Sugar (g/L)
Optimal
Values

Sugar (g/L)
Optimal
Values

Sugar (g/L)

Enzyme dosage
(FPU/g) 40 11 33.6

Time
(h) 117 140.5

(139.7 ± 0.8) 105 57.3
(57.2 ± 1.0) 119.2 125.8

(124.7 ± 0.7)
Substrate loading

(% w/v) 15 14.8 14.9

Note: Sugar concentrations are reducing sugar. Values are the predicted concentration from model equations.
Values in parentheses are from confirmation tests.

According to the results, cellulase hydrolysis of Napier grass pretreated with NaOH and with
NaOH followed by H2SO4 resulted in similar reducing sugar concentrations, with the slightly
higher concentration in the pretreatment with NaOH. The sugar concentrations obtained from the
NaOH-pretreated grasses were high and in accordance with the polysaccharide contents in the
pretreated grasses. However, the amount of sugar obtained from the acid-pretreated grass was much
lower, regardless of the similar polysaccharide contents. These results emphasized the importance of
cellulase susceptibility of the biomass on the hydrolysis rather than the polysaccharide contents of
the biomass.

Both regimes involving the use of NaOH in pretreatment could be used for preparing liquid
hydrolysates for fermentations due to the high sugar concentrations obtained. However, based on
the number of steps involved and the higher sugar concentration obtained, we chose to pretreat the
Napier grass in a single step with NaOH followed by cellulase hydrolysis to prepare the hydrolysate
as a substrate for ethanol fermentation. To pretreat the Napier grass, 15% dried grass is to be soaked in
1.99 M NaOH and subjects to wet heat at 95.7 ◦C for 116 min. Dried pretreated grass is hydrolyzed
using cellulase (Cellic® CTec2) at 40 FPU/g for 117 h and the grass loading of 15%.

3.4. Ethanol Production Potentials of Napier Grass

In evaluating the ethanol production potential, we employed two yeast strains, which are
S. cerevisiae TISTR 5339 and S. shehatae ATCC 22984, and two fermentation techniques viz. SHF (separate
hydrolysis and fermentation) and SSF (simultaneous saccharification and fermentation). The SHF
technique utilizes liquid hydrolysate obtained from enzymatic hydrolysis of NaOH-pretreated Napier
grass, while the SSF technique uses the NaOH-pretreated grass in the fermentation.

3.4.1. Ethanol Production by S. cerevisiae TISTR 5339

Ethanol production by S. cerevisiae was carried out using two cultivation techniques, SHF and SSF.
The liquid hydrolysate used in SHF contained 134.9 g/L reducing sugar, of which 90.8 g/L was glucose
and 18.8 g/L was xylose. In SHF (Figure 5a), the maximum ethanol of 44.7 g/L was obtained after 24 h
cultivation. Glucose utilization was in accord with increasing ethanol concentration. Yeast growth also
related to glucose utilization with the maximum specific growth rate of 2.79 ± 0.09 1/d. The growth
ceased when glucose consumption ended. In addition, xylose decreased throughout the fermentation
with the total xylose uptake of 6.71 g/L, which was 32.9% of the total amount. Slight increase of xylitol
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was observed with the final concentration of 2.47 g/L. The fermentation profiles suggested that ethanol
was mainly produced from glucose with the yield of 0.49 g/g.

2020

  
(aa) (bb) 

Figure 5. a
b

Figure 5. Fermentation profiles of S. cerevisiae TISTR 5339 when cultivated in (a) liquid hydrolysate
of NaOH-pretreated Napier grass using SHF and (b) NaOH-pretreated grass using SSF. Symbols:
•—glucose; �—xylose; �—ethanol; �—xylitol and �—cell number.

In ethanol production using SSF by S. cerevisiae TISTR 5339 (Figure 5b), glucose remained at a
low level throughout the fermentation. Glucose was gradually released and taken up by the yeast to
produce ethanol and 40.8 g/L of ethanol was produced after 36 h. Yeast growth appeared to be very
slow at the beginning of the fermentation. The use of high solid loading in the fermentation could
result in this initial apparent slow growth where clear separation of the solid and liquid phases was
evident. The growing yeast could attach to the surface of the grass and undetected in the liquid phase.
After 12 h, the physical appearance of the fermentation became slurry and the cells could detach from
the grass into the liquid resulting in an increase in cell count. The maximum specific growth rate of
3.08 ± 0.03 1/d was slightly higher than that of SHF and the final cell count was slightly higher than
that in SHF. Xylose accumulated during the first 24 h together with xylitol accumulation. The final
xylitol concentration was 5.96 g/L. The simultaneous increase of xylose and xylitol indicated that xylitol
was produced along with the release of xylose from the grass.

3.4.2. Ethanol Production by S. shehatae ATTC 22984

Both SHF and SSF were also employed in the study of ethanol production by S. shehatae ATTC
22984 (Figure 6a,b). The sugar concentrations in the Napier grass hydrolysate was similar to those
used in the SHF study using S. cerevisiae. In SHF, production of ethanol directly related to glucose
utilization with the highest concentration of 31.3 g/L, which was significantly lower than that obtained
using S. cerevisiae. Xylose utilization observed during the fermentation was as expected as the yeast is a
xylose-fermenting yeast. However, profile analysis suggested that xylose did not contribute to ethanol
production but to xylitol production with the final xylitol concentration of 2.5 g/L. The growth profile
in SHF showed the continuous growth during the first 48 h of fermentation. The uncoupling ethanol
production after 48 h suggested a possibility of product inhibition effect on growth of S. shehatae.

When cultivating S. shehatae using SSF (Figure 6b), the growth profile in relation to ethanol profile
was similar to that occurred in SHF, suggesting also a possibility of growth inhibition by ethanol.
The glucose profile showed a slight increase in concentration during the first 24 h before dropped and
remained at low level throughout the fermentation. The small accumulation of glucose suggested a
lower growth rate of the yeast as compared to the rate of sugar released from the grass by the action of
enzyme. Accumulation of xylose confirmed the ineffective xylose utilization, especially at high ethanol
concentration. The final ethanol concentration obtained from SSF was 34 g/L, which was significantly
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higher than that obtained from SHF. Along with ethanol production, xylitol was also produced and the
final concentration was 3.33 g/L.
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4. Discussion 

Figure 6. Fermentation profiles of S. shehatae when cultivated in (a) liquid hydrolysate of
NaOH-pretreated Napier grass using SHF and (b) NaOH-pretreated grass using SSF. Symbols:
•—glucose; �—xylose; �—ethanol; �—xylitol and �—cell number.

The summary in Table 10 shows that S. cerevisiae TISTR 5339 is able to deliver a superior ethanol
production than S. shehatae ATCC 22984, in terms of concentration, productivity, and ethanol yield.
S. shehatae, a xylose-fermenting yeast, did not deliver the expected xylose-fermenting ability when
fermenting in hydrolysate that contained high glucose concentration. The overall ethanol production
yield from Napier grass suggested that the grass could be used for ethanol production with the best
yield of 187.4 g/kg of dried Napier grass obtained with SHF fermentation by S. cerevisiae. The results
of this study are in the range, or above the average, of other studies both in terms of concentration
obtained during fermentation and in terms of ethanol yield based on the amount of biomass used
(Table 11).

Table 10. Summary on ethanol production from pretreated Napier grass using SSF and hydrolysate of
the pretreated grass using SHF by S. cerevisiae and S. shehatae.

Parameters

S. cerevisiae
TISTR 5339

S. shehatae
ATCC 22984

SHF SSF SHF SSF

μmax (l/day) 2.79 ± 0.09 b 3.08 ± 0.03 a 0.94 ± 0.05 a 0.91 ± 0.03 a

Ethanol (g/L) 44.7 ± 0.4 a 40.8 ± 0.8 b 31.3 ± 0.6 b 34.0 ± 0.6 a

Qp, fermentation (g/L.h) 1.87 ± 0.02 a 1.14 ± 0.02 b 0.26 ± 0.01 b 0.47 ± 0.01 a

Qp, overall process (g/L.h) 0.31 ± 0.00 b 1.14 ± 0.02 a 0.13 ± 0.00 b 0.47 ± 0.01 a

Yps (mg/g treated grass) 298.0 ± 0.0 a 272.0 ± 0.0 b 208.7 ± 0.0 b 227.3 ± 0.0 a

Yps (mg/g grass) 187.4 ± 0.0 a 171.1 ± 0.0 b 131.2 ± 0.0 b 142.6 ± 0.0 a

Notes: (1) Qp, fermentation calculation is based only on fermentation time. (2) Qp, overall process calculation includes
hydrolysate preparation time (5 days) and fermentation time. (3) Comparisons are between different fermentation
methods and yeast strains within the same parameter. The same letter indicated that the values were not significantly
different at 95% confidence level. (4) Yps (mg/g treated grass) = ethanol yield based on pretreated grass (5) Yps (mg/g
grass) = ethanol yield based on non-pretreated grass.

4. Discussion

Regarding the use of dilute acid or NaOH for pretreatment of Napier or elephant grass, the results
varied among several studies but they were all towards the same trend. A study showed that dilute
acid reduced both lignin and hemicellulose contents of the grass, while NaOH treatment only reduced
lignin content but not hemicellulose [14]. Our results on dilute acid pretreatment followed a similar
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reduction trend of both lignin and hemicellulose. However, we found that NaOH solubilized not only
lignin, but also the hemicellulose fraction (Table 6). These results agreed with some other studies
where hemicellulose reduction was reported in alkali treatment but to a smaller extent when compared
to acid pretreatment [20,24]. Both lignin and hemicellulose removals by alkali pretreatment were also
evident in other biomass, such as sweet sorghum straw [25] and sugarcane bagasse [26].

Table 11. Comparison of ethanol production from Napier grass in various studies.

Microorganism
(Mode of Fermentation)

Pretreatment
Ethanol, g/L

(Yield)
References

S. cerevisiae NBRC 2044
+ E. coli KO11

(SSF+PF *)
Low-moisture anhydrous ammonia 34.2 g/L **

(241 mg/g #) [18]

S. cerevisiae NBRC 2044
+ E. coli KO11

(SSCF)
Low-moisture anhydrous ammonia 19.4 g/L

(204 mg/g) [17]

Ethanol Red
(SSF) NaOH 26.05 g/L

(-) [14]

S. cerevisiae
(SSF) H2SO4 + NaOH 24 g/L

(127.9 mg %/g) [20]

S. cerevisiae CAT-1
(SHF) Steam explosion ~4.5 g/L

(87.2 mg/g) [21]

S. cerevisiae CAT-1
(SHF) Milling + enzyme 6.1 g/L

(-) [27]

Z. mobilis + fungi
(SSCF) None 0.51 g/L

(30 mg/g) [28]

Ethanol Red
(SSF) NaOH 30.2 g/L

(143 mg/g) [29]

Scheffersomyces stipitis
(Evolved strain)

(SHF)
Low-moisture ammonia hydroxide 22.7 g/L

(247 mg %/g) [1]

S. cerevisiae TISTR 5339
(SHF) NaOH

44.7 g/L
(187.4 mg/g)
(298 mg/g #)

This study

Notes: (1) SSF = simultaneous saccharification and fermentation, SSCF = simultaneous saccharification and
co-fermentation, SHF = separate hydrolysis and fermentation. * PF = pentose fermentation, where ethanol from SSF
was removed prior to PF, ** ethanol concentration from glucose fraction via SSF by S. cerevisiae, # pretreated biomass
and % converted from volume using ethanol density at 20 ◦C (789.2 kg/m3).

Treatment with NaOH alters Napier grass structure by causing swelling of the structures, while the
acid-treated grass maintained a smooth surface, as evident in Figure 3b,c. The swelling is the result of a
saponification reaction at the ester bonds between 4-O-methylglucuronic acid and xylan by NaOH [30].
The swelled structure allows enzymes to penetrate, resulting in a more efficient hydrolysis [31].
This explanation supports the results shown in Tables 2, 4 and 5 where susceptibility to cellulase
hydrolysis of the grass was higher when treated with NaOH as compared to dilute acid. Severity of
pretreatment has shown effects on the hydrolysis step. The use of mild pretreatments such as hot
water and dilute NaOH resulted in low ethanol concentrations obtained even with further enzymatic
hydrolysis of pretreated biomass [28,32]. However, it should be noted that a suitable strength of
pretreatment is also important. A study on the pretreatment of switch grass showed that a high level
of delignification reduces the cellulose accessibility to cellulase due to the change in cellulose structure
that led to the reduction in available surface area for enzyme adsorption [13]. The result from that
study explains our results in Figure 1a where the susceptibility appeared to decrease when NaOH
exceeded 2 M.
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In addition, extra lignin removal in the grass pretreated with NaOH followed by H2SO4 (Table 6)
did not enhance the susceptibility of the grass to cellulose hydrolysis. The susceptibility indicates an
ability of cellulase to access and hydrolyse a structure. The results agreed with those reported earlier
that the key parameter for hydrolysis of lignocellulosic materials was cellulose accessibility, rather than
lignin content or crystallinity of the biomass [12,13,16].

The effect of alkali and dilute acid on the susceptibility of the grass during pretreatment process
reflects on the results of hydrolysis studies. Since the dilute acid pretreatment resulted in the pretreated
grass with the structure that was less susceptible to hydrolysis by cellulase, as indicated by its low
susceptibility value, the enzyme dosage required for its hydrolysis was much lower than that for the
alkali-treated grasses (Table 9). Similar to the case of excessive delignification, a lesser area accessible
by the enzyme resulted in lower sugars obtained from the hydrolysis of the grass pretreated by dilute
acid. In addition, the lesser accessible area could cause the limit in hydrolysis even at low enzyme
dosage, such that increase in enzyme dosage did not result in a further increase in reducing sugars as
evident in Figure 4b. ANOVA of the acid pretreated grass in Table 8 also confirmed this result as the
enzyme dosage did not exert a significant effect on the hydrolysis.

Regarding the fermentation for ethanol production, decrease in xylose during S. cerevisiae
fermentation was not expected, as the yeast is not reported as a xylose-fermenting yeast. The decrease
may be the result of xylose transport into the cells. Xylose intake through glucose transport system was
formerly reported in S. cerevisiae [33]. In addition, S. cerevisiae also inherits xylose reductase and xylitol
dehydrogenase activities. Xylose reductase is induced by xylose and xylitol produced accumulates
without further conversion to ethanol [33,34].

When comparing the cultivations of S. cerevisiae via SHF and SSF (Table 10), it is evident that SHF
yields higher ethanol concentration and productivity. The hydrolysis of Napier grass at its optimal
temperature yields high sugar concentration, whereas the hydrolysis in SSF occurs at 30 ◦C at which
the enzyme has lower activity. A 24-h hydrolysis test of pretreated Napier grass at 30 ◦C resulted
in 119.1 g/L reducing sugar in which contained 82.1 g/L glucose and 14.1 g/L xylose. These values
were slightly lower than the hydrolysate used in SHF. The maximum specific growth rate in SSF
was, in contrary, slightly higher than that in SHF. Substrate inhibition on growth could explain the
result obtained, as glucose at the concentration higher than 80 g/L showed an inhibition effect on S.
cerevisiae [35]. Despite the higher ethanol obtained from SHF, the process involved the hydrolysis
period, which resulted in a significantly lower overall ethanol productivity for the process. Reducing
the hydrolysis time in SHF would improve this overall productivity value.

In SHF of S. shehatae, which is a xylose-fermenting yeast, the yeast utilized only 33% of the xylose.
The issue should not relate to the presence of inhibitors normally found in acid hydrolysate, as we used
enzymatic hydrolysis. This result contradicts our initial assumption that the yeast could effectively
utilize xylose. We based the assumption on our previous study that showed the yeast’s ability to
ferment both glucose and xylose to ethanol [36]. However, the current work involved the use of higher
concentration of sugars (in hydrolysate). It could be possible that the higher ethanol concentration at
the time glucose depleted in this study could have a more negative effect to xylose transport than in
our previous work.

The use of SHF and SSF in ethanol production by S. shehatae resulted differently from the
cultivations of S. cerevisiae. In this case, the SSF by S. shehatae resulted in higher ethanol concentration
regardless of a similar specific growth rate of the yeast between both fermentation techniques (Table 10).
By comparing the ethanol production profiles during the first 24 h of fermentation (Figure 6), it is
evident that the ethanol produced in SSF was higher than that in SHF, resulting also in a higher ethanol
concentration obtained in SSF at the end of the fermentation. The faster ethanol production could be
the result of lower sugar concentration during the fermentation that alleviated the substrate inhibition
effect on product formation. The conversion yield of sugar in the hydrolysate appears more effective in
SSF for S. shehatae as the ethanol was higher than that obtained from SHF regardless of the lower sugar
obtained from hydrolysis at 30 ◦C.
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5. Conclusions

Napier grass has delivered satisfactory results as a second-generation feedstock for ethanol
production. Pretreatment of the grass by NaOH is an important step for further hydrolysis by cellulase,
both in SHF and SSF for ethanol production. The process for pretreatment involved the use of 1.99 M
NaOH at 95.7 ◦C for 116 min with the grass loading of 15% w/v. After washing off the alkali, the grass
could be used in ethanol production by S. cerevisiae via SHF or SSF, with SHF yielded a slightly higher
ethanol concentration. The enzyme (Cellic® CTec2) at the dosage of 40 FPU/g could be applied directly
in SSF. The hydrolysate for SHF could be prepared using the same enzyme dosage to hydrolyse 15%
w/v of the pretreated grass at 50 ◦C for 117 h to obtain fermentable sugars. The overall process could
yield 171–187 g of ethanol/kg of Napier grass at the ethanol concentrations of 41–45 g/L.
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Abstract: We collected pine dust and Acacia tortilis samples from Zimbabwe and Botswana, respectively.
We then pyrolyzed them in a bench-scale plant under varying conditions. This investigation aimed
to determine an optimum temperature that will give result to maximum yield and quality of the
bio-oil fraction. Our experimental results show that we obtain the maximum yield of the oil fraction
at a pyrolysis temperature of 550 ◦C for the acacia and at 500 ◦C for the pine dust. Our results also
show that we obtain an oil fraction with a heating value (HHV) of 36.807 MJ/kg using acacia as
the feed material subject to a primary condenser temperature of 140 ◦C. Under the same pyrolysis
temperature, we obtain an HHV value of 15.78 MJ/kg using pine dust as the raw material at a
primary condenser temperature of 110 ◦C. The bio-oil fraction we obtain from Acacia tortilis at these
condensation temperatures has an average pH value of 3.42 compared to that of 2.50 from pine dust.
The specific gravity of the oil from Acacia tortilis is 1.09 compared to that of 1.00 from pine dust.
We elucidated that pine dust has a higher bio-oil yield of 46.1% compared to 41.9% obtained for acacia.
Although the heavy oils at condenser temperatures above 100 ◦C had good HHVs, the yields were
low, ranging from 2.8% to 4.9% for acacia and 0.2% to 12.7% for pine dust. Our future work will
entail efforts to improve the yield of the heavy oil fraction and scale up our results for trials on plant
scale capacity.

Keywords: Acacia tortilis; biofuel; biomass; pine dust; pyrolysis

1. Introduction

The advanced biofuels market has been forecasted to expand at a compounded annual growth
rate (CAGR) of 44% between the years 2017 and 2021. This trend is driven by higher demand for
greener and cleaner energy, regional economic growth and more favorable trade balances through
substitution of fossil fuel imports [1,2]. These aspirations have resulted in a spate of supportive policies
from influential fuel traders like the United States and European Union, especially for advanced
second-generation (2G) or third-generation (3G) biofuels that do not use edible feedstocks. Bio-oil
is one such biofuel obtained from biomass pyrolysis, which has received much attention in research.
The overarching goal is to find routes and processes that give higher yields and better quality products
at lower costs or economic downstream upgrading methods. The option that is closer to the market is
to obtain a moderately upgraded product that can substitute fuel oil for industrial applications, power
generation and marine fuelling [3].

Lignocellulosic feedstocks are attractive for the production of such biofuels, due to their abundance
and the possibility for higher energy recoveries since a larger fraction of the biomass is utilized compared
to the 1G counterparts, where only choice parts such as the grains are useful [4,5]. The most preferred
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lignocellulosic feedstocks are forestry/agricultural residues, or dedicated energy crops grown in
marginal lands with no competition for food production. Charis et al. [6] reviewed the research and
development (R&D) metrics of 2G biofuels compared to 1G for the period 2012–2017. They reported
that 2G biofuels had 15% more researches and 23% more collaborations than 1G during the period,
showing an increased interest in the former field.

1.1. Socio-Economic Background

Authors such as [4,7,8], have highlighted the need for Southern Africa to step up its participation
in 2G biofuel research and to migrate from 1G biofuels that have limited feedstocks. Furthermore,
using 1G feedstocks compromises food security directly, or indirectly through land-use change,
which also results in increased greenhouse gas emissions. Southern Africa, in particular, has a wealth
of lignocellulosic feedstocks in the form of agricultural waste, forestry residues and invasive species.
However, the primary energy uses for biomass have been, mostly, the traditional open fire cooking
methods. Since women and children are the most involved in such cooking activities, they are exposed
to respiratory problems and endure arduous tasks such as gathering and chopping firewood [9,10].
Southern African nations are susceptible to energy poverty, especially in rural and remote areas, despite
the high potential for renewable energy sources like solar, wind and biomass. The cases identified in
two Southern African nations are examples of areas off the main electricity grid with a good inventory
of biomass. The biomass identified in this research is encroacher bushes in Botswana and pine sawmill
residues from Zimbabwe. In such cases, mini-grid power generation through the use of bio-oil in a
stationary fuel oil generator could be an alternative to solar systems, especially when the pyrolysis
system can be self-sufficient in terms of energy or can use a cheap, renewable energy source. Such a
venture would be feasible if the bio-oil obtained does not need rigorous upgrading to match the
counterpart fuel oils in terms of physical and fuel properties. Power generation is a priority application
for energy impoverished Africa compared to the highly considered alternative use of bio-oil as a
maritime fuel. Blending options with up to 25% pine bio-oil have proved to be miscible with heavy
fuel oil (HFO) giving improved fuel flow properties while maintaining good engine properties [11].
If bio-oils with better fuel properties in terms of heating value can be obtained, blending ratios could
be increased in favor of the bio-oil, and there could be a possibility of substituting the HFO entirely.

In this research, we assessed the conversion of the two types of forestry waste biomass to a 2G crude
biofuel through pyrolysis and the subsequent potential application. Pyrolysis is a promising future
source of fuels and chemicals that is resource-efficient, potentially auto-thermal, technically simpler,
less capital intensive and operable at smaller scales compared to other thermochemical conversions.
Pyrolysis can also be a good contributor to greening a brown economy by re-directing biomass feedstock
that could otherwise have been burnt openly to be processed in a system largely regarded as carbon
neutral. Moreover, its major products (bio-oil and char) both have high-value potential uses and are
easier to handle than gas. Previous research by the same authors in [12,13] focused on the sources of
lignocellulosic wastes, socio-economic and environmental drivers for their valorization.

1.2. Technical Background

Pyrolysis is a thermochemical conversion method in which a substance is heated in an
oxygen-starved atmosphere to obtain solid, liquid and gaseous products. The yield of the various
products depends on the process conditions, equipment used, feedstock types and pre-treatment
regimes [14]. The liquid product (bio-oil), which is the primary target phase for this study, can be used
as a fuel for heating, power and transportation after various levels of upgrading. It can also be a source
of building blocks for the manufacture of various chemicals through polymerization of the monomer
substrates. Bio-oil from pyrolysis also has its challenges that impede its uptake as a fuel including the
high water content, high viscosity, low pH, instability, presence of solids, high oxygen content and low
calorific value [15–17]. These properties explain the associated corrosive tendencies; ageing and phase
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separation; immiscibility with hydrocarbon fuels; bad engine performance (due to injector blockages
by solids and poor atomization) and high pumping costs [15].

1.3. The State of Research

In light of the challenges stated in Section 1.2, we review the progress in research on optimizing
the quantity and quality of bio-oil obtained from pyrolysis in this section. We cover the intermediate
to fast pyrolysis (IFP) range, which comprises moderate to high liquid yields (40–80 wt %) and hot
vapor residence of 1–20 s. Most research within this scope has focused on optimizing pyrolysis process
conditions and reactor designs for higher recoveries of bio-oil [15,18–21], while there has been limited
research on conditions focusing on bio-oil quality improvement [14]. Temperature and heating rate
have been identified as the most influential variables on bio-oil yields for a given biomass feedstock,
among other factors like particle size and residence time. Consequently, the highest recoveries of
bio-oil have been achieved with reactors that allow maximum heat transfer rate such as fluidized
bed and free fall reactors, with temperatures and inert gas flow rates that facilitate fast pyrolysis [20].
Table 1 summarizes the operation philosophy of some of the most promising pyrolysis technologies
and the status of their research, development or commercialization.

Table 1. Trending pyrolysis technologies. Adapted from [22,23].

Pyrolysis
Reactor

Description and
Operation Philosophy

Operation
Complexity and
Max Oil Yield

Scale
Up

Inert Gas
Flow Rate

Particle
Size

R&D Highest
Status

Fixed bed

Biomass is placed immobile,
above the inert gas
distributor plate. Char
remains in the reactor while
oil and gas are collected
downstream

Medium; up to
75 wt % oil Hard Low Large

Few at pilot
scale; Multiple
lab scale

Bubbling
fluidized
bed (BFB)

Comprises reactor section
with a continuous feed of
biomass and high flow of
inert gas to fluidize the
particles. Char and sand are
collected using cyclones.

Medium; up to
75 wt % oil Easy High Small

Multiple demo
and lab-scale
plants

Circulating
fluidized
bed (CFB)

Similar to BFB, but collected
char and sand are recycled
through a combustor,
which supplies hot sand to
the fluidized bed.

High; up to
75 wt % oil Hard High Medium

Multiple pilot
and lab-scale
plants

Ablative

Heat transfer to the
biomass is direct from the
walls of the reactor; no
fluidizing gas. Biomass
melts and vaporizes rapidly
to form pyrolysis vapors.

High; up to
75 wt % oil Hard Low Large Few at pilot

scale

Rotating
cone

Heat transferred by reactor
wall and hot sand,
introduced into the rotating
cone along with the
biomass. The hot pyrolysis
vapor is recovered from the
bottom of the cone.

Medium; up to
70 wt % oil Medium Low Medium Demo/industrial

scale

Screw/auger

Heat is mainly transferred
by the wall surfaces. The
biomass is moved along a
heated cylindrical reaction
zone by a screw

Low; up to
70 wt % oil Easy Low Medium Multiple pilot

and lab-scale
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Amongst the in-process techniques used to improve the bio-oil quantity and quality, catalysis has
enjoyed more attention than methods such as fractional condensation of condensable vapors and hot
vapor filtration. Hot vapor filtration, which targets only the removal of ash, has been a big challenge
with minimal research on long-term operations. This is due to complex requirements in terms of
material specifications for the filter assembly and regeneration or cleaning mechanisms. Moreover, the
trapped char catalytically cracks the pyrolysis vapors, reducing bio-oil yields by up to 20%. Simple
in-process catalysis has been employed successfully using catalysts such as selected metals and zeolites
to improve bio-oil yields and quality [15].

Condensers have traditionally been used to recover the condensable off-gases from the pyrolyzed
matter. However, it is only the fractionated condenser systems that enable the recovery of targeted
products of defined qualities. Fractional condensation has always employed multiple condensers, set
at different temperatures, to selectively optimize the recovery of high calorific value oil and fractions
with a high composition of speciality chemicals like methanol. Since the first condenser is typically
set above 80 ◦C, water and light carboxylic acids are not recovered here. Therefore, the collected
oil has higher stability, lower water content and about 2%–3% of acids, compared to 10%–15% in
unfractionated bio-oil [3,24]. Since this is done within the same pyrolysis step, using the same process
heat, the method is less energy-intensive than trying to distil the bio-oil product. Molecular distillation
would result in the thermal decomposition of the largely unstable compounds in the bio-oil unless
done carefully, with slower ramp-up rates at some stages such as coking. Such slow ramp-up rates
would, however, lead to a very high overall energy consumption [24].

Several researchers have reported on various pyrolysis operation scales with multistage fractional
condensation systems to obtain liquid bio-products of targeted physical or thermal properties. Gooty
in [3] modeled the effect of both pyrolysis and condenser temperatures for a three-staged condenser
system from the fast pyrolysis of birch bark and Kraft lignin. Gooty’s system was composed of two
cyclonic condensers and a condenser cum electrostatic precipitator (ESP) at outlet vapor temperatures
of 105 ◦C, 0 ◦C and 38–56 ◦C respectively. For birch bark, the author obtained a yield of 35% of the
dry oil (<1% water) with a higher heating value (HHV) of 31 MJ/kg. Chen et al. in [25], utilized four
condensers in series at coolant temperatures of 32–44 ◦C, 25–27 ◦C, 22–25 ◦C and 22–25 ◦C, respectively,
followed by an ESP. Their drier oils were obtained in condensers 2–4 with a water composition of
7.45%–7.82%, HHV of 22.6–23.5 MJ/kg and total yield of 14.3%. Oasmas et al. [26] pyrolyzed red oak
wood in a fluidized bed with five stages of bio-oil recovery at vapor temperatures of 102 ◦C, 129 ◦C
(ESP 1), 65 ◦C, 77 ◦C (ESP 2) and 18 ◦C. Most of the researches done on this subject have covered the
continuous, fast pyrolysis regime using reactors such as fluidized bed and auger, with a few around
the intermediate regime and reactors such as the fixed bed. According to [24], very little research on
fractional condensation has been conducted at the lab scale.

1.4. The Purpose and Significance of This Research

In this research, we mainly sought to generate a profile for Acacia tortilis as a pyrolysis feedstock
as, to our best knowledge, no work has been reported on this species. We conducted a comparative
study with pine dust, a well-researched species. The pine dust residues in that geographical context
have, however, not been experimented on before using pyrolysis. We aimed to find the optimum
temperature for the maximum overall oil yield of both feedstocks, then the optimum primary (first)
condenser temperature that gave the best fuel quality of bio-oil in a bespoke three-stage condensation line.
The properties we considered for the bio-oil were HHV, viscosity, pH and specific gravity (SG), which we
compared to fuel oil properties to assess the bio-oil’s potential to substitute fuel oil in power generation
engines. We also evaluated the chemical composition of the bio-oils using scanning calorimetry to
investigate the presence of significant concentrations of extractable speciality chemicals. The research
provides essential elementary information about the fuel and yield potential of acacia in comparison
with pine when process and condenser temperatures are manipulated using a basic fixed bed reactor.
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2. Materials and Methods

2.1. Methods of Feedstock Preparation and Characterization

Adequate knowledge of the supply capacity and the suitability of the biomass properties for
thermochemical conversions is imperative for bioenergy projects to be sustainable [12]. To this end,
we conducted proximate, ultimate and calorimetric analyses to determine the biomass quality and
suitability for conversion through pyrolysis. We firstly milled dry pine dust of <10% moisture and
A. tortilis shrubs using a JF 2-D chopper cum hammer mill (Staalmeester, Hartbeesfontein, South Africa)
with a 0.8 mm sieve. We then sieved the mill product to obtain particles below 250 μm for the
characterization tests. We used the American Society of Testing Materials (ASTM) standards for the
characterization tests. Detailed test procedures were provided by the authors [27] and the properties
are reported in the results section.

We carried out proximate analysis using a Leco 701 thermogravimetric analyzer (Leco TGA,
St Joseph, MI, USA), which was intrinsically set according to ASTM standard E 1131–03 for compositional
analysis using thermogravimetry. We then determined the moisture content (MC), volatile matter (VM)
and ash and fixed carbon (FC) compositions using the mass loss plot from the TGA.

We also carried out a CNHSO composition analysis using a Flash 2000 CHNS analyzer
(ThermoFisher Scientific, Waltham, MA, USA). Oxygen (O) was found by the difference.

We determined the higher heating value (HHV) of the two lignocellulosics using a CAL2K-2 bomb
calorimeter (Digital Data Systems, Randburg, South Africa) employing the ASTM D5468–02 standard.
The calorimeter was calibrated with benzoic acid. The HHV was determined as the average of two runs.

2.2. Pyrolysis

Of the many variables tested for optimum yields of bio-oil, temperature has been identified as the
most fundamental and influential parameter on bio-oil yields [20]. It was our initial focus on these
previously unstudied biomasses, from both a geographical (pine residues) and species (A. tortilis)
viewpoint. We also optimized the quality of bio-oil by varying the primary condenser temperatures in
the pyrolysis system while maintaining constant values for the secondary condensers.

We firstly comminuted the feedstocks using a hammer-chopper mill with a 5 mm sieve. We then
screened the biomass to obtain a size range between 1.70 and 5.00 mm for the pyrolysis runs. We placed
a mass of 200–220 g of the biomass inside a bench-scale fixed bed reactor (Figure 1). The reactor shell
comprised an outside cylinder 55 cm high with an external diameter of 25.9 cm and inside diameter
of 10.3 cm. The reaction took place in a removable cuboid-shaped holder of dimensions L—7.2 cm,
W—7.2 cm and H—35 cm. The space between the inside and outside diameter had a compartment
for the heating coils, next to the inner wall, and another one for cladding to insulate the reactor.
We weighed the container weight and mass of biomass before each new run, while the mass of char
was determined after the run. We also measured the weights of the bio-oil receivers before each run so
that the net masses of the oils and the char could be determined by subtracting the mass of container
from the mass of the container + oil or char.

We used the heat traced standpipe as the primary condenser (ES01) and Liebig shell and tube
type for the secondary condensers (ES02 and ES03). We then adjusted the set point for the primary
condenser was to 125 ◦C, while the secondary condensers were both set at 25 ◦C.

Subsequently, we purged the whole system for 2–3 min using inert nitrogen gas. We switched on
the heating system at the SCADA graphical user interface (GUI) and ramped it at 66 ◦C per minute until
the 450 ◦C setpoint, then maintained this temperature until the end of the run. The SCADA system
captured the volumetric oil yields, and gas yields while showing the real-time temperature variations
at different points of the bench-scale plant system. We ran each experiment until there were no more
bubbles in the scrubber. We then weighed the bio-oil and chars and calculated the overall solid and
liquid yields from the initial mass of feed. We repeated the pyrolysis runs at 500 ◦C, 550 ◦C and 600 ◦C.
The optimum temperature was regarded as the one at which the highest total bio-oil wt % yield was
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obtained. We selected the temperature range based on literature, which catalogues optimum pyrolysis
ranges of 480–520 ◦C [15] and 400–600 ◦C [20] for various lignocellulosics such as herbaceous grasses,
filter cakes and woody biomass. Bridgwater [15] comments that woody lignocellulosics occupy the
upper end of these ranges due to the higher composition of temperature recalcitrant lignin, explaining
why the authors selected a range of 450–600 ◦C.

Figure 1. Schematic for the fixed bed pyrolysis unit.

To obtain the optimum primary condenser temperature, we ran the bench-scale plant at a pyrolysis
temperature of 450 ◦C, while varying the primary condenser temperatures from 90 ◦C, 100 ◦C and then
110 ◦C, 125 ◦C and 140 ◦C [28]. Both secondary condensers were kept at 25 ◦C, which is below the
dew point of water (50 ◦C) and some light acids so that these molecules would be collected at these
points. We varied the primary condensation temperature above the 80 ◦C threshold recommended
by [24] in such a way that only compounds of higher boiling and dew points with greater molecular
weights would be retained successively at higher condenser temperatures. The highest condenser
temperature of the exit hot vapor used, according to [24]’s review of multi-stage condensation systems
was 135 ◦C, therefore, the authors went up to 140 ◦C. We initially regarded the optimum condenser
temperature as the one that gave bio-oil of the highest specific gravity (SG), implying the least aqueous
phase. However, the calorimetric tests carried out later on the oils proved to be a more decisive metric.

2.3. Characterization of Products

The product of interest was the bio-oil as a fuel for power generation and potentially, for vehicular
applications. It was necessary to compare the properties of the bio-oil to diesel and fuel oils, hence the
need for characterization. We also characterized both the primary and secondary condensates by
gas chromatography (GC) Agilent 5975C (Agilent Technologies, Waldbronn, Germany) and a mass
spectrometer (MS) (Agilent Technologies, Waldbronn, Germany) to assess if there were any useful
extractable substances of significant concentrations. Finally, we characterized the residual biochar to
assess its calorific fuel value, if it could be used to make charcoal briquettes.

The important physicochemical properties that we measured for comparison purposes include the
SG, pH and viscosity. We obtained the SG by expressing the density of the bio-oil (mass/volume) as a
ratio to the density of water and used it as an indicator of the water composition in the absence of a Karl
Fischer titrator. We measured the pH was using a JENCO pH 6810 meter (Jenco instruments, San Diego,
CA, USA) calibrated with pH 4.00, 6.86 and 9.18 solutions, while the viscosity was determined using a
Thermo scientific Haake viscotester E (Waltham, MA, USA). We then measured the bio-oil thermal and
fuel properties (represented by the calorific value) using an IKA C1 bomb calorimeter (IKA, Staufen,

138



Processes 2020, 8, 551

Germany). Only the primary condenser samples could be tested as the secondary condenser bio-oils
had a high aqueous composition that made it difficult for any combustion, even using at least 80 w/w%
of a combustion aid. We poured each bio-oil sample was into a metal crucible then connected ignition
wire and fuse combination before closing the bombshell. We then ran the enclosed system according to
the DIN 51,900 standards and the calorific value was read off the panel. Where there was a difficulty in
obtaining complete combustion, the test was repeated using a proportion of combustion aid of between
40% and 80%, whose calorific value was predetermined. We also tested the char calorific values using
the same procedure. The actual HHVs of the char or bio-oil was then calculated using Equation (1).

HHVoil or char =
Total HHV −m. f o f CA×HHVCA

m. f o f bio− oil
(1)

where CA denotes the combustion aid, which was either paraffin or diesel; and m.f denotes mass fraction.
We assessed the chemical composition of the bio-oils using the GC–MS Agilent 5975C (Agilent

Technologies, Waldbronn, Germany) equipped with a library. We initially filtered the samples using a
syringe fitted with a 1 μm filter and a needle to eliminate small solid particles. We then dissolved them
with 99.9% HPLC grade dimethyl ether, which had proved to be a better solvent compared to acetone.
There are no standard tests and parameters yet for bio-oils set for engine applications, including
procedures for GC–MS [29]. Therefore, we adopted this GC-MS test to resemble tests conducted
on other bio-oils as well for fatty acid methyl ester (FAME) diesel [30–33]. We ran the samples in a
GC–MS 5975C (Agilent Technologies, Waldbronn, Germany) using a DB-1HT 30 m × 250 μm diameter
column with a 0.1 μm film. The flow rate of helium was set at 3 mL/min. We initially set the column
temperature at 60 ◦C for 5 min, then, ramped at 5 ◦C/min to 235 ◦C and sustained this for 10 min.
We then ramped it to 290 ◦C at 10 ◦C/min.

3. Results

This research brings together the results of overall pyrolysis optimization tests and selective
optimization tests for the pine dust compared to the acacia. We had presented some characterizations
of bio-oils from the selective optimization tests, namely the SG, pH and HHV, in [28]. However,
we conducted further tests on the viscosity of the oils and their chemical composition and comprehensive
comparative analysis of all results in this research to establish the feasible design and operation schemes
for these residues.

We compared the properties of the bio-oil reported in this work to the properties of conventional
types of diesel and fuel oils. The physicochemical properties of the bio-oil determine if the fuel could
be used sustainably in unmodified form without affecting the engine through erosion or corrosion;
or if they could be blended successfully. We also measured the HHV values of the chars to build a
more holistic perspective on the socio-economic relevance of valorizing the wastes through pyrolysis.

3.1. Characterization of Feedstocks

Table 2 shows the results of the ultimate, proximate and calorimetric tests on the acacia and pine
dust in comparison to other results for similar or related feedstocks.

Table 2. Characterization results: ultimate, proximate and higher heating value (HHV).

Biomass Ultimate Composition (%)
Proximate Composition

(Dry Basis) (%)
HHV

(MJ/kg)

C H N S O * Ash * FC VM MC

A. tortilis 41.47 5.15 1.23 nd 52.15 3.90 19.59 76.51 3.72 17.27

Pine dust 45.76 5.54 0.039 nd 48.66 0.83 20.00 79.16 6.50 17.57

nd—Not Detected; * by difference.
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We could not find any literature on the characterization of A. tortilis; therefore, comparisons were
made using other acacia species. We concluded that the results are comparable to those obtained in
other literature, notably [34,35] where characterizations of Acacia holosericea, Acacia mangium and Acacia
auriculiformis were discussed; and [36,37] where pine dust from two other nations was characterized.
Both acacia and pine dust qualify as cleaner thermochemical feedstocks due to the good HHV, low N&S,
acceptable ash content (below critical 6% for slagging and fouling) and high VM, which specifically
favors higher pyrolysis oil yields. We had initially found the ‘as received’ pine dust to have an MC of
65.17%, which is higher than the recommended ‘<10%’ for pyrolysis. Consequently, we sun-dried the
biomass for at least 3 weeks to achieve an MC of 6.50%, below the ‘<10%’ requirement. Due to the
higher C and H content in pine and lower ash compared to acacia, one would expect pine to have a
considerably higher HHVs; however, the acacia had a low MC, half that of pine. This could explain
why the pine’s HHV was not as high as expected. The pine dust from Zimbabwe had relatively lower
N&S content compared the other pine forms, and the N was considerably lower compared to the
acacia, showing that it was a cleaner thermochemical feedstock. Further discussions on these results
will be made jointly with the results of pyrolysis and product characterization in Section 4.

3.2. Optimum Pyrolysis Conditions

3.2.1. Optimum Pyrolysis Temperature

Figures 2 and 3 show the variation of pyrolysis yields with temperature for both biomass forms.
The maximum bio-oil yield (41.9 wt %) was obtained at 550 ◦C for the acacia, while pine dust had
its maximum yield (46.1 wt %) at 500 ◦C. The optimum pyrolysis temperature for pine dust (500 ◦C)
corresponded to that obtained for Indian pine and Canadian mixed sawdust where maximum yields
of 39.37% and 45% were obtained in a fixed bed reactor [38,39]. Bridgwater [15] claims in his review of
fast pyrolysis that optimum bio-oil yields from lignocellulosic biomass should be obtained between
480 and 520 ◦C, with grasses occupying the lower end and woody biomass the higher end.

Figure 2. Variation of product yields with pyrolysis temperature for pine dust.

140



Processes 2020, 8, 551

Figure 3. Variation of product yields with pyrolysis temperature for acacia.

With no research reported on Acacia tortilis, we could only compare the pyrolysis results from this
research to the results obtained on other acacia species. Ahmed et al. [40] compared the bio-oil yields
from the intermediate pyrolysis of various parts of Acacia cincinnata and Acacia holosericea in a fixed bed
reactor at a temperature (500 ◦C. They obtained yields of 45.31–52.95 wt % for the A. cincinnata and
41.24–46.92 wt % with the A. holosericea, which are comparable to the maximum Acacia tortilis yield of
41.9 wt %. Reza et al. [34] used a fixed bed reactor to pyrolyze A. holosericea and experimented at two
temperatures, 500 ◦C and 600 ◦C, obtaining a maximum bio-oil yield of 37.61 wt % at 600 ◦C. The optimum
pyrolysis temperature of 550 ◦C for Acacia tortilis was therefore credible and higher than that of pine due
to the higher temperature recalcitrance of the hardwood (acacia) compared to the softwood (pine).

As stated in Section 1.3, temperature and heating rate have been the most experimented variables
deemed as the most influential to pyrolysis oil yields and the product distribution [20]. In this case,
we only manipulated the temperature since it is difficult to maintain a constant local heating rate for
large particle sizes and where several reactions occur. The overall pyrolysis temperature was, therefore,
the distinguishing variable affecting the oil yield when equal ramp rates and biomass particle sizes
were used. Raising the pyrolysis temperatures until the optimum point increases the heat transfer
rates, which favor oil yields to higher localized heating rates. In the fluidized bed, conical spouted bed
and circulating bed reactors the small particle sizes and fluidization effect cause even higher heating
rates and higher oil yields.

On the other hand, ablative and rotating cone reactors use the high rate of heat transfer from
the walls of the reactor, which are typically at elevated temperatures. These higher heating rates,
according to Uzun et al. [41], accentuate the reduction of the water content in bio-oil explaining such
fast pyrolysis conditions would give higher quality bio-oils compared to the intermediate regime in
this research. Typically, such high heating rates should be coupled with moderately high inert gas flow
rates to reduce the hot vapor residence time; otherwise, they crack or repolymerize, leading to low oil
yields [20]. Such a continuous purge stream was another missing aspect of achieving a fast pyrolysis
mode in the case of the fixed bed reactor where the inert gas was used to purge out the air at the initial
stages of the experiment only.

The ensuing sections focus on the results we obtained from the attempt to optimize the quality of
bio-oil by separating the heavier oil from the aqueous light phase using various condenser temperatures.
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3.2.2. The Effect of Fractionation on pH

Figure 4 shows the pH of the separated fractions, the heavier oil or primary condensate and the
lighter oil or secondary condensate.

Figure 4. pH of various bio-oil fractions at different primary condenser temperatures for a sample.

The results indicate that the heavier oil fraction obtained in the primary condenser (ES01) has
a higher pH, suggesting that most acids preferentially reported to the more aqueous secondary
condensates. The A. tortilis primary condensates had a higher average pH (3.42) compared to pine dust
(average 3.12), although the highest pH was obtained for the pine (4.20). These averages are however,
higher and consequently better than the average of 2.5 estimated in the literature for woody bio-oils in
general [15]. High acidity in the bio-oil makes it corrosive, especially with metallic vessels or pipes.

We also observed that there was a drastic reduction in the heavier oil yield for the pine at the
primary condenser temperature of 140 ◦C. This could suggest that most of the molecular compounds
in pine pyrolysis vapors have low dew points, vaporizing at higher condensation temperatures such
as 140 ◦C and resulting in very low heavy oil yields. We could not conduct the pH, SG and HHV
characterizations on the pine bio-oil obtained at this temperature due to the low yield of 0.2% (Table 3).
This explains why there are gaps in Figures 4 and 5.

Table 3. Actual yield of primary condensate at various primary condenser temperatures.

Temp of ES01 90 ◦C 100 ◦C 110 ◦C 125 ◦C 140 ◦C

Acacia tortilis
Heavy oil yield 6.0% ± 0.2% 5.4% ± 0.1% 4.9% ± 0.1% 2.8% ± 0.1% 3.9% ± 0.1%

Total oil yield 38.8% ± 1.0% 41.9% ± 1.0% 40.8% ± 1.0% 36.5% ± 0.9% 37.5% ± 1.0%

Pine dust
Heavy oil yield 15.4% ± 0.4% 10.7% ± 0.3% 12.7% ± 0.3% 7.2% ± 0.2% 0.2%

Total oil yield 34.7% ± 0.9% 46.1% ± 1.2% 44.8% ± 1.1% 44.4% ± 1.1% 33.5% ± 0.9%
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Figure 5. Specific gravity (SG) of various bio-oil fractions at different primary condenser temperatures.

3.2.3. The Effect of Fractionation Temperature on SG, Heavy Oil Yields and Quality

Figure 5 shows the variation of SG with primary condenser temperature, which was used as an
indicator of the aqueous composition in the oil.

The higher the SG, the lower the aqueous content and the higher the perceived quality of the
product. This is because pure pyrolysis oil has a higher SG than water; therefore, as the purity of oil
increases, the SG increases too. Using this metric, the optimum quality bio-oil would be at 125 ◦C for
acacia (SG of 1.257) and at 110 ◦C for pine (SG of 1.159). At primary condenser temperatures above the
boiling point of water (100 ◦C), the quality of the oil increased, as expected, since more of the water
reported to the secondary receivers. However, for pine, beyond the 110 ◦C we observed a reduction in
the yield of the heavier oil (see Table 3) and the least total yield of bio-oil was obtained at 140 ◦C. One of
the pine dust pyrolysis runs at 125 ◦C also had a zero yield, although it was not used in the calculation
of the average. We suspect that the liquid that accumulated in the other two runs could be the result of
back mixing of the vapors at that temperature, which caused the accumulation of an oil water mixture
of a low SG. This could have been due to the design or orientation of the tubes at the condensers inlets
and outlets. The smaller yield of the dry, heavier oil at higher temperatures could be due to lower dew
points of molecular compounds in the pine bio-oil [24]. The 140 ◦C condenser temperature did not
seem to have a major effect however on the acacia, most probably because of its higher temperature
recalcitrance as a hardwood, therefore the total and heavier oil yields were not significantly reduced.

3.2.4. Properties of the Bio-Oils Obtained at Various Condenser temperatures

Physico-Chemical Properties of the Heavier (Choice) Bio-Oil

Since we target to use the bio-oil in a moderately upgraded form as a fuel for power generation,
it is necessary to compare its properties to those of conventional fuels such as diesel, heavy and light
fuel oil whose engines could be compatible with the bio-oil. These average HHV values are shown
in Table 4, along with the measured values for the viscosity. We used the heavier bio-oil fraction
properties in the comparison since they were more comparable with conventional fuels, especially the
HHVs. We could not test the secondary condenser oils for HHV due to the high water composition
that prevented combustion, even with combustive aids.
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Table 4. Various bio-oil physicochemical properties compared to conventional fuels.

Viscosity (mPa·s) at 25 ◦C HHV (MJ/kg) SG

Primary
condenser

(ES01) Temp ◦C

90 ◦C A. tortilis oil Pine dust oil A. tortilis oil Pine dust oil A. tortilis oil Pine dust oil

2217.6 3043 4.310 5.227 0.867 0.968

100 ◦C 4804.8 13,951 21.412 9.235 1.057 0.982

110 ◦C Too little 10,151 23.610 15.780 1.040 1.159

125 ◦C Too little 2142 26.191 0.6338 1.257 0.894

140 ◦C Too little Very little 36.809 Very little 1.217 Very little

Conventional diesel 2178 43–45 0.844

Light fuel oil (LFO) - 42–44 0.85–0.910

Heavy fuel oil (HFO) >17,800 at 50 ◦C 40 0.940–0.989

The viscosities of the two bio-oils are on the higher end of the range reported in the literature for
woody bio-oils, of 30–12,000 mPa·s or more [15]. For the best quality of pine bio-oil obtained at 110 ◦C,
we obtained a viscosity of 10,151 mPa·s, which is four times the viscosity of diesel (2178 mPa·s) and
almost half that of HFO (17,800 mPa·s) at 50 ◦C. The bio-oils can, therefore, readily substitute HFO in
blends and even lower energy requirements for heating and pumping HFO. The blending ratio with pine
bio-oil would, however, be limited given its low HHV compared to the acacia bio-oil [11]. Unfortunately,
we could not measure the viscosities of acacia bio-oil obtained at higher temperatures due to their small
volumes; however, if the trend against the pine dust values continued as expected, they would still be
way below the HFO values. Meanwhile, the acacia bio-oil‘s HHV values also compare well to HFO,
though the SG is about 1.2 times more, tallying with the average value of bio-oil density (1200 kg/m3)
provided by [42]. This means that the acacia heavy bio-oil at ES01 of 140 ◦C has 92% of the energy
content in HFO on a weight basis, but has 113% on a volumetric basis. This bio-oil could, therefore,
be a good substitute provided that it is obtained in reasonably large quantities to make the process
economically justifiable. The 15.780 MJ/kg obtained for the pine dust bio-oil is slightly lower than the
17 MJ/kg reported in the literature and much less than the HHVs of diesel, LFO or HFO [15].

The Chemical Composition of the Bio-Oils

In this section, we have only presented the GC–MS results of best quality primary condensates
and their corresponding secondary condensates as representative samples. We managed to identify
95 compounds from the primary condensate and 76 from the secondary condensates for the A. tortilis
bio-oil at the primary condenser temperature of 140 ◦C. For the pine bio-oil at a temperature of
110 ◦C, 107 compounds were detected in the primary condensate, while only 87 were identified in the
secondary condensate. Bio-oil is typically composed of more than 300 oxygenated compounds [17].
However, not all of the compounds can be easily identified by the conventional GC–MS due to their
complex matrix in the bio-oil; therefore we recommend a GC × GC, with a higher resolution in 3D,
to identify most of the compounds. Tables 5 and 6 show the eight compounds with the largest peak
areas for the sampled primary and secondary condensates.
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Table 5. GC–MS analysis for Acacia tortilis primary and secondary condensates obtained at optimal
condition (primary condenser temp of 140 ◦C).

Compound
Compound

Class
Molecular

Weight (g/mol)
Area %

Retention
Time (min)

Primary
condensate

Cresol Methylphenol 138.16 7.759 8.23

Phenol,
4-ethyl-2-methoxy- Phenol 152.19 5.325 10.31

Phenol, 2,6-dimethoxy- Phenol 154.16 5.120 11.83

Phenol, 2-methoxy- Phenol 164.20 4.847 5.89

Benzene,
1,3-bis(1,1-dimethylethyl)- Hydrocarbon 190.33 4.390 10.09

Phenol,
2,4-bis(1,1-dimethylethyl)- Phenol 278.50 4.254 16.28

5-tert-Butylpyrogallol Phenol 182.22 3.302 16.16

Heneicosane Alkane
hydrocarbon 296.583 3.3148 18.57

Others

Benzoic acid Carboxylic acid 122.12 0,6791 8.48

Cyclopenten-1-one,
2-hydroxy-3-methyl- Ketone 68.12 2,1704 4.73

Octane, 3-ethyl- Alkyl
hydrocarbon 142.28 1.073 5.54

Furaldehyde
phenylhydrazone OR

Furfuraldehyde
Aldehyde 96.0841 0.1729 19.53

Secondary
condensate

Phenol, 2-methoxy- Phenol 164.20 15.638 6.06

Phenol, 2,6-dimethoxy- Phenol 154.16 12.377 12.38

2-Cyclopenten-1-one,
2-hydroxy-3-methyl- Ketone 112.13 7.533 5.01

Hydroquinone
mono-trimethylsilyl ether Phenol 110.03 6.052 16.29

4-Methoxy-2-methyl-1-
(methylthio)benzene

Hydrocarbon
(phenylpropanes) 168.26 5.103 14.40

Benzene,
1,3-bis(1,1-dimethylethyl)- Hydrocarbon 190.32 3.960 10.12

2-Cyclopenten-1-one,
3-ethyl-2-hydroxy- Ketone 126.15 3.764 6.83

Cyclohexanol,
2,2-dichloro-1-methyl- Alcohol 183.03 2.138 4.49

Others

Trans 2-(2-Pentenyl)furan Furan 136.19 0.2457 7.36

3,4-dimethylcyclohexanol Alcohol 128.21 0.3821 4.66
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Table 6. GC–MS analysis for pine dust primary and secondary condensates obtained at optimal
condition (primary condenser temp of 110 ◦C).

Compound
Compound

Class
Molecular

Weight (g/mol)
Area %

Retention
Time (min)

Primary
condensate

Phenol, 2-methoxy- Phenol 164.20 11.066 6.01

Cresol Methylphenol 138.16 7.154 8.26

Benzene,
1,3-bis(1,1-dimethylethyl)- Hydrocarbons 190.33 4.935 10.10

1,2-Cyclopentanedione,
3-methyl- Ketone 183.07 4.851 4.77

Hexadecane Hydrocarbon 4.1684 18.80

Phenol,
2,4-bis(1,1-dimethylethyl)- Phenol 278.5 4.047 16.27

Homovanillyl alcohol Alcohol 168.19 3.8349 16.04

Phenol, 4-ethyl-2-methoxy- 152.19 3.6806 10.32

Others

trans-Isoeugenol Phenol 164.20 2.544 13.37

Tridecane, 7-hexyl- Hydrocarbon 268.5 1.6788 22.42

Propanal, 2-propenylhydrazone Aromatic
aldehyde 126.15

Methoxyacetic acid, nonyl ester Monocarboxylic
acid and ether 216.32 0.2737 7.23

Secondary
condensate

Phenol, 2-methoxy- Phenol 164.20 14.526 5.99

Cresol Methylphenol 138.16 14.093 8.38

Phenol, 4-ethyl-2-methoxy- Phenol 152.19 9.343 10.42

2-Cyclopenten-1-one,
2-hydroxy-3-methyl- Ketone 112.13 7.509 4.93

Phenol,
2-methoxy-4-(1-propenyl)-, (Z)- Phenol 164.20 4.767 14.44

Phenol, 2-methoxy-4-propyl- Phenol 166.22 2.871 12.53

Benzene,
1,3-bis(1,1-dimethylethyl)- Hydrocarbon 190.32 2.281 10.10

Eugenol Guaiacol
(phenol) 164.20 2.276 12.23

Others

Propanoic acid, 2-methyl-,
2,2-dimethyl-1-(2-hydroxy-
1-methylethyl)propyl ester

Carboxylic acid
and ester 244.37 0.7445 5.76

Maltol Pyranones
(ketones) 126.11 1.47 6.47

For A. tortilis, we observed that cresol had the highest composition detected in the primary
condensate, while it was next to Phenol, 2-methoxy- in the pine dust primary condensate. In the
secondary condensates, Phenol, 2-methoxy and Phenol, 2, 6-dimethoxy were the most concentrated in
the acacia, while Phenol, 2-methoxy- and cresol were the highest in the pine. The secondary condensates
had characteristically high concentrations of specific compounds in both biomass forms and could
be used as a source of chemicals since they are not useful for fuel. The phenols in the secondary
condensers were of significant concentrations on a dry basis and could be extracted for use as food
additives—mostly as flavorings, spices, seasonings and colorings—while cresol is an active ingredient
in disinfectants [43]. We also identified other compounds in both bio-oils including acids like acetic acid,
benzoic acid and homovanillic acid; esters such as succinic acid and the nonyl tetrahydrofurfuryl ester;
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food flavorants and their precursors such as maltol and guaiacol (also used as a pesticide) and ketones
such as acetone and other types of phenols. We did not manage to detect Levoglucosan as expected
in such lignocellulosic biomass [44] probably because it was present in tiny quantities. However,
we detected another type of anhydrous sugar compounds, 1,4:3,6-Dianhydro-.alpha.-d-glucopyranose,
in the dry pine bio-oil with a peak area of 1.22%. Lyu et al. [45] also observed a shallow composition of
anhydrosugars (<1 wt %) at a pyrolysis temperature of 480 ◦C, which increased at 500 ◦C and 520 ◦C,
attaining a maximum of 4.1 wt % at 550 ◦C.

The GC–MS results that we obtained are comparable to those obtained by Ahmed et al. [40]
for the trunk of Acacia cincinnata and Acacia holosericea, who reported that phenolic compounds and
their derivatives were the major compounds detected in the bio-oil samples. For instance, the Acacia
holosericea trunk was found to have the following sampled areas: phenol, 2,6-dimethoxy- (5.36%), cresol
(3.39%), (E)-2,6-dimethoxy-4- phenol (3.35%), phenol, 2-methoxy- (3.23%), benzene, 1,2,3-trimethoxy-
5-methyl- (3.22%), 2- cyclopenten-1-one, 2-hydroxy-3-methyl- (2.04%), 2-furancarboxaldehyde (2.99%),
isoeugenol 2 (2.08%), guaiacol, 4-ethyl- (2.06%) and 2-methoxy-4-vinylphenol (1.72%) [40]. The high
presence of phenolics in both the acacia and pine primary oils is typical as reported by Muda et al. [46],
who recorded a high composition of phenolics in bio-oil obtained from the subcritical water treatment
of oil palm trunk. The compound with the highest composition in their bio-oil was phenol with a
peak area of 17.11%, while 2,6-dimethoxy-phenol and 4-ethyl-2-methoxy-phenol had 7.10% and 1.78%
respectively. Lyu et al. [45] have also identified phenol peak areas of up to 20% for the pyrolysis of
wood and rice straw, while Kim et al. [47] mention a composition of 0.1–3.8 wt %. In terms of peak
areas, the findings in our research are, therefore in agreement with the literature cited. Kim et al. [47]
also mentioned that the pyrolysis of softwood lignins yielded mainly guaiacols, including the eugenols,
vanillin and homovanillin, which had a significant presence in the pine bio-oil. The composition of the
acacia bio-oil that we observed was also consistent with the observation that hardwood lignins give
both guaiacols and syringols, including phenols, methoxy phenols and cresol. The high composition
of phenols that we observed could also be due to the low pyrolysis temperature of 450 ◦C used for
the fractional condensation experiments, corroborating with research done by Lyu et al. [45]. In their
research, the phenolic content in bio-oil increased from 3.9 to 5.5 wt % when the temperature was
decreased from 550 to 480 ◦C.

The reported compositions of bio-oil differ widely in the literature depending on the biomass
source and also on process conditions used [20]. At a higher condensation temperature for instance,
in the case of acacia, the product was a tar-like oil of high HHV, rich in complex phenolics (48% peak
area) with ~30% hydrocarbons and the rest of the area occupied by other compounds—on a dry basis.
The dominance of complex phenolics and aromatics in such tar-like oil corroborates with literature such
as Muda et al. [46] and these authors also obtained an exceptionally high HHV value for that bio-oil
(33.2 MJ/kg). The characteristically high HHV of this tar-like oil, which is similar to that obtained in this
research, seems to contradict with the general trend that the bio-oil with a higher percentage of phenolics
could be unuseful as a fuel [20]. The high HHV could be due to the complex type of phenolics comprising
methyl and methoxy groups and the significant amount of long-chain carboxylic acids, hydrocarbons
and ketones (total 38% peak area) in this tar-like oil. Coupled with the low aqueous composition
indicated by the high SG, it is logical that the primary condensate should have such a high calorific value.
On the contrary, the secondary condensates had ~26% peak area occupied by hydrocarbons, ketones and
carboxylic acids and a higher aqueous composition demonstrated by the low SG.

3.2.5. Uncertainty Analysis

We assessed the margin of error that could occur in the pyrolysis temperature range for the
bio-oil, char and gas separately by obtaining four readings at a single temperature then calculating the
relative standard error (%). This value of the error was then applied across the various temperatures.
For instance, from Figure 3, the chars were liable to an error of 4.24% while the bio-oil and gas had
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margins of 2.57% and 5.28% respectively. This same logic was applied for the variations in condensation
temperature, which affected the oil yields in Table 2.

4. Overall Discussion

The characterization results had already indicated a higher VM in pine (79.16%) compared to
acacia (76.5%), which explains why the total yield of oil from pine was higher for all cases than for
acacia. The heavier oil yield was also generally higher for the pine dust oil compared to A. tortilis (see
Table 3). For instance, the best quality pine dust heavy oil in terms of HHV, obtained at the primary
condenser temperature of 110 ◦C, was 12.7% compared to 3.9% for the acacia at 140 ◦C. However,
the acacia bio-oil was a lot better and comparable to HFO in terms of HHV as indicated in Table 4.
The acacia oil HHV of 36.809 MJ/kg was higher than the maximum obtained by previous research
(31 MJ/kg), as presented in the recent review on fractional condenser systems [24]. Since our focus
in this research was on energy derivation from the bio-oil, it is crucial to obtain a larger yield of the
higher quality (heavy) bio-oil while considering the extraction of special chemicals from the by-product
secondary condensates. This may require fast pyrolysis conditions with a continuous low-moderate
flow of purge gas to increase overall yields of the oil to about 75% which, typically should give a higher
quality liquid product [20,23]. With the help of fractional condensation, it should be possible to obtain
a higher yield of the heavier, high HHV oil, even if it means lowering the condenser temperature to get
a good trade-off between the yield and the fuel value of the oil.

Pine bio-oil appeared to be more sensitive to the higher condenser temperature (140 ◦C), producing
low heavy oil yields of inferior quality above the 110 ◦C condensation temperature, probably due to the
presence of molecular compounds with low dew points in the vapor [24]. A sustained high condenser
temperature could also possibly cause re-evaporation and recondensation cycles, which could break
down the molecular compounds associated with pine bio-oil [20]. The low HHV of the pine-bio-oil
at 125 ◦C could also be attributed to a simple back mixing and pressure drop of vapors within the
constricted tubing causing the condensation of an oil-water mixture, which would then trickle back
into the primary condenser. Papari and Hawboldt [24] mentioned the pyrolysis of pinewood in a
fluidized bed reactor where the primary condenser temperature was varied from 20 to 115 ◦C while
maintaining the secondary one at 20 ◦C. The yield of dry bio-oil was 20%–55% with 2.5% water and
a maximum HHV of 24 MJ/kg. This shows the potential of fast pyrolysis conditions on the yield of
dry/heavier oil, which could also be achieved with the fixed bed reactor. The HHV of the pine bio-oil
in [24] was higher than that obtained in this research, probably due to the different pyrolysis conditions
and regimes used that contribute to bio-oils of various compositions [45].

One possible reason for the highly aqueous secondary condensates could be the inherent, bound
moisture in the biomass that is not removed by simple sun-drying. References such as [14,19,30] and
recommend oven drying at temperatures between 80 and 105 ◦C for periods of 24–48 h to remove
such moisture and give a higher quality bio-oil. The overall economics of the whole process would
need to be assessed for such an energy-intensive pre-treatment step. Indeed, the energy uptake of the
pyrolysis process itself has already raised questions on economic feasibility, especially if the product is a
low-grade fuel such as bio-oil. However, [48] discussed options of using various energy source models
like microwave, renewable solar or parabolic solar concentrators. Reference [7] recommended solar
parabolic heating as the most economically attractive and sustainable heating source. Autonomous
and semi-autonomous heating designs, where the energy from charcoal and waste gas can be used to
provide the energy for the process have also been discussed and experimented on [15,42]. The char
obtained, according to [42], contains 25% of the initial energy in the feedstocks, while the pyrolysis
process typically requires 15% and the gas can supply 5%. The char from pine, particularly had a
higher average HHV of 37.953 MJ/kg compared to that for acacia, with only 29.717 MJ/kg. This implies
that the pine dust char would offer a better opportunity for the recovery of energy for the process
compared to acacia, per unit weight. Alternatively, the chars can be briquetted and sold commercially
to defray expenses.
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5. Conclusions and Recommendations

In this research, we introduced Acacia tortilis, a previously uncharacterized species within the
field of pyrolysis, to evaluate its bioenergy potential in addition to reducing the socio-economic impact
that this encroacher bush has in Botswana. We compared it with pine sawdust, a waste menace in the
neighboring country (Zimbabwe), which is logical since it is one of the most researched feedstocks in
pyrolysis. Although fractional condensation has been researched on before, we particularly used a
customized lab-scale fixed-bed reactor design for the pyrolysis with the specified cascading condenser
types at different temperatures. We observed, from the experiments that increasing the primary
condenser temperature improved the calorific value of the acacia heavier oil significantly while
reducing the pH and increasing the SG, generally. We concluded that a higher temperature of around
140 ◦C for the acacia yielded the best quality of oil in terms of the HHV, achieving a value comparable
to fuel oil. Such a high temperature also slightly reduced the yield of the heavy oil. We recommend
further tests to evaluate the water content, atomization, flash and pour point of both the acacia and
pine dust oils and give a fuller picture of the compatibility of the product oil with fuel oil engines.
We could not conduct these tests in this research due to the unavailability of the testing equipment.
We are, however, concerned that the acacia heavy oil yields are too low with the current intermediate
pyrolysis conditions in the fixed bed reactor. In future research, we will switch to the fast pyrolysis
mode by using moderate, controlled flow rates of the inert gas in the fixed bed reactor or an alternative
fast pyrolysis technology like the fluidized bed. This is because fast pyrolysis is already renowned
for its higher yields of better quality oils; therefore selective condensation should enable a larger
fractional yield of high-quality oil. It would be ideal to conduct a techno-economic evaluation for
alternative process routes, equipment and energy supply and subsequently build a pilot pyrolysis
plant for the attractive route, for demonstration purposes. Test runs can subsequently be done using a
fuel oil generator for various blends with HFO and, possibly, for bio-oil alone. Our tests indicated
that pine-oil already has a low HHV, which disadvantage its use as a furnace or engine fuel compared
to the acacia. However, its char has a considerably higher HHV; therefore it can be exploited better
through torrefaction to produce smokeless briquettes.
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Abstract: This study reports the effect of high-temperature treatment on the electrical properties of
charcoal, coal, and coke. The electrical resistivity of industrial charcoal samples used as a reducing
agent in electric arc furnaces was investigated as a renewable carbon source. A set-up to measure the
electrical resistivity of bulk material at heat treatment temperatures up to 1700 ◦C was developed.
Results were also evaluated at room temperature by a four-point probe set-up with adjustable
load. It is shown that the electrical resistivity of charcoal decreases with increasing heat treatment
temperature and approaches the resistivity of fossil carbon materials at temperatures greater than
1400 ◦C. The heat treatment temperature of carbon material is the main influencing parameter,
whereas the measurement temperature and residence time showed only a minor effect on electrical
resistivity. Bulk density of the carbon material and load on the burden have a large impact on
the electrical resistivity of each material, while the effect of particle size can be neglected at high
heat treatment temperature or compacting pressure. The mechanical durability of charcoal slightly
increased after heat treatment and decreased for coal and semi-coke samples. The results indicate
that charcoal can be used as an efficient carbon source for electric arc furnaces.

Keywords: charcoal; electrical resistivity; coal; coke; high-temperature treatment; pyrolysis

1. Introduction

Biomass and its derivatives (e.g., charcoal) are considered as a possible feedstock to reduce
anthropogenic CO2 emissions produced in industry. Besides its common usage as an energy carrier
in power production, charcoal can be used as base material in fuel cells [1], batteries [2], soil
amendment [3,4], and as a carbon source in metallurgical industry [5–10]. In the latter, fossil fuels such
as anthracite, coal, coal char, semi-coke, petroleum coke, and metallurgical coke are the main reducing
agents. These reductants are used in blast furnaces, electric arc furnaces (EAF), and submerged
arc furnaces (SAF) to reduce metal oxides to their metallized form. SAF are particularly used
in silicon, ferrosilicon, ferrochrome, and ferromanganese production. The consumption of fossil
fuels in EAF and SAF generates approximately 1.83 kg CO2 per kg of steel [11], 1.04 to 1.15 kg CO2

per kg ferromanganese [12], 1.4 to 6.9 kg CO2 per kg of silicomanganese, and 2.5 to 4.8 kg CO2 per kg
ferrosilicon [13–15]. The total CO2 equivalent of manganese alloys is stated as 6.0 kg per kg of alloy
when electricity is produced by coal combustion [15]. Biomass and charcoal have the potential to
reduce these emissions, e.g., by up to 12% in EAF, or 58% in integrated routes of steel production [16].
A better understanding of charcoal properties will promote the increased use of renewable resources
in EAFs and SAFs.
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Charcoal has a higher porosity, lower mechanical stability, and higher reactivity than fossil
reducing agents [3,8]. The high CO2 reactivity of charcoal can increase its consumption in the
burden by the Boudouard reaction [17]. Approximately 500,000 tonnes of CO2 emissions generated
by ferromanganese and silicomanganese production are due to the Boudouard reaction [18],
corresponding to ~30% of the annual emissions. The lower mechanical stability of charcoal can
result in the formation of fines, negatively affecting gas permeability of the charge and resulting in an
increased risk of bridging and slag boiling [19]. Previous studies have shown that charcoal properties
can be improved by increasing the heat treatment temperature. For example, CO2 reactivity of charcoal
approaches that of fossil reducing agents at a heat treatment temperature higher than 1600 ◦C [20,21].
Thus, it is crucial to understand the properties of charcoal at high temperatures to provide a stable
operation of the furnace.

To fully, or significantly, replace fossil fuel resources in SAF, a renewable resource with specific
chemical, mechanical, and electrical properties is required. Fossil fuel bed material provides a low
electrical resistivity and high mechanical stability, in which the latter is compulsory for a stable
operation of the furnace [22,23]. A high mechanical stability is required to maintain its structure for
a good gas permeability, whereas power input and temperature profile are affected by the electrical
properties of the bulk material. While the chemical and mechanical properties of charcoal as reducing
agents have been reviewed in the last decade [24–26], knowledge of its electrical resistivity at high
temperature is scarce.

The main parameters that influence the electrical resistivity of carbon bed material are heat
treatment temperature [3,5,27,28], compression pressure [3,28–31], particle size [32–34], and volume
fraction of the carbonaceous material [27,34]. Previous studies focused on the measurement of
the electrical resistivity of powder materials [28], dry coke beds [19,22,32,35], or coke metal-oxide
blends [27] of fossil fuels, whereas knowledge on the charcoal beds is limited.

In this study, the impact of heat treatment temperature, particle size, and compaction pressure
was investigated for charcoal, in comparison with other fossil fuel materials as references. The specific
objectives of this study were to investigate the (1) electrical resistivity of charcoal and fossil fuels
samples at high heat-treatment temperature, (2) influence of particle size and compaction pressure,
and (3) importance of present temperature on electrical resistivity.

2. Materials and Methods

2.1. Sample Materials

Three industrial charcoals, one coal, one semi-coke, and one metallurgical coke were chosen as
sample materials for this study. When this study was initiated, the charcoal, coal, and semi-coke
were used in silicon and ferrosilicon production, whereas the metallurgical coke was used for
silicomanganese production. The aforementioned lumpy reductants were crushed by a jaw crusher
(Retsch, Haan, Germany) and sieved to three particle sizes: fines (d< 2 mm), small particles
(2≤d< 4.75 mm), and large particles (4.75≤d< 9.5 mm). Prior to an experiment, the sample was
dried overnight in air (at 106 ◦C) to drive off moisture.

2.2. Resistivity at High-Temperature

Electrical resistivity measurements at elevated temperature were performed using a four-probe
point measurement system (SINTEF, Trondheim, Norway) installed in an induction furnace
(Inductotherm Europe, Droitwich Spa, UK), as presented in Figure 1. An alumina tube (Alsint®,
length: 300 mm; inner diameter: 80 mm; wall thickness: 10 mm) was placed in a graphite crucible
(height: 400 mm; diameter: 150 mm; wall thickness: 18 mm). Two molybdenum (Mo) wires
(diameter: 1 mm) were installed at a distance of 50 and 150 mm from the bottom of the alumina
tube. The sample was distributed homogeneously inside the alumina tube, which was filled to
~25 cm height and compacted to constant volume by dynamic sample compaction with an installed
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electrode (weight: 1.8 kg), in which drop height was set to 10 cm. Bulk height was measured by
a caliper (readability: 0.1 mm) before the crucible was installed into the furnace. A constant load
of ~6 kN·m−2 was set on the material by the graphite electrode and an additional weight on top
of the electrode. Direct current was provided by a welding power source IPM15 (Kempower,
Lahti, Finland) between the graphite electrode and the graphite crucible bottom. An upper limit
of 100 A was set. The voltage between the Mo-wires in the sample was measured by a NI TB-9214
module (National Instruments, Debrecen, Hungary) connected to the Mo-wires. Current and
voltage were measured every 25 ◦C by a pulse train initiated by the Labview program (National
Instruments, Austin, TX, USA). The associated temperature (TC) was measured in the center of
the bulk. The pulse train consists of 8 pulses with increasing voltage adjustment (2× 17%, 33%,
60%, and 90% of the desired voltage). The electrical resistivity was calculated according to Equation (1):

ρ =
V · A
I · l

(1)

where ρ is the electrical resistivity, V the measured voltage between the wires, A is the cross-sectional
area, I the measured current, and l the distance between the Mo-wires.

A

V

+
-

Tc

Tbw

Ttw

Tiw

Tow

Induction furnace

Graphite crucible

Graphite electrode

Carbon bed 
material

Alumina tube

Figure 1. Schematic of the electrical measurement set-up at NTNU/SINTEF.

The sample was heated at 3 ◦C·min−1 up to 250 ◦C and kept at that temperature for 10 min
to minimize thermal stresses in the alumina tube. Subsequently, the sample was further heated at
10 ◦C·min−1 to an outer wall temperature (TOW) of 1600 ◦C and kept at that temperature for 60 min
to ensure a constant temperature profile in the crucible. After the heating program was finished,
the height of the bulk was measured, the furnace was turned off, and the sample was cooled overnight.
After cooling, voltage and current were measured at room temperature before the sample was removed
and stored in sealed sample bags.

2.3. Resistivity Under Load

The electrical resistivity under load was investigated by a four-point probe set-up at room
temperature (called the 4-probe set-up), which was installed in a materials testing machine Z2.5 test
Control II (Zwick/Roell, Ulm, Germany). Measurements were carried out for the particle sizes: fines
(d < 2 mm), small particles were split into (2<d< 3.35 mm), and (3.35<d< 4.75 mm), as well as large
particles (4.75<d< 9.5 mm) in an alumina tube (inner diameter: 50 mm, height: 150 mm). The sample
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was filled and compacted to a constant volume by shaking. Current was provided by a laboratory DC
power supply GPR-3030 (GW instek, New Taipei City, Taiwan) and controlled at 2 A current for each
measurement. A top graphite and a bottom copper electrode were used to pass the current through the
bulk. Basic load on the material by the top electrode was 2.5 kN·m−2. The voltage was measured over
a distance of 60 mm (30 to 90 mm from the bottom) by a multimeter Model 2000 (Keithley Instruments,
Beaverton, OR, USA).

Additional load was introduced and measured by the materials testing machine. The pressure
was increased to 500 N in 25 N steps, in which vertical compaction was noted with a readability of
1μm. After a maximum force of 500 N was reached, the compacting force was released in 25 N steps
and voltage and vertical compaction of the bulk were measured.

2.4. Solid Characterization

Proximate analysis

The volatile matter content and yield of crucible coke of the heat-treated material were measured
according to DIN 51720. Ash content of coal, coke, and its derivatives was measured according to
DIN 51719, whereas ash content of charcoal samples was determined according to DIN EN 14775.
Fixed carbon content was calculated by difference (Fixed carbon = 100% − ash content − volatile
matter content).

Elemental analysis

Elemental analysis of the feedstocks and solid residues was performed on an Elemental Analyser
2400 CHNS/O Series II (Perkin Elmer, Waltham, MA, USA) by Analytik-Service Gesellschaft mbH.
Acetanilide was used as a reference standard. Sulfur content was investigated for coal, semi-coke,
and metallurgical coke according to ASTM D 4239:2017. Oxygen content was calculated by difference,
in which ash content from the proximate analysis was used.

Scanning electron microscopy

SEM analysis of the char residue was conducted on a high-resolution microscope ULTRA 55
(Zeiss, Oberkochen, Germany) under high vacuum in order to understand structural properties of the
heat-treated material.

Compression strength

Compressive strength of the feedstock and heat treated particles was investigated using the
materials testing machine Z2.5 test Control II (Zwick/Roell, Ulm, Germany). Compression was
carried out with a constant feed of 1 mm·min−1. The compression force and compaction distance were
collected by testXpert II software (Zwick/Roell, Germany). The first major drop in compression force
was allocated to particle breakage. Results were reported as an average of 40 particles.

Mechanical durability

The mechanical durability (also called abrasions strength) of large particles was investigated
in a drum test (diameter: 200 mm, 4 lifters) as described elsewhere [35]. Samples were subjected to
1200 revolutions at 40 rpm. Particles less than 3.15 mm in size were separated by sieving, for which
mechanical durability was calculated as the weight percentage of the fraction remaining on the sieve
in relation to the initial sample weight. Prior to the experiment, particles less than 5 mm in size were
removed by sieving.

3. Results

3.1. Feed Material Composition

The proximate and ultimate analyses of the untreated coal, coke, and charcoal samples are shown
in Table 1. The volatile matter content of the charcoal samples were in the range 13.1 to 15.9% that
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revealed a primary heat treatment temperature between 500 and 700 ◦C [36]. A fixed carbon content
greater than 85% is referred to a as a metallurgical-grade charcoal [37]. Oxygen content was 7 to 9 wt.%
for the charcoals, as well as 13.8 wt.% for the coal, 2.6 wt.% for the semi-coke, and <0.1 wt.% for the
metallurgical coke.

Table 1. Proximate and ultimate analyses of feedstocks.

Feedstock Charcoal A Charcoal B Charcoal C Coal Semi-Coke Metallurgical Coke

Proximate analysis (wt.%)
Moisture (ar) 27.5 12.1 5.02 12.2 8.8 <0.1
Volatile matter (db) 15.9 13.8 13.1 38.8 5.4 0.9
Fixed carbon (db) 82.8 84.8 85.2 59.3 88.6 87.9
Ash (db) 3.97 1.89 1.75 1.25 5.87 10.90

Ultimate analysis (wt.%, dry basis)
C 85.5 83.5 88.1 78.3 88.5 87.7
H 1.95 2.28 2.51 4.72 1.24 0.21
N <0.50 <0.50 <0.50 1.61 1.44 1.75
O 7.40 8.68 7.14 13.77 2.64 <0.10
S <0.01 <0.01 <0.01 0.35 0.31 0.57

3.2. Product Yield

A summary of the product yield after the high-temperature resistivity treatment with respect to
proximate analysis is shown in Figure 2, while the detailed product yield and composition are presented
in the supplemental material (Table A1). As is evident from these results, the mass loss was between
2 to 5% larger than the volatile matter of the feedstock. Volatile matter content in the solid residue
after the heat treatment at 1600 ◦C was reduced from 13.1, 13.8, and 15.9 wt.% to 0.3 wt.% for charcoal
samples, which is similar to charcoal samples which were heat treated under the same operating
conditions [36]. Volatile matter content of fossil fuel reductants reduced from 0.9, 5.4, and 38.8 wt.%
to 0.1, 0.1, and 0.3 wt.% for metallurgical coke, semi-coke, and coal, respectively. The additional
mass loss occurs due to higher heat treatment temperature and the release of ash elements such as
alkali metals [38]. The bulk density of large particles slightly decreased from approximately 240 to
230, from 275 to 270 and 265 to 260 kg·m−3 for charcoal A, charcoal B, and charcoal C, respectively,
and from 700 to 535 and 640 to 615 kg·m−3 for coal and metallurgical coke, respectively, whereas bulk
density of semi-coke slightly increased from 420 to 425 kg·m−3. Only minor differences were observed
for the fraction of small particles compared to fraction of large particles, whereas bulk density of fines
was up to 50% higher than that of the fraction of large particle, as summarized in the supplemental
material (Table A2).

Hydrogen and oxygen content of heat-treated material decreased to less than 0.1 wt.%. Sulfur
content of fossil fuels remained nearly unchanged at 0.3 to 0.5 wt.%. Thus, heat treated coal, coke,
and charcoal exhibited a similar organic composition at 1600 ◦C on dry ash free basis. The molar H/C
and O/C ratios decreased by the thermal decomposition and release of volatile oxygenates, such as
organic acids, alcohols, and phenols as well as hydrogen, methane, carbon monoxide, and carbon
dioxide [39,40]. Dehydrogenation reaction at high temperature can form small aromatic cluster in the
carbon matrix [20,21], in which the increased number of clusters result in an enhanced aromaticity
of the solid residue. Ultimate analysis verified results from proximate analysis that solid residue is
composed of carbon and inorganic matter.
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Figure 2. Product yields of char for fines, small particles, and large particles after high temperature
measurement. The char yield is separated in ash, fixed carbon, and volatile matter by its proximate
analysis. The error bars characterize the standard deviations between the experiments.

3.3. Mechanical Properties

Table 2 summarizes the mechanical properties for the fraction of large particles (4.75–9.5 mm)
of the feedstock and solid residue produced in high-temperature set-up. Thermal shrinkage (TS)
describes the decrease in particle size due to thermal decomposition, shrinkage and generation of
fines by compaction. It was determined by the weight ratio of particles less than 4.75 mm to product
yield and measured in the range of 16 to 20% for charcoal, 7 to 8% for semi-coke, 4 to 5% for coal,
and ≤2% for metallurgical coke. TS was in good agreement with bed shrinkage during heating
and fines generation during compacting, where up to 7% of fine material was formed for charcoal
samples. The low TS of coal is related to its caking, whereas only minimal mass loss and shrinkage for
metallurgical coke was observed.

Prior to tumbling, particles less than 5 mm in size were removed by sieving. The mechanical
durability increased by 2 to 4% points to ~96% for heat-treated charcoal samples, whereas it decreased
by approximately 5% points for coal, 1.5% points for semi-coke, and 0.2% points for metallurgical
coke. The higher carbonization degree can enhance the mechanical stability by cross-linking and
larger aromatic structures, whereas a lower bulk density is related to a higher porosity. Fines and
small particles are harder and less porous than larger particles, providing a smaller contact area
between particles [34]. Inner surface area decreased at temperature greater than 1000 ◦C by collapsing
of small pores [20]. Thus, decreasing bulk density is related to increasing void fraction and large pores,
which resulted in a decreasing mechanical durability. In addition, storage may have affected tumbling
resistance for carbonaceous feedstock [41,42].

The compression strength was investigated at random particle orientation. Untreated charcoal A
particles started to break at a force of 20 to 60 N, and 30 to 60 N for charcoal B and charcoal C, whereas
heat-treated charcoal particles withstood a compression force of 40 to 80 N. Small amounts of fines
were generated at lower compacting force by breaking small supporting edges to stabilize particle
position in the set-up. Charcoal particles were generally crushed to fines and compacted at compaction
forces greater 200 N. The large difference in charcoal samples is correlated to a 3 to 4 times greater
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compressive strength in direction to wood fibers compared to the perpendicular direction [8]. Coal
particles withstood a compaction force of ~50 N before breaking, whereas crushing of broken particles
occurred between 150 and 200 N. Semi-coke and metallurgical coke particles broke after a minimum
force of 80 N and 100 N, and crushing resistance was measured between 200 and 300 N. The lower
compression strength of charcoal was related to its lower envelope density and larger porosity.

Table 2. Mechanical properties of charcoal, coal, and semi-coke before and after heat treatment.

TS/% Mechanical Durability/% Compression Strength/N
Sample Heat-Treated Raw Heat-Treated Raw Heat-Treated

Charcoal A 17.6 ± 1.2 93.6 95.6 ± 1.3 20–60 40–80
Charcoal B 16.6 ± 2.4 93.5 96.1 ± 0.4 30–60 40–80
Charcoal C 19.4 ± 3.1 91.8 96.0 ± 0.1 30–60 40–80
Coal 4.5 ± 0.6 99.4 94.3 ± 1.1 50 70
Semi-coke 7.6 ± 0.6 99.8 98.4 ± 0.6 80 100
Metallurgical coke 1.9 ± 0.1 99.8 99.6 ± 0.1 100 100

3.4. Electrical Resistivity at Elevated Temperature

Figure 3 shows the electrical resistivity of charcoal, coal, semi-coke, and metallurgical coke in the
temperature range from 950 to 1650 ◦C. Only semi-coke and metallurgical coke exhibited a detectable
electrical conductivity below 950 ◦C, as shown in the supplemental material (see Figure A1). For both
coke samples, electrical resistivity slightly increased from room temperature to 300 ◦C and subsequently
decreased with increasing heat treatment temperature. Electrical resistivity of charcoal decreases from
approximately 107 Ω·m at 600 ◦C to 100 Ω·m at 800 ◦C [3], respectively from 9 · 103 Ω·m to 200 Ω·m for
coal in the same temperature range [5]. At elevated temperature, electrical resistivity of large particles
further decreased from 70 mΩ·m at 1000 ◦C to approximately 12 mΩ·m at 1650 ◦C for semi-coke,
from approximately 11.5 to 5.5 mΩ·m for metallurgical coke, and from 20 to 6 mΩ·m for coal. Similar
values were reported for coal and coke in the literature [22,27,34,43]. Electrical resistivity of charcoal
particles decreased from higher than 100 mΩ·m at 1000 ◦C to a range of 14 to 18 mΩ·m at 1600 ◦C.

Electrical resistivity continued to decrease slightly after final temperature was reached, as shown
in the supplemental material (see Figure A2). This drop was related to a decreasing temperature
gradient in the measuring zone, especially between the bulk center and the top Mo-wire, as shown in
the supplemental material (see Figure A3). No further reduction in electrical resistivity was observed
after a stationary temperature was reached. The electrical resistivity at final temperature varied
between 8.2 to 15 mΩ·m for charcoal, 3.5 to 6.5 mΩ·m for metallurgical coke, 8.5 to 12 mΩ·m for
semi-coke, and 4.5 to 6.5 mΩ·m for coal. The decrease in electrical resistivity was attributed to the
removal of oxygen-containing functional groups and the restructuring of the carbon matrix [44–48].
Differences in electrical resistivity by feedstock were related to the bulk density and final temperature
of the samples, summarized in Figure 4.
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Figure 3. Temperature dependence of electrical resistivity of different grain sizes: (a) large particles
(4.75–9.5 mm), (b) small particles (2.00–4.75 mm), and (c) fines (<2 mm).
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Figure 4. Electrical resistivity at 1600 ◦C after 1 h residence time versus bulk density.

After the samples were cooled overnight, electrical resistivity was evaluated at room temperature
in same set-up. The last measurement at elevated temperature versus electrical resistivity measurement
at room temperature is shown in Figure 5. The electrical resistivity at room temperature was scattered
around measurements at elevated temperature for small and large particles, which resulted in an
overestimation or underestimation at room temperature by an average of 25%. Differences were
related to cooling and removing the crucible from furnace, which resulted in a thermal shrinkage
of 0.5 to 1% and micromovement of bulk material. Coefficient of determination for small and large
particles was calculated as 56%. However, a large difference was observed for charcoal fines, in which
electrical conductivity was approximately twofold lower at room temperature compared to hot state.
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Figure 5. Comparison of electrical resistivity measurement at elevated temperature to measurement at
room temperature after cooling.

3.5. Electrical Resistivity under Load

The electrical resistivity under load of heat treated material is shown in Figure 6 for the releasing
compaction force. Increasing compression force on bulk material resulted in a compaction and
increased bulk density of the material, as shown in the supplemental material (see Figures A4 and
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A5. The main compaction occurred at a force less than 100 N (50 kPa), in which the increasing force
resulted in the compaction of bed material and decrease in electrical resistivity, from approximately
15 to 4 mΩ·m for metallurgical coke, 35 to 2.4 mΩ·m for semi-coke, 37 to 2.9 mΩ·m for coal, and 33
to 3 mΩ·m for charcoal. Bulk density increased by approximately 2–6% by filling the void fraction
between the particles. The resistivity under load was less affected by particle size than by its initial
compaction. Electrical resistivity under load of large and small particles was in an acceptable similarity
to the measurements at high temperature, as shown in the supplemental material (see Figure A6).

Minor amounts of fines were formed by compaction to 250 kPa, confirming the results from
the compression strength. Based on the compression strength of single particles, a pressure greater
than 400 kPa can be introduced before breaking charcoal particles, and greater than 1000 kPa for
metallurgical coke particles. Thus, only limited amounts of generated particles fill the void fraction of
bulk material. Otherwise, increasing compaction force improves the contact between neighboring
particles by increasing the number of contact points [22,32] and decreasing the air gap between
particles [28]. Contact resistance can be two to ten times larger than electrical resistance from solid
material [22,32,34], in which a decreasing particle size results in an increasing electrical resistivity.
However, this effect is balanced by an increased number of contacts and conductive paths through
the bulk.
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0 50 100 150 200 250
0

5

10

15

20

25

30

35

40

45

0

100

200

300

400

500

600

700

800

Bu
lk

 d
en

si
ty

 / 
kg

·m
-3

El
ec

tri
ca

l r
es

is
tiv

ity
 / 

m
·m

Compaction pressure / kPa

 < 2.00 mm
 2.00 - 3.35 mm
 3.35 - 4.75 mm
 4.75 - 9.50 mm

 Electrical resistivity
 Bulk density

(f) Metallurgical coke
Figure 6. Electrical resistivity and bulk density versus compaction pressure for (a) charcoal A,
(b) charcoal B, (c) charcoal C, (d) coal, (e) semi-coke, and (f) metallurgical coke.
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4. Surface Morphology

The surface of heat-treated material was investigated by scanning electron microscopy. Charcoal
samples heat treated at 1600 ◦C showed similar structure to its feedstock. Charcoal A exhibited mostly
longitudinal tracheids cells and resin canals, schematically shown in Figure 7a, whereas a large number
of vessels was observed for charcoals B and C, as shown in Figure 7b,c. The results reveal that charcoal
A is a softwood, whereas charcoals B and C are hardwoods [49].

Heat-treated coal exhibited a molten surface as shown in Figure 7d. The molten surface confirmed
secondary tar reactions of the metaplast [50], leading to caking of the coal particles, as shown in the
supplemental material (see Figure A7). Cracks were observed in the outer surface area with a low
amount of pores. Semi-coke particles on the other hand exhibited a porous outer surface, schematically
shown in Figure 7e. Metallurgical coke contained molten areas with a pore structure as shown in
Figure 7f.

(a) Charcoal A (b) Charcoal B

(c) Charcoal C (d) Coal

(e) Semi-coke (f) Metallurgical coke

Figure 7. SEM images of (a) heat-treated charcoal A, (b) heat-treated charcoal B, (c) heat-treated
charcoal C, (d) heat-treated coal, (e) heat-treated semi-coke, and (f) heat-treated metallurgical coke.
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5. Discussion

The electrical resistivity of carbonaceous reducing agents decreased with increasing heat treatment
temperature [8,22,27,28,32,35], increasing bulk density and increasing load. At temperatures less
950 ◦C, high oxygen content and disordered carbon structure act as an insulator in biomass, charcoal,
and coal [3,44,45,47]. Hydrogen and oxygen content decrease with increasing heat treatment temperature
by thermal decomposition and release of volatile matter, such as oxygenates CO, CO2, CH4, and H2 [51],
which result in a decrease in electrical resistivity by 5 orders of magnitude [1,3]. Semi-coke and metallurgical
coke on the other hand have been produced at ~900 ◦C and between 1100 to 1400 ◦C in their production
processes [52], and thus already provide a reduced electrical resistivity in low temperature range.

Simulation have shown that 5 to 15% of electrical current is conducted through the burden of SAF
by using metallurgical coke [22]. The electrical properties of charcoal and coal at low heat treatment
temperature inhibit a conduction of current in the higher regions of the SAF [1,43]. With traveling
carbonaceous material to the high temperature zone of SAF, the electrical properties of charcoal
approach the properties of fossil reductants such as coal and semi-coke, but remain higher than for
metallurgical coke. A higher electrical resistivity enables lower tip position in submerged arc furnaces,
and thus improves the heat generation in the lower part of the furnace [19].

The electrical resistivity of metallurgical coke decreased from 13 mΩ·m at 1000 ◦C to
approximately 6.5 mΩ·m at 1600 ◦C for a particle size of 4.75–9.5 mm, similar to that described in the
literature for larger particles (10–20 mm) [35]. It was reported that electrical resistivity decreased by
approximately 50% by increasing particle size from 5–10 mm to 15–20 mm [19]. Charcoal particles
larger than 2 mm were measured to approximately 50 mΩ·m at 1100 ◦C and 17 mΩ·m at 1600 ◦C,
similar to larger grain sizes (5–35 mm) reported in the literature [35]. The current results indicate that
the particle size affects electrical conductivity less than bulk density. The minor effect of the particle
size can be explained by the increased number of contact points in carbon bed, in which particle size
decreases similar to the increased number of contact points [31]. However, in industrial furnaces
the contact between particles of the carbon bed can be affected by the presence of slag, which can
result in an increased particle-to-particle resistance [19]. However, softwood, with the lowest density,
provided an electrical conductivity similar to both hardwood samples and electrical resistivity of
charcoal approached that of fossil fuels despite its twice lower bulk density.

Compacting pressure in SAF will increase by weight of the burden towards the carbon bed.
Contact pressure and number of electrical contact points will increase with increasing pressure,
resulting in a decreasing electrical resistivity [53,54]. Li et al. investigated electrical resistivity for high
compacting pressure and concluded that electrical resistivity decreased up to a pressure of 19 GPa [55].
At compressive pressure of ~8 MPa an electrical resistivity of 2 Ω·m can be achieved [1]. However,
with increasing pressure the particles can break at the contact point and create a new or better contact
between the particles, resulting in a more even current density between particles at the cost of gas
permeability [32].

A major issue for replacing metallurgical coke by renewable bed material is the mechanical
property. In general, charcoal provides a lower mechanical stability and higher CO2 reactivity than
coke and coal. The current investigation has shown that the durability of charcoal particles improved
after heat treatment at 1600 ◦C, indicating improved mechanical properties at the hearth of the furnace.
The compression strength of heat-treated charcoal varied between 20 to 80 N, corresponding to a
maximum pressure of 400 to 1600 kPa before breaking and the generation of large amounts of fines.
A maximum pressure of 150 kPa is assumed by the burden in SAF based on the assumptions stated in
Appendix E in the supplemental material. The thermal shrinkage indicates that between 15 to 20% of
fines can be generated by bed movement and thermal stress in the burden, increasing an increased
risk of clogging and slag boiling [19]. Thus, durability of carbonaceous material is considered more
important for improvement than its mechanical stability towards compression.

Metallurgical coke and charcoal are assumed to last for a long time period as bed material.
Xiao et al. reported that electrical resistivity of charcoal decreased with increasing residence time [56].
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The current investigation showed that decreasing electrical resistivity was primarily correlated to heat
treatment temperature, bulk density, and temperature profile inside the bulk, whereas prolonging
the residence time did not affect electrical resistivity. At 1600 ◦C, the charcoal structure comprises
amorphous and nanocrystalline graphite, in which prolonging residence time to 12 h led to the
formation of ring graphitic structures [21]. However, the increase in crystallite growth is compensated
by a decrease in excess electrons [1], which resulted in a quasi-constant electrical resistivity. Thus,
increasing the residence time at 1600 ◦C has less of an effect on electrical resistivity than increasing the
residence time below 950 ◦C [1].

Measurement at room temperature resulted in an overestimation or underestimation of electrical
resistivity up to 50%. Bed shrinkage and bed movement led to the collapse and formation of current
paths, affecting the measurement for heat treated materials. Measurements under load demonstrated a
large impact of the initial compaction on electrical resistivity at low pressure. Thus, in situ measurement
at elevated temperature in the same set-up is superior to multiple measurements of pre-heat-treated
material. Deviation between hot temperature and room temperature measurement was especially large
for charcoal with grain sizes less than 2 mm. Results at room temperature for particles larger than 2 mm
scattered around electrical resistivity at high temperature with a deviation of ~25%. The results indicate
that electrical resistivity can be determined from pre-heat-treated material with acceptable accuracy for
grain sizes larger than 2 mm. However, cold measurements of charcoal fines underestimated electrical
resistivity by more than 50%.

6. Conclusions

Electrical properties of charcoal, coal, semi-coke, and metallurgical coke have been investigated at
elevated temperature and compared to measurements at room temperature under load. The results
showed that the electrical resistivity of charcoal approached that of coal and metallurgical coke
at temperatures above 1400 ◦C and was similar to semi-coke at temperatures higher than 1050 ◦C.
Heat treatment prior to electrical resistivity measurement can be carried out to determine electrical
properties at room temperature at acceptable accuracy for particles larger than 2 mm, whereas electrical
resistivity of powder and smaller particles is overestimated. The mechanical load of the burden mostly
affected electrical conductivity at compaction pressure less 50 kPa, whereas electrical resistivity only
slightly decreased at higher load. The results showed that electrical resistivity is mainly dependent
on heat treatment temperature, compacting pressure, and bulk density, whereas particle size and
residence time provide only minor effects. Mechanical durability of charcoal after heat treatment at
1600 ◦C increased by 4% points to 96% and mechanical strength improved up to 80 N (corresponding
400 kPa), which is sufficient to withstand compression from the burden. In summary, charcoal can
be used as an alternative carbon source for carbon bed in submerged arc furnaces with improved
electrical properties.
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Abbreviations

The following abbreviations are used in this manuscript.

A Cross-sectional area
ar as received
db dry basis
EAF Electric arc furnace
I Current
IF Induction furnace
l length
NTNU Norwegian University of Science and Technology
SAF Submerged arc furnace
TS Thermal shrinkage
Tbw Temperature at the bottom Mo-wire
TC Temperature in the center of the bulk
Tiw Temperature at the inner wall of the Al-tube
Tow Temperature at the outer wall of the Al-tube
Ttw Temperature at the top Mo-wire
V Voltage

Appendix A. Composition of Heat Treated Material

Table A1 summarizes the product yield, proximate, and ultimate analyses of the heat-treated
material. Ash content of the products remained only slightly changed with heat treatment at 1600 ◦C,
whereas volatile matter content was reduced from 13.1, 13.8, and 15.9 wt.% to less than 0.3 wt.% for
charcoal, from 38.8 wt.% to less than 0.3 wt.% for coal, and from 5.4 and 0.9 wt.% to approximately
0.1 wt.% for semi-coke and metallurgical coke, respectively. Ultimate analysis was carried out at
ASG Analytik-Service Gesellschaft mbH. After heat treatment, hydrogen and nitrogen contents were
determined for all samples below detection limit to less than 0.1 wt.% and less than 0.5 wt.%, confirming
previous results [36]. Sulfur content decreased from 0.57 to 0.5 wt.% for metallurgical coke, and from
0.35 to 0.3 wt.% for semi-coke and coal. The low volatile matter, hydrogen and oxygen contents confirm
that solid residue at 1600 ◦C is mainly composed of carbon and ash.

Table A1. Product yield, proximate, and ultimate analyses of samples after heat treatment.

Particle Size Solid Yield Ash Fixed Carbon Volatile Matter C H N O S
/mm /wt.%, db /wt.%, db

Metallurgical coke
<2.0 mm 94.0± 0.3 11.4 88.5 0.1± 0.02 88.5 <0.1 <0.5 <0.1 0.5
2.0≤d≤ 4.75 94.0± 0.3 11.4 88.5 0.1± 0.02 88.4 <0.1 <0.5 <0.1 0.5
4.75≤d≤ 9.5 93.8± 0.3 11.9 88.0 0.1± 0.02 88.1 <0.1 <0.5 <0.1 0.5

Semi-coke
<2.0 mm 91.4± 0.3 2.3 97.6 0.1± 0.02 97.9 <0.1 <0.5 <0.1 0.3
2.0≤d≤ 4.75 90.1± 0.3 2.4 97.5 0.1± 0.02 97.3 <0.1 <0.5 <0.1 0.3
4.75≤d≤ 9.5 89.9± 0.3 2.3 97.6 0.1± 0.03 97.1 <0.1 <0.5 <0.1 0.3

Coal
<2.0 mm 61.9± 0.3 1.7± 0.3 98.0 0.3± 0.04 99.2 <0.1 <0.5 <0.1 0.4
2.0≤d≤ 4.75 62.8± 0.3 1.8± 0.2 97.9 0.3± 0.03 98.3 <0.1 <0.5 <0.1 0.3
4.75≤d≤ 9.5 62.9± 0.3 1.7± 0.3 98.0 0.3± 0.06 98.0 <0.1 <0.5 <0.1 0.3

Charcoal A
<2.0 mm 82.5± 0.3 2.0± 0.3 97.7 0.3± 0.03 97.9 <0.1 <0.5 <0.1 -
2.0≤d≤ 4.75 80.4± 0.3 2.5± 0.2 97.2 0.3± 0.04 97.5 <0.1 <0.5 <0.1 -
4.75≤d≤ 9.5 81.0± 0.3 3.0± 0.3 96.7 0.3± 0.02 97.1 <0.1 <0.5 <0.1 -

Charcoal B
<2.0 mm 79.7± 0.3 1.4± 0.2 98.4 0.2± 0.05 98.5 <0.1 <0.5 <0.1 -
2.0≤d≤ 4.75 81.5± 0.3 1.5± 0.1 98.3 0.2± 0.04 98.4 <0.1 <0.5 <0.1 -
4.75≤d≤ 9.5 78.9± 0.3 1.8± 0.3 97.9 0.3± 0.05 98.1 <0.1 <0.5 <0.1 -

Charcoal C
<2.0 mm 83.3± 1.3 1.9± 0.1 97.9 0.2± 0.03 98.0 <0.1 <0.5 <0.1 -
2.0≤d≤ 4.75 84.0± 0.9 1.7± 0.2 98.1 0.2± 0.05 98.1 <0.1 <0.5 <0.1 -
4.75≤d≤ 9.5 81.4± 1.5 2.1± 0.3 97.7 0.2± 0.05 97.9 <0.1 <0.5 <0.1 -
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Appendix B. Electrical Resistivity at Low Heat Treatment Temperature

Electrical conductivity of semi-coke and metallurgical coke in the temperature range from 20
to 1650 ◦C is shown in Figure A1. Electrical resistivity slightly increased from room temperature to
300 ◦C by thermal expansion and bed alignment. The electrical resistivity of semi-coke decreased after
surpassing 600 to 900 ◦C, which is the pyrolysis temperature in the production. Similarly, electrical
resistivity of metallurgical coke decreased at temperatures higher 1100 ◦C, which can be accounted
as the heat-treatment temperature in production [52]. Thus, electrical properties can also be used to
identify the prior heat treatment temperature.
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Figure A1. Electrical resistivity of semi-coke and metallurgical coke from 20 to 1650 ◦C.

Appendix C. Residence Time

Samples were kept at 1600 ◦C for 60 min to ensure an even temperature profile in the alumina
tube. Electrical resistivity for charcoal and fossil-reducing agent samples is shown in Figure A2. It can
be noted that electrical resistivity decreased in the first 30 min after reaching the set point temperature
and continued to decrease slightly afterwards. The difference in electrical resistivity was pronounced
in the fine fractions (d < 2 mm), whereas fraction of large particles was less affected by increasing
residence time.
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Figure A2. Electrical resistivity vs. temperature after reaching set point temperature for (a) charcoal
and (b) fossil-reducing agents.
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The decrease in electrical resistivity was related to the temperature gradient in the bulk.
While temperature gradient between center temperature and lower wire was stable approximately
10 min after reaching the set point temperature, top wire temperature continued to increase slightly,
schematically shown in Figure A3. It can be noted that temperature gradient between bottom and top
wire decreased from about 300 ◦C at the beginning of residence time to 250 ◦C after 60 min and kept
nearly constant afterwards.
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Figure A3. Temperature over time for control temperature, bottom wire, center, and top wire
temperature for the heating program in IF75. Electrical resistivity over time is given for charcoal
B as reference.

Appendix D. Electrical Resistivity under Load

Figure A4 shows the electrical resistivity and bulk density versus compression pressure for
the cycle of compression and pressure release at room temperature in the 4-probe setup. Bulk
density increased with increasing compaction pressure and decreases with a lower slope for pressure
release, in which bulk density increased by 1.5 to 5.5% at 250 kPa compacting force, as shown in
Figure A5. Compaction after releasing the pressure was measured to a range between 0.7 and 3.5%.
The compaction after the cycle indicates that void space was filled by particle ordering in the bulk.

Electrical resistivity at 6 kPa compacting pressure is summarized for both set-ups in Table A2.
Results are compared at final temperature in IF75 and pressure release in 4-probe setup in Figure A6.
In the latter, electrical resistivity was higher for the compression route than the pressure release
route due to ordering of the bulk. Charcoal and semi-coke particles larger than 2 mm showed a
lower electrical resistivity in the 4-probe set-up compared to that at elevated temperature using
IF75. On the other hand, electrical resistivity was higher for coal and metallurgical coke particles
using the 4-probe setup at atmospheric temperature. The lower electrical resistivity was attributed
to the higher bulk density and compaction for carbon material. The lower electrical resistivity of
coal particles in IF75 was attributed to caking and agglomeration of particles, exemplary shown in
Figure A7, whereas loose particles were used in 4-probe setup. It is known from the literature that
contact resistance is higher than material resistance for dry coke beds [32]. The electrical resistivity of
fines fraction remained higher at room temperature compared to experiments at elevated temperature
for all investigated samples.

The results at room temperature indicate that electrical resistivity increases with increasing
particle size as reported in the literature [19,32–34]. However, measurements at elevated temperature
have shown that bulk density has just as great an influence on electrical resistivity as particle size
for dry carbon beds. Thus, electrical resistivity measurements at room temperature can approve the
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tendency of materials, but quantification should be investigated at elevated temperature for bed
material used in submerged arc furnaces.
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(b) Charcoal B
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(c) Charcoal C
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(d) Coal
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(e) Semi-coke
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(f) Metallurgical coke

Figure A4. Electrical resistivity and bulk density versus compaction pressure for the cycle of
compacting and pressure release of (a) charcoal A, (b) charcoal B, (c) charcoal C, (d) coal, (e) semi-coke,
and (f) metallurgical coke.
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Figure A5. Compaction of carbon bulk material versus pressure for the fractions of small and
large particles.

Table A2. Electrical resistivity of both setups at 6 kPa compaction pressure.

IF75 4-Probe Setup
Electrical Resistivity Bulk Density Electrical Resistivity Bulk Density

/mΩ·m /kg·m−3 /mΩ·m /kg·m−3

Hot * After Cooling Compaction Pressure Release

Metallurgical coke
Fine 7.32 6.50 920 11.97 8.84 550
Small fraction 7.87 6.47 616 13.88 8.37 560
Large fraction 6.03 6.38 600 10.24 6.72 560
Semi-coke
Fine 8.68 10.77 620 20.28 11.54 660
Small fraction 9.41 9.02 420 19.42 7.44 430
Large fraction 11.05 9.48 390 20.94 6.25 430
Coal
Fine 3.48 5.98 590 36.03 12.43 750
Small fraction 6.01 9.01 520 19.02 12.24 580
Large fraction 5.00 8.37 480 22.33 8.84 560
Charcoal A
Fine 7.84 12.94 240 41.72 18.70 350
Small fraction 9.73 11.66 230 24.27 6.12 270
Large fraction 11.71 12.24 230 16.61 5.66 270
Charcoal B
Fine 7.64 19.00 385 43.08 17.10 400
Small fraction 11.23 12.13 265 34.14 9.15 290
Large fraction 11.39 13.08 255 40.99 6.97 290
Charcoal C
Fine 8.22 16.75 360 45.76 11.62 410
Small fraction 10.97 11.80 280 30.99 9.13 290
Large fraction 12.48 10.49 260 24.83 6.13 290

* Final measurement before furnace was switched off for cooling.
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Figure A6. Electrical resistivity at 6 kPa in room temperature in 4-probe set,up versus measurements in
IF75 at elevated temperature.

(a) Small particles (b) Large particles

Figure A7. Images of coal char agglomerate from pyrolysis at 1600 ◦C using (a) small particles and
(b) large particles.

Appendix E. Estimation of the Burden Load on the Carbon Bed

Measurements in the 4-probe set-up have shown that a load on the bed material has a large
impact on electrical resistivity. In industrial furnaces, the load on carbon bed is dependent on the size
and operation of the electric arc furnace and induced by the raw materials of the burden. Feedstock for
manganese production is comprised of manganese ore, flux melting agents, and metallurgical coke,
respectively, silica and reducing agents for silicon production. Maximum pressure is obtained for
manganese ore and coke blend due to the higher density of the material. Bulk density of manganese
ore is in the range of 2950 to 4600 kg·m−3 with a theoretical maximum of 5230 kg·m−3 [57] and
the density of metallurgical coke is approximately 780 kg·m−3 [58] with an ash content of 10%.
Approximately 15 wt.% of carbon is required to reduce MnO2 to its metal form, corresponding to a
volume fraction of 45 to 55%. Thus, average density of the feedstock without considering void fraction
is in the range of 1950 to 2475 kg·m−3. A maximum compression pressure of 150 kPa was calculated
according to the following equation,

Maximum compression =
(

ρreducing agent · wreducing agent + ρmanganese ore · wmanganese ore

)
· g · h (A1)

where ρ is the density, w is the mass fraction, g is the gravitational acceleration, and h is the burden
height, which was assumed as 6 m. However, due to the void fraction between particles, additional
flux agents, and larger amounts of reducing agents added, load is reduced to a range between 80 to
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100 kPa. In addition, with increasing volume fraction required by charcoal, compaction pressure is
further reduced to less than 55 kPa. In all cases, mechanical stability of charcoal and fossil reducing
agents is sufficient to withstand the compaction pressure of the burden.
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Abstract: This study examined the literature on life cycle assessment on the ferromanganese alloy
production route. The environmental impacts of raw material acquisition through the production of
carbon reductants to the production of ferromanganese alloys were examined and compared. The
transition from the current fossil fuel-based production to a more sustainable production route was
reviewed. Besides the environmental impact, policy and socioeconomic impacts were considered
due to evaluation course of differences in the production routes. Charcoal has the potential to
substantially replace fossil fuel reductants in the upcoming decades. The environmental impact
from current ferromanganese alloy production can be reduced by ≥20% by the charcoal produced
in slow pyrolysis kilns, which can be further reduced by ≥50% for a sustainable production in
high-efficient retorts. Certificated biomass can ensure a sustainable growth to avoid deforestation
and acidification of the environment. Although greenhouse gas emissions from transport are low
for the ferromanganese alloy production, they may increase due to the low bulk density of charcoal
and the decentralized production of biomass. However, centralized charcoal retorts can provide
additional by-products or biofuel and ensure better product quality for the industrial application.
Further upgrading of charcoal can finally result in a CO2 neutral ferromanganese alloy production
for the renewable power supply.

Keywords: charcoal; life cycle assessment; sustainable biomass growth; mining; metallurgical coke

1. Introduction

Climate change caused by anthropogenic CO2 emissions is considered one of the most
prominent issues of the present time. About 5–10% of anthropogenic CO2 emissions are
emitted by metallurgical industries [1,2]. Most of these emissions are direct emissions
generated in the smelting furnace, such as blast, electric arc, and submerged arc fur-
naces. The indirect emissions originate from coal dust, ore mining, metallurgical coke, and
power production. Ferroalloys, such as ferromanganese (FeMn), silicomanganese (SiMn),
or ferrochromium, are mainly produced in submerged arc furnaces [3], where between
40 and 70% of the required thermal energy is provided by electrical dissipation, emphasiz-
ing the importance of renewable power production [4,5]. The annual CO2 emissions for
the production of ferroalloys accumulate to ≈87 Mt (million tonnes) [6].

The differences in greenhouse gas (GHG) emissions generated by ferroalloy manufac-
turers vary in dependency on the source of energy and reductant material (biomass, coal,
or metallurgical coke) [7,8]. The renewable hydropower makes Norway one of the most
environmental friendly ferroalloy producer worldwide. However, the ferromanganese
alloy production still relies on the use of fossil-based fuel reductants, e.g., metallurgical
coke. The transition from fossil fuel-based to renewable reductants is hampered by the
differences in properties, such as the low mechanical strength of renewable reductants and
its high gas reactivity. In addition, the physicochemical properties of classical charcoal
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can vary from batch to batch because of the undefined process conditions in charcoal
kilns. However, the renewable charcoal-based reductant together with the carbon capture
and storage (CCS) or carbon capture and utilization (CCU) are intended to eliminate the
anthropogenic emissions in Norway by 2050 [9,10].

Life cycle assessment (LCA) is an analytical tool that supports users with the reduction
of CO2 emissions and sustainability challenges using ISO standards 14,001 and 14,040.
Traditional cost and process optimization can be combined by linking environmental
calculations for each process step within life cycle analysis. The important aspect of LCA
is the system boundary, including processes and production routes which are considered
and where the system begins and ends [11]. While a complete LCA evaluates the overall
life time of a product (cradle-to-grave), cradle-to-gate approaches are commonly used
to describe production of raw materials [8,11–13]. The cradle-to-gate approach includes
the transition phases such as feedstock growth, pretreatment, transport, storage, and
postprocessing by metallurgical smelters. However, not all aspects of sustainability can be
considered within LCA [11]. Technical issues caused by the different properties and the
economics of renewable reductants can play a significant role in replacing fossil fuel-based
reductants [14,15]. In addition, renewable reductants may require more energy for handling
and transport. For example, the milling of biomass requires more energy than that of coal
samples [16], which will affect the overall energy demand in the pretreatment process.
A systematic effort is needed to overcome technical and economical hurdles to realize
a shift from fossil fuel-based to renewable reductants [17]. The low mechanical strength
and high gas reactivity of charcoal hamper the direct replacement of fossil-based reductants
in metallurgical industry [18,19]. However, charcoal is used as a major carbon source in
mini blast furnaces in Brazil [17]. The low burden height of small size blast furnaces can
result in a compaction pressure that makes the mechanical properties of reductants of less
importance [14].

To the knowledge of authors, this review is the first attempt to examine the literature
on life cycle assessment of ferromanganese alloy production route. This work aims to
evaluate possible GHG emission sources and savings for the production routes of fossil
fuel-based and renewable reductants used in ferromanganese alloy production. Post-
treatment processes to adjust properties of charcoal to the fossil fuel-based counterparts
were neglected, as the industrial process route for the replacement of metallurgical coke
with renewable charcoal reductants is unknown. Three cases were reviewed in the present
study: (1) the base case with the metallurgical coke as the reductant, (2) charcoal produced
using classical charcoal kilns, and (3) charcoal formed by a sustainable production.

2. Ferromanganese Alloy Production

The total ferroalloy production has increased from 18 Mt in the 1990s to 36 Mt in 2008
and to 40 Mt in 2020 [7,20,21]. About one-third of the total ferroalloy production are ferro-
manganese alloys in a form of high-carbon ferromanganese (HC FeMn), silicomanganese,
and refined ferromanganese alloys [7,8]. Ferroalloys are often used in high-quality steel
production for the improvement of product strength and hardness [8,22]. The high-quality
steel contains on average 3% of silicon, manganese, aluminum, or chrome as alloying
elements [6]. Ferromanganese is mainly produced from manganese-ore by carbothermal
reduction in submerged arc furnaces (SAF), in which metallurgical coke is used as reduc-
tant. About 59 Mt of manganese ore is estimated to be produced in 2020, with more than
50% reduced and refined in China [23].

The fossil fuel-based production route of ferromanganese alloy is shown in Figure 1.
When this study was initiated, metallurgical coke has been mainly used as a reductant in
closed hearth SAF to produce HC FeMn and SiMn. Metallurgical coke is produced from
blends of coking coals in coke oven batteries at the temperature range 1100–1400 ◦C [24].
Charcoal is mainly produced from wood in kilns and medium sized retorts for the ferroalloy
purposes [25,26]. The low bulk density of charcoal increases the transport and storage
demand compared to fossil fuels, resulting in more complex logistics, higher emissions,
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and overall process cost. The efficiency for reducing manganese-ore to pure manganese is
assumed to depend on the used furnace and is similar for fossil fuel-based and renewable
reductants. Thus, similar emissions from mining during manganese-ore production occur
using the different process routes.

(a)

(b)
Figure 1. Production route of ferromanganese alloys using (a) metallurgical coke or (b) charcoal as reductant. Each
process step can be accounted as a possible source for greenhouse gas (GHG) emissions. (a) Fossil fuel-based reductant.
(b) Renewable reductant.
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The system boundary is mostly set as a cradle-to-gate approach on the basis of 1 t final
ferromanganese alloy. The reviewed articles concerning LCA for the ferromanganese alloy
production route are summarized in Table 1. A bottom-up, layered approach should be
chosen to evaluate sustainability for a charcoal use in a ferroalloy reduction process [17].
The fixed carbon yield of charcoal can be used to calculate the useable carbon content for
metallurgical applications [27]. The physicochemical properties of renewable reductants
are inferior to those of metallurgical coke and must be adjusted to the application in SAF.
Previous studies have shown that charcoal can be post-treated to achieve properties which
approach those of metallurgical coke [28,29]. However, classical charcoal and sustainably
produced charcoal are considered as possible reductants for ferromanganese production,
in which post-treatment processes, such as acid leaching or a secondary heat treatment,
can close the gap between renewable to fossil fuel-based reductants [30,31]. In addition,
renewable reductants can improve metal quality and productivity by their low ash content
and ash composition [32,33].

Power generation and manufacturing of reductants are the main parameters which
affect the overall GHG emissions in ferromanganese alloy production [8]. As power supply
is considered CO2 neutral in Norway, fossil fuel-based reductants are the main sources of
GHG emissions. The overall emissions can be reduced by the recovery of CO off-gas and
the on-site utilization [8], which is already performed by smelters in Norway. Between 50
and 85% of the total GHG emissions in ferroalloy production are generated by coal and
coke [7]; 25–35% of the GHG emissions can be ascribed to the on-site air emissions [8].
GHG emissions for the production of metallurgical coke, mining, and transportion and
possible reduction by renewable reductants are estimated from the steel industry [7,34].
About two-thirds of particulate matter emissions are associated with mining, handling,
and preparation of the raw feedstocks, whereas only one-third are direct emissions from
the SAF [35]. Direct emissions from tapping can be reduced by simple measures, such as
the addition of curtains and ventilation of the tapping area [36].

Previous studies have shown that the emission factor of ferromanganese alloy pro-
duction was between 1.04 and 6.0 kg CO2 per kg FeMn, respectively, 2.8 kg CO2 per kg
SiMn and 3.4 kg CO2 per kg FeSi [7,8,37]. The acidification potential for ferromanganese
alloy production was stated to be 45 g SO2-eq. per kg FeMn, while the photochemical
ozone creation potential was determined to be 3 g C2H4-eq. per kg FeMn [8]. However, no
complete LCA study has been found for ferromanganese alloy production.
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2.1. Mining

Mining of both manganese ore and coal contributes to the GHG emissions by ferro-
manganese alloy production. The emissions depend mostly on the country of origin and if
surface mining or underground mining is applied. Coal mining can lead to air pollution
(especially dust formation), surface and ground water pollution, solid waste land occupa-
tion, and destruction of local ecological environment [38,43,50]. This includes biodiversity,
which has attracted more focus in the recent years [51]. Underground mining requires
significantly more electrical energy, and thus GHG emissions from power production can
become predominating. Methane emissions from the shaft system and auxiliary vents
are additional air pollutants and GHG emissions for underground mining of coal [44,47].
Acidification is the main problem for water pollution at long-established mining operations.
An advanced water management can improve the discharged water quality by prevention
and innovative water treatment technologies. Other direct impacts of land use include
landscape transformation, vegetation removal, and soil destruction [38].

Most of the energy required for surface mines is provided by diesel-powered mo-
bile equipment [8,47], resulting in GHG emissions from combustion of the required fuel.
Underground mines can also require more electricity, but produce less waste rocks than
surface mines [8]. Overall, the environmental impact of power supply for surface mining
is small compared to the particulate matter (PM) or dust formation, that has the largest
impact on the environment (≈37%), followed by global warming (≈29%) or acidification
(≈23%) [8,43]. Other studies have shown that the largest impact on the GHG emissions
from underground mining is related to the energy demand, methane emissions, and pro-
cessing of wastes [44]. The effect of methane emissions for a time frame of 20 and 100 a
(85 and 121 kg CO2-eq. per kg) represents about two-third of all factors, while electricity
production is the main GHG factor (representing 50%) for the timeframe of 500 years [44].

For a cleaner production, the main aim is to improve the environmental performance
of mining, whereas sustainable development requires minimization of environmental
costs [51,52]. In addition, the negative health effects due to mining, handling, and pro-
cessing should be taken into consideration [44]. The treatment of mining water, especially
acidic water or water with high contamination (heavy metals, total suspended solids, total
dissolved solids and oils), will effectively decrease the environmental impact from coal and
manganese ore mining [53]. The CO2 emission factors for underground coal mining per
tonne of coal were ≈15 kg CO2 for electricity production, ≈11 kg CO2 for coal processing,
≈9 kg CO2 for haulage and hoisting coal, ≈7 kg CO2 for ventilation work, and ≈5 kg CO2
for exploitation [44]. However, secondary effects on the biodiversity and land recultivation
after post-mining have not been considered in previous LCA studies [38,54].

2.2. Reductants

Direct GHG emissions in SAF are mainly produced from fossil fuel-based reductants,
e.g., metallurgical coke. This currently used fossil fuel-based reductants can be replaced by
renewable reductants, such as bio-coke and charcoal. However, the inferior mechanical and
chemical properties of bio-coke and charcoal hamper the direct replacement of metallurgical
coke [55]. Most likely, metallurgical coke will be partly replaced by bio-coke in the short-
term [17] and by tailor-made charcoal in the long-term [15]. Other technologies, such
as electrolytic manganese metal production, COREX® or FINEX® in combination with
renewable reductants may also provide a CO2 neutral production route as an alternative to
the SAF [56,57].

Charcoal as an alternative reductant was mainly investigated for steel making, includ-
ing pyrolysis by-product utilization [17,58]. However, renewable reductants have been
also studied in ferroalloy, silicomanganese, and manganese alloy context [59–61]. The main
obstacles for using charcoal in metallurgical industry are its high costs, inferior properties
of charcoal, and less investigated efficiency of the tailor-made conversion process. Cost
of the feedstock followed by the consecutive economics of renewable reductants and by-
products are the key parameters to evaluate the performance of renewable reductants in
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ferromanganese alloy production [17]. On LCA basis, production and conversion routes of
fossil fuel-based reductants must be compared to renewable ones. Socioeconomic factors
are especially important for the biomass and charcoal production in developing countries,
in which biomass and charcoal are the main fuels for heating and cooking [62–65]. While
a larger charcoal demand positively affects the economy of the producers [65], low- and
middle-income countries rely on affordable and sustainable cooking fuel supply [64].

Less than 30% of the GHG emissions are related to coal mining, handling, and prepa-
ration, whereas ≈60% of GHG emissions are emitted by the metallurgical coke produc-
tion [66]. The remaining emissions are generated by the combustion of diesel fuel (transport)
and electricity production. A similar ratio is given for charcoal production, where ≈61% of
GHG emissions are emitted during charcoal production, and the remaining 39% occurred
during its usage [40]. Unsustainable biomass growth can decrease savings related to CO2
emissions.

2.3. Fossil Fuel Reductants

The main GHG emissions from fossil fuel-based reductants beside its usage occur
from mining, transport, and processing of the coal. The energy demand for surface
mining, washing, and transport of coal is stated to be small [66], whereas emissions such
as dust formation or acidification can have a significant impact from LCA perspective.
Coal conditioning, such as coking or metallurgical coke formation, can increase the GHG
emissions by the required energy demand and volatile matter release. The coke production
by dry quenching can result in up to 15% less air emissions compared to the traditional
wet quenching [46].

2.3.1. Coal

Similar to ore mining, coal can be obtained by surface and underground mining. For
underground mining, the average power consumption per washed tonne of coal is stated
to ≈25 kW h [66], resulting in ≈64 kg CO2 emissions [67]. Power consumption for coal
transportation is 1–2 kW h/(t km) [68] and is often neglected due to the low impact [66].
However, the on-site preparation of coal at the coke production can highly influence the
environmental performance of the coke production process [46]. As a result, coal mining
and coke production have the highest impact on the depletion of fossil fuels, whereas the
energy demand for surface mining and coke formation is low [49]. Domestic long-range
transport is carried out by railway, where GHG emissions are based on the power supply
of the train grid system. For example, the average CO2 emission factor for EU railway
transport in 2009 was 370 g CO2 per kW h [69], whereas average CO2 emissions factor in
China was 627 g CO2 per kW h [67].

2.3.2. Metallurgical Coke

Metallurgical coke is produced from blends of several coal types in coke oven batteries.
About two-thirds of the total production are formed in China by classical technologies from
the 1990s [46,70]. Previous studies have shown that the production of metallurgical coke
is one of the main GHG emission factors for pig iron production [45]. The upstream coal
mining in combination with the coke production are the main sources of GHG emissions,
in which CO2 and CH4 significantly contribute with fractions up to ≈61% and ≈32%,
respectively [46].

About 2% of the energy demand of coke production is covered by electricity (16–
43 kW h/t) [66,71]. Most of the energy demand for coke production (>90%) is covered by
natural gas, blast furnace gas, or coke oven gas [47]. The overall emission factor for coke
production was estimated to ≈0.8 kg CO2 per kg coke [47]. Energy demand for gasification
coke is about 25% larger than for metallurgical coke production due to the lower yield of
reductant [66].

The emission factor is reduced to 0.5 kg CO2 per kg coke when the metallurgical coke
yield is increased by 10% or by the usage of natural gas if no coke oven gas is used [47]. One
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possibility to increase the solid yield per tonne of coal is the production of bio-coke, where
charcoal is added to the coal blend. Previous studies have shown that 2–15% of charcoal can
be added to the coal mixture without any negatively impact on the coke properties [72–74].
A 20% replacement of fossil fuel-based coke with the renewable charcoal can result in a
reduction of 15% GHG emissions [75]. As an alternative feedstock, low rank coals may be
utilized in the coking process to improve economics and energy efficiency of the overall
reduction process [66].

Using the coke oven gas for heating and power generation can improve the envi-
ronmental impact of coke production. For example, the organic Rankine Cycle (ORC)
technology for coke oven and blast furnace gas can reduce GHG emissions by ≈6% [47].
Coal charging and pushing can release additional emissions to the air and freshwater [46].
The increased coke production results in an increase of PAH and benzo[a]pyrene emis-
sions [76], which have an adverse impact on local ecosystems and human health [77,78].
The post-treatment of airborne emissions and wastewater in combination with strict control
policies can significantly reduce these emissions [46].

Current coke oven batteries have an emission factor of ≈0.4–1.27 kg CO2-eq. per kg of
coke, resulting in ≈2.3 kg CO2-eq. per kg liquid steel [7,45,66]. Other fossil fuel-based re-
ductants, such as gasification coke showed about 17% greater emission factor [66]. Overall,
the release of organics and fine dust affecting human health, as well as the consumption
of resources and the environmental impact by emissions have the largest impact from
metallurgical coke production [49]. To minimize fossil fuel depletion and anthropogenic
CO2 emissions, alternative reducing agents can replace coal and metallurgical coke partially
nowadays and fully in the future [1]. The replacement of metallurgical coke by anthracite
or charcoal can decrease GHG emissions by ≈3.1 and 3.2 kg CO2 per t of metal, as reported
for the steel manufacturing [75].

2.4. Biomass Growth

Sustainable biomass growth is essential to reduce GHG emissions from metallurgy.
Deforestation, soil degradation, as well as air and water pollution are the main challenges
to avoid unsustainable charcoal production [79]. To avoid deforestation in developing
countries, only wood from secondary forestry or biomass waste should be used as feedstock
material in charcoal production. The charcoal production in Brazil showed the transition
from primary to secondary forestry in the last decades [80,81], whereas African countries
rely on the production of charcoal from primary forestry due to the high demand and low
price [82,83]. Additional measures are carried out in Brazil to improve biomass growth
in a frame of circular economy [84]. Biomass certification, such as the Programme for
the Endorsement of Forest Certification (PEFC), Forest Stewardship Council (FSC), or
European Biochar Certificate (EBC), can support the production of charcoal as a renewable
reductant from sustainable source.

Between 2 and 7% of the anthropogenic CO2 emissions are attributed to the production
and usage of fuelwood and charcoal [85]. Most of the GHG emissions are caused by
deforestation and combustion-related pollutants [85]. Poor plantation management, fuels
for harvesting and transport can result in an emission factor of 105–120 kg CO2 per t of
charcoal [14]. Thus, the combination of GHG emissions from charcoal production by
kilns in combination with deforestation can result in a net increase of global warming
potential [86]. When a sustainable biomass production is ensured, the main sources of
GHG emissions occur from thermochemical conversion and raw feedstock processing [11].

Non-sustainable land use and soil degradation are expected to occur mainly in regions
with high poverty and uncontrolled state management, resulting in deforestation and
degradation of the environment [87]. Such unsustainable biomass growth can result in
an emission factor of ≈40 kg CO2 per t of dry biomass, which can increase to ≈80 kg CO2
per t if additional biomass treatment (e.g., chipping) is required [14]. A land usage with
maximizing the biomass growth may negatively affect biodiversity and soil properties [39].
Thus, a sustainable biomass production has a larger land requirement to maintain the
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biodiversity in the region [38]. The land requirements can be divided into the size of
transformed land to produce the biomass and the land occupation for the time the land is
used to produce the biomass. Growth rates of biomass mainly depend on biomass species,
climate, irradiation, and soil and are between 10 and 20 t/(ha a) [14,38,88].

Charcoal produced from both sustainable biomass and waste by-products is beneficial
to reduce GHG emissions from metallurgy and fossil fuel depletion [1]. Biodiversity is the
basis of ecosystem health [89] and has attracted more attention in recent years. The LCA
for wood from secondary forestry should therefore comprise the environmental, social,
and economic impacts of the whole value chain [90]. Forest residues and waste streams
from wood industry can support a sustainable biomass production without transforming
natural forests to secondary forestry [79]. The GHG emissions from indirect land use can
increase GHG emissions by factor of ≈13 [17].

2.5. Biomass Pretreatment

Wood is mainly used as feedstock in the classical charcoal production and will be the
most reliable feedstock for metallurgy. Stemwood is the best feedstock material based on
the low ash content. Previous studies have investigated the forest management, harvest,
transport, and processing of biomass, as well as the biomass pyrolysis [42]. The emissions
from harvest and transport of biomass are low for short distance transportation and can be
neglected if these emissions are biogenic [75].

Most of the carbon losses occur by the thermochemical conversion process, where
about 50% of the carbon is lost as CO2 and volatile gases [75]. Biomass sizing is necessary
to provide a particle size which is required for the pyrolysis process. The processing of
biomass and charcoal can require less energy than coal, resulting in lower GHG emissions
for power production. For example, milling of dry biomass requires up to 50% less energy
than wet biomass [91]. On the other hand, bio-oil production can result in GHG emission
factor of up to 84 kg CO2-eq. [75].

2.6. Classical Charcoal Production

Charcoal in Africa and Asia is often produced in earthmound kilns and pits at a low
efficiency (batch processes), whereas charcoal in industrialized countries is produced in
continuous retorts with by-product utilization [13–15,79]. Classical charcoal production
results in the emission of incomplete combusted volatile matter, such as particulate matter,
volatile organic carbon, organic acids, or polycyclic aromatic hydrocarbons (PAHs) [86,92],
which are considered hazardous to health and environment [93,94]. One kg of smoldering
wood can pollute ≈700 m3 of air [41]. Thus, the LCA of charcoal production should
include different environmental impact categories, such as GHG emissions, acidification,
eutrophication, as well as by-products and waste management [13,43].

At least 80% of the unburnt volatiles can be fully combusted by using an after-
burner [92], resulting in a 33–40% reduction in the environmental impact of charcoal
production [13]. Although CO2 emissions from biomass and its derivatives are accounted
as CO2 neutral, toxicity, and land acidification of volatile matter can result in net GHG
emissions. Based on the emissions, the selection and used technique of the carbonization
process is as important as the sustainable biomass production [11]. Previous studies have
shown that GHG savings from charcoal fines in metal production can be similar to lump
charcoal (≈1780 kg CO2-eq. per t hot metal) [75].

Classical charcoal production can result in an emission factor of up to 9 kg CO2 per kg
of charcoal [83]. The high emission factor is based on the low charcoal yield (w< 20%) and
the incomplete combustion of volatiles. The release of volatile matter (e.g., tars and organic
acids) can increase overall GHG emissions, making the replacement of fossil fuel-based
reductants with the renewable materials redundant. For example, the emission factor for
charcoal as an energy carrier can be 10 times larger than that of the direct combustion of
wood due to the excess of methane and CO2 release in the pyrolysis [41]. In worst case,
production of charcoal by earthmound kilns can result in net GHG emissions [11].
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The gross GHG emission factor of charcoal production was 1.6–4.7 kg CO2-eq. per kg
charcoal [13,14,86] with a 100-year global warming potential of up to 5.685 kg CO2-eq. [95].
The lowest reported emission factor for biochar production was 0.22 kg CO2 per kg of
biochar [7]. These emissions can be accounted as CO2 neutral if the volatiles are completely
combusted in the process. However, the biomass feedstock, transport distance and plant
size must be considered for the LCA and pyrolysis location [17,96]. The main factors
that have to be considered in LCA for classical charcoal production are climate change,
photochemical oxidant formation, and human toxicity due to the release of unburnt hy-
drocarbons [13]. The impact on climate change can be between 2700–4700 kg CO2 per t of
charcoal for classical charcoal production and can be reduced by 33–40% for the advanced
charcoal production [13].

2.7. Sustainable Charcoal Production

Sustainable charcoal production is assumed as the currently best available case sce-
nario. The charcoal production in industrial retorts results in a twice to three times larger
solid yield compared to classical charcoal production [25,97,98], while the volatile hydrocar-
bons are recirculated and utilized in the process [13]. Both benefits improve the economics
of the process, decrease the GHG emissions, and reduce the risk of local pollution [13].
However, these processes have high capital expenditures (capex), and thus are not used
in Africa or Asia. In France, ≈50 kt of charcoal are produced in industrial retorts for
households, barbeque or catering, and thus cannot cover the demand from metallurgical
industry for high quality charcoal [75]. However, modern technologies charged with li-
censed biomass from secondary forestry shall avoid deforestation and ensure a defined
income for the biomass producers in developing countries [85].

Industrialized charcoal production requires higher capex than classical charcoal pro-
duction, and thus is economically feasible only for large scale applications [13]. Decentral-
ized biomass growth can be combined with a centralized charcoal production to exploit
by-products and use other synergistic effects [99]. The amount of by-products depends
on the feedstock quality and process conditions, such as heating rate, gas residence time,
and final temperature [14]. The liquid by-products from pyrolysis can be condensed and
post-treated to biofuels or chemical feedstocks [100]. New technologies, such as multi-stage
pyrolysis units, can decrease the energy demand for the process and enable the utilization
of the by-products [101]. These by-products can replace other fossil fuel-based feedstocks
and further reduce anthropogenic CO2 emissions.

In the long-term, sustainable biomass growth and high efficient charcoal production
will have a much lower area demand, stable economics for producer and consumer, and
greater environmental savings than classical charcoal production. The conditioning of
liquid by-products can open new markets for biofuels, chemicals, or pharmaceutics and
should reduce the environmental impact to minimum [100,102]. Although GHG emissions
from biomass growth and charcoal production are considered CO2 neutral, handling and
transportation of reductants will rely on fossil fuels for the next decades.

2.8. Transport

The transport of ore, coal, coke, and charcoal is another source of GHG emissions
and land occupation. Previous studies have shown that the GHG emissions are negligible
(<5%) for coal and coke transportation in steel industries [11,46,103]. However, charcoal
has a twice lower density than coal and coke that can affect the cost and environmental
impact of charcoal transportation, especially since volume limitations occur for these low
bulk density [14]. The transport of whole stem wood is most favorable for the charcoal
production chain, as bulk density is highest and handling and sizing can be carried out at
the charcoal retort [104].

The metallurgical smelters in Norway are located on the coast and international
transport is mostly operated using seaways. Thus, only biomass transport from harvest to
the pyrolysis plant and charcoal transport to the harbor are expected to use road ground
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transportation. Previous studies have shown that an increased transport distance from
50 to 100 km has mainly an effect on the economics, whereas the effect on total energy
consumption and GHG emissions was small [66]. Loose biomass, such as forest residues or
straw can be mechanically densified to improve transport efficiency [104,105]. Wood or
forestry residues can also be used as a transportation biofuel to reduce GHG emissions by
up to ≈45–75% [106,107].

3. Environmental Impact

Most LCA studies are carried out for the environmental impact, e.g., GHG emissions,
acidification, and land occupation, whereas some also include human health issues and
economics. Solid waste, eutrophitcation, and dust formation are also environmental
impacts which should be considered due to the feedstock growth [43]. While the standard
approach for LCA is “cradle-to-grave”, the “cradle-to-gate” approach is most suitable
for the metallurgical industry. This approach can be used according to ISO 14040 for
silicomanganese or ferromanganese alloys [8]. The emission factors of ferroalloy production
vary between 1.04 and 1.15 kg CO2 per kg ferromanganese [37], 1.4 and 6.9 kg CO2 per kg
silicomanganese, 2.5 and 4.8 kg CO2 per kg ferrosilicon [8,108,109], and 6.0 kg CO2 per kg
manganese [8]. The large differences in the emission factors were mostly observed due to
the electric power supply by hydropower or coal.

Mining and biomass growth have the largest impact on the land consumption and
local biodiversity. The direct and indirect GHG emissions from mining expands over time
and are often driven by global factors which are uncontrollable by the local management or
policies [110]. The renaturation of mining areas to the full recovery can take several decades
to hundreds of years [38] and is concomitant with changes in the landscape, in which the
change in landscape may result in environmental and social impacts [110]. Secondary
forestry and other biomass growth scenarios have a large area consumption to provide
sufficient biomass for renewable reductant production. The increased global biomass
demand will open new markets and rise the risks of rapid changes in local landscapes and
ecosystems [87] and the local impacts in the biomass production countries [52].

Industrialized countries will ensure by policies a sustainable biomass growth and
charcoal production, whereas developing countries may have challenges to execute the
policies at district or regional level [79]. However, markets and policies are driven by global
factors and create the opportunities and constraints for the new land users [87]. To ensure
the sustainable ferromanganese alloy production, global factors, as well as natural and
social sciences in foreign countries have to play an increasing role in the process chain from
cradle-to-gate. Fuel and power supply in developing countries will be a source of GHG
emissions for mining and railway transportation. However, the energy demand for both
process stages is small compared to the metallurgical coke and ferromanganese production.
Replacement ratios of fossil fuels by bioenergy can significantly reduce the emission factors
in each process stage [17].

4. Socioeconomic Effects

Charcoal is mainly produced in Africa and Asia by households with low income. In
some countries the charcoal market accounts for more than 2% of the GDP [111], and the
biomass demand is greater than the sustainable biomass growth [82]. To supply biomass
for the industrial scale production, ecological and ethical criteria must be followed to
avoid social tension. Local policy, structured governance, and well-funded instructions can
improve the long-term success of sustainable charcoal production in these countries [79].
The charcoal production costs in Brazil are ≈200 EUR/t of charcoal, whereas production
costs in Finland or Austrilia are between 270–480 EUR/t without considering the by-
products as value-added compounds [17]. Bio-oil from flash pyrolysis ranges at 200–
300 EUR/t [17], indicating an economical value of the liquid by-products.

Simple retorts can be constructed for ≈300 EUR [41], whereas industrial retorts such
as Lambiotte retorts have an capex of 0.5–2 million EUR [112]. The high capex of industrial
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retorts is not economically reasonable for local farmers in developing countries. From
socioeconomic perspective, centralized charcoal production units can be provided as a
development assistance to minimize emissions from charcoal production, create local
jobs, ensure high conversion rates and stable charcoal properties for a long period. The
production in industrial retorts would increase the available charcoal by a factor of ≈2
without increasing the demand in the raw feedstock.

Biomass certification such as the Programme for the Endorsement of Forest Certifi-
cation (PEFC), Forest Stewardship Council (FSC), or European Biochar Certificate (EBC)
can support local farmers with the licensing of sustainable wood sourcing. The sustainable
biomass growth in combination with the industrial charcoal production will maximize
CO2 emission saving potential and concomitant reduce local toxic emissions formed by
classical charcoal production. An adequate income will be provided to farmers for a sus-
tainable biomass growth, and the additional charcoal yield will at least partially cover the
carbon demand of ferromanganese alloy production without increasing social tension in
the charcoal producing countries.

5. Discussion

Previous studies have shown that charcoal has the potential to reduce the GHG
emissions for the integrated steel making route by 31–74%, respectively, up to a CO2
neutral production by EAF [14]. The power supply in Norway makes it most likely that
ferromanganese alloys can be produced CO2 neutral by compensating direct emissions
from SAFs by renewable reductants. Other ferromanganese alloy-producing countries can
increase the renewable energy production in their energy mix to reduce indirect emissions
from power supply [9,10]. When the properties of carbon reductants inhibit a complete
replacement of fossil fuel-based reductants, CCS and CCU can be used to compensate
remaining emissions. Previous studies have shown that CO2 neutral reductants can be used
for silicon and silicomanganese production [113], whereas closed hearth SAF still rely on
metallurgical coke due to the low volatile matter content. Post-treatment of charcoal may
improve physicochemical properties to replace fossil fuel reductants in the future [28,29,55].
The possible impacts of a classical and sustainable charcoal production on the LCA of
ferromanganese alloy production are summarized in Table 2.

Mining and metallurgical coke production are the main GHG emitters in the process
chain upstream of the metallurgical industry. Environmental effects such as dust formation
and acidification are often not considered in the life cycle analysis, and will further im-
prove the application of renewable reductants in ferromanganese alloy production. Land
consumption for mining, biomass growth, or road construction for transportation have
received more attention in recent studies, but the environmental impact is considered negli-
gible compared to the coke production for the metallurgical processes. While renaturation
of coal mining can take centuries, sustainable biomass growth can provide biodiversity in
the regions. Short rotation coppice or classical forestry can provide biomass with low ash
content. Transport of biomass and coal has only a minor impact on the GHG emissions
which are often neglected in LCA studies.

Biomass growth and charcoal production are the key process variables to decrease
GHG emissions during ferromanganese alloy reduction. Sustainable biomass growth
requires large areas, and large areas of monocultures should be avoided for plant diversity.
A stem wood production in Southern Norway was estimated to 18 m3/(ha a) of solid
wood [114], approximately 8 t/(ha a). An average growth rates of 10–15 t/(ha a) (dry basis)
can be realized in temperate climate for short rotation coppice [88,115]. However, the
lower material density of short rotation coppice such as willow may limit the transport
distance and storage time of this biomass [116]. Thus, GHG emissions by transport may
be covered by the additional biomass growth in southern European region for selected
biomass species.
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About 50% of the carbon content in the raw biomass can be converted to charcoal in
industrial retorts [117], resulting in a carbon yield of ≈2.5–5 t/(ha a). The low conversion
efficiency of earthmound kilns and pits in combination with the incomplete combustion of
the volatile matter makes these technologies counterproductive for the large replacements
of fossil fuel-based reductants in ferromanganese alloy production. Replacing 20% of the
metallurgical coke by bio-coke can reduce the GHG emissions by 10–15% for classical char-
coal production, whereas the sustainable charcoal production would further reduce local
emissions and environmental impact by acidification and water contamination. In addition,
the sustainable charcoal production would further reduce the resource consumption by the
twice to three times greater charcoal yield compared to classical charcoal production.

An ensured price range by certified biomass can convince local farmers to produce
biomass sustainable. Centralized industrial retorts can create high-quality local jobs and
improve the quality of charcoal concomitant to the increased charcoal yield. The current
charcoal production of ≈55 Mt [85] would be increased to >75 Mt without the consumption
of additional biomass. The high capex of industrial retorts can be covered by government
subsidies or financial aid.

6. Conclusions

Renewable reductants can decrease the direct and indirect GHG emissions from ferro-
manganese alloy production. The sustainable charcoal production can reduce the indirect
GHG emissions due to the improved feedstock growth and additional area occupation,
whereas the direct emissions can be decreased by the integration of energy efficient pyroly-
sis retorts. GHG emissions generated due to the transportation of feedstocks and charcoal
are expected to be greater than emissions from transportation of metallurgical coke and
fossil fuels due to their low bulk density. The utilization of pyrolysis by-products with the
concurrent production of biofuels can further decrease the emissions related to transporta-
tion. In the next few decades, the integration of renewable charcoal reductants is expected
due to the increased governmental requirements and policies towards development of
environmental and sustainable processes in metallurgical sector within a circular economy.
Overall, the authors believe that ferromanganese alloys can be manufactured in a CO2
neutral way using carbothermal process with the addition of charcoal that has properties
striving metallurgical coke and electricity provided by renewable sources.

Author Contributions: Conceptualization, G.R.S., A.T., and M.T.; methodology, G.R.S.; validation,
G.R.S., A.T., and M.T.; writing—original draft preparation, G.R.S.; writing—review and editing,
G.R.S., A.T., and M.T.; visualization, G.R.S.; supervision, M.T.; project administration, M.T.; funding
acquisition, M.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Research Council of Norway grant number 280968. The APC
was funded by Norwegian University of Science and Technology.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge the financial support from Research Council
of Norway (Project Code: 280968) and our industrial partners Elkem ASA, TiZir Titanium & Iron AS,
Eramet Norway AS, Finnfjord AS and Wacker Chemicals Norway AS for financing KPN Reduced CO2
emissions in metal production project.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
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BM Biomass
capex capital expenditures
CC Charcoal
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CCS carbon capture and storage
CCU carbon capture and utilization
EBC European Biochar Certificate
FeMn ferromanganese
FSC Forest Stewardship Council
GHG greenhouse gas
LCA life cycle assessment
ORC organic Rankine Cycle
PAHs polycyclic aromatic hydrocarbons
PEFC Programme for the Endorsement of Forest Certification
SAF submerged arc furnace
SiMn silicomanganese
tonne metric ton
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Abstract: This paper provides a fundamental and critical review of biomass application as renewable
reductant in integrated ferroalloy reduction process. The basis for the review is based on the current
process and product quality requirement that bio-based reductants must fulfill. The characteristics of
different feedstocks and suitable pre-treatment and post-treatment technologies for their upgrading
are evaluated. The existing literature concerning biomass application in ferroalloy industries is
reviewed to fill out the research gaps related to charcoal properties provided by current production
technologies and the integration of renewable reductants in the existing industrial infrastructure.
This review also provides insights and recommendations to the unresolved challenges related to the
charcoal process economics. Several possibilities to integrate the production of bio-based reductants
with bio-refineries to lower the cost and increase the total efficiency are given. A comparison of
challenges related to energy efficient charcoal production and formation of emissions in classical
kiln technologies are discussed to underline the potential of bio-based reductant usage in ferroalloy
reduction process.

Keywords: charcoal; pyrolysis; bio-based reductant; ferroalloy industry; kiln

1. Introduction

Charcoal is one of the first man-made products which has been used for millennia.
First application of charcoal were found from about 30,000 to 35,000 BC [1], and its first usage in
metallurgy can be dated to about 6000 BC for copper production [2] respectively to about 1800 BC
initiating the Iron Age [3]. Charcoal enabled high energy intense processes, such as glass production
and metal smelting [4] and was used as the major energy source in industrial processes until the
industrial revolution, when is was replaced by coal and its derivatives. Nowadays, charcoal is used as
a fuel for heating and barbecue, and is considered as a reductant for ferrosilicon processes in Norway
and Brazil [5]. However, metallurgical production continues to rely on fossil-based reductants due to
limited knowledge of charcoal properties and high costs.

The global production of charcoal increased from 40.5 million tonnes in 2002 [6] to 53.2 million
tons in 2018 [7], in which about two third were produced in Africa. Fuelwood and charcoal generate
between 2 to 7% of global greenhouse gas (GHG) emissions, mainly caused by deforestation,
and combustion-related pollutants [7]. Brazil is the largest producer of charcoal with an annual
average production of 6.5 million tons between 1993–2017 [8,9]. It was reported that about 50%
of charcoal were produced from planted Eucalyptus wood [10]. Over the last decades, charcoal
production shifted from primary to secondary forestry, reducing anthropogenic CO2 emissions by
deforestation [8,11]. Large amounts of Brazil’s charcoal are used in the metallurgical industry that
consumes about 10 million tons of charcoal per year and replaces fossil fuels for pig-iron (30%), steel
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(15%) and ferroalloy (98%) production [8]. In Europe, the production of charcoal from wood has almost
vanished in the last centuries [12], leading to the charcoal import from countries like Brazil, Nigeria or
Tunisia.

The metallurgical industry in one of the most energy intensive industrial sectors. About 10%
of the annual anthropogenic CO2 emissions are ascribable the direct and indirect GHG emissions
from metallurgical industry [13–15]. These emissions are mainly produced by carbothermal reduction
processes, such as blast furnaces (BF), electric arc furnaces (EAF) and submerged arc furnaces (SAF),
and by power production. About 1 billion tons of metallurgical coal are consumed in global steel
industry [14]. About half of it was used to produce 350 million tons of coke used in metallurgical
processes [16]. The consumption of raw materials is highly dependent on the final product and used
furnace type. For example, the consumption of reducing agents increases from 500–550 kg per metric
ton high carbon ferrochrome (HC FeCr) in closed furnaces to 550–700 kg per metric ton in open
furnaces, whereas only 410–500 kg per metric ton of high carbon ferromanganese (HC FeMn) are
required in closed furnaces [17].

On average, special materials and high quality steels are composed of about 3% ferroalloys [17].
The ferroalloy industry refers to iron alloys with a high portion of additional elements, such as
aluminium, chromium, manganese or silicon. Ferroalloys were initially produced in small-scale
blast furnaces in the second half of the 19th century [17]. The scale of production increased with the
introduction of electric arc furnaces, in which the major production nowadays takes place. The electrical
consumption is in the range of 3000 to 3500 kWh per metric ton of ferroalloy, respectively up to 7000
to 8000 kWh per metric ton of high-silicon ferroalloy [17]. The electrical resistance of the charge
material is used to heat the hearth of the electric furnace, in which a higher resistivity enables a deeper
electrode tip position in the furnace [18]. Simulation have shown that a lower electrode tip positions
can decrease current through the burden by about one third [19], improving the temperature profile
inside the smelter.

Bio-based reductants have potential to replace the reductants made from fossil-based materials
in metallurgy [20,21]. Between 800 and 1200 kg of wet woodchips and about 10% charcoal have been
used for the silicon production in the EU countries [22,23]. The current demand of sustainable carbon
for ferroalloy production is smaller than the production of charcoal, whereas the markets and quality
of charcoal are very diverse. The production and usage of charcoal can have a socioeconomic impact
on different regions and should be considered beside the technical requirements for metallurgical
application. The Food and Agriculture Organization of the United Nations summarized the main
sustainable development goals for charcoal to poverty reduction, food security and nutrition, health
and availability of clean water, sustainable energy and sustainable forest management to ensure the
conservation of biodiversity [7]. Some kilns used for the charcoal production do not include off-gas
cleaning systems and Thus, can release unburned by-products to the environment. These emissions
are composed of particulate matter (PM), volatile organic compounds (VOC) and combustion products.
Volatile pyrolysis products can be reduced by at least 80% by using an afterburner [24], in which the
CO2 emissions from the process are increased. Modern technologies produce charcoal continuously or
semi-continuously, in which the off-gases are combusted or recirculated to provide the energy for the
pyrolysis process [1,25]. However, only limited improvements have been made for these technologies
over the last decades. Thus, charcoal production should be based on a sustainable forestry with
concomitant reduction in CO2 emissions.

Norway has a significant potential of forest-based resources due to the high ratio of hydro-power
in their energy supply and the availability of unexploited forests [26]. Biocarbon in combination
with carbon capture and storage (CCS) is intended to reduce the CO2 emissions from Norwegian
metallurgical industry by 6.8 million tons CO2-equivalence per year in 2050 [27,28]. To substitute the
fossil fuel carbon reductants in the ferroalloy industry, biocarbon reductants with specific chemical,
mechanical, and electrical properties are required [18,23]. In this review, current technologies and
the resulting properties of charcoal are discussed to understand (i) how bio-based reductants can
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replace fossil fuel-based carbon and (ii) how charcoal production routes can be improved to enable an
economical production in Europe.

2. The Process Chain of Renewable Reductants

The properties of carbon reductants are crucial for a stable operation of SAF [16,18]. Differences
in chemical and physical properties compared to fossil fuel based reductants could lead to a range
of technical challenges for the bioreductant use in ferroalloy production. Currently used fossil fuel
reductants generally provide a high mechanical stability and low gas reactivity. The fixed carbon
content of fossil fuel reductants is expected to be larger than 85%, whereas ash content should be less
than 12%. Ash constituents such as alkali and alkali earth metals, phosphorous and sulfur should be
low to minimize catalytic reactions and slag formation. The high volatile matter content of biomass
and it derivatives can be problematic for especially closed hearth SAF. Selected properties of biomass,
charcoal and fossil fuel coke are summarized in Table 1, while minimum requirements for metallurgical
processes are summarized in chapter 4 (Table 5). The typical particle size of carbon reductants in
SAF can vary from 5 to 30 mm [29,30]. It is obvious that raw biomass must be processed to fulfill
the required properties in SAF. While wood has been used as the only feedstock over the millennia,
herbaceous biomass waste [31–34] and algae [35] can be also considered as feedstocks nowadays.
Possible steps for the charcoal production and use as a reductant in ferroalloy industries are shown in
Figure 1.

Table 1. Comparison of biomass and charcoal properties to fossil fuel reductants used in ferroalloy
production [36–39].

Property Unit Wood Herbaceous Biomass Industrial Charcoal Coke

Fixed carbon % 15–20 15–20 65–85 86–88
Ash content % 0.1–1.0 1–12 0.4–4 10–12

Compressive strength kg cm−2 250–400 - 10–80 130–160
Bulk density kg m−3 100–850 * 80–310 180–350 500–550

Electrical resistance Ω m Very high Very high High Low
CO2 reactivity - High High Medium-high Low-medium

* 100–310 for wood chips and 300–850 for stemwood.

Figure 1. Schematic of the possible charcoal production steps.
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Charcoal is defined as a solid residue from wood pyrolysis. Pyrolysis is the thermochemical
decomposition of organic material at elevated temperatures, most often between 350 to 700 ◦C,
in absence of oxygen. The required thermal energy is provided by the partial combustion of additional
feedstock or pyrolysis by-products, i.e., gas and oil (volatile matter), which is released during pyrolysis.
While charcoal kilns have been used over millenia and are still used in several countries, modern kilns
and large-scale retorts are the main production processes in industrialized countries.

2.1. Biomass Composition

The most common biomass used as a renewable reductant is wood. However, due to the
high price of woody biomass, alternative feedstock such as herbaceous biomass or waste have
become more attractive in recent years. Biomass is a mixture of organic compounds and mineral
matter. Woody biomass is mainly composed of cellulose, hemicellulose, lignin and minor amounts
of extractives, in which softwood has a greater lignin content than hardwood, whereas the cellulose,
hemicellulose and extractives are greater in hardwood [40]. The compositional analysis of herbaceous
biomass as well as selected softwood and hardwood species is shown in Table 2. The analysis of specific
feedstock can be found elsewhere [38,41], such as differences between bark and stemwood [42].

The biomass constituents have a major impact on the product properties, composition and yields
in thermochemical conversion. The constituents react in broad temperature ranges using different
mechanisms, pathways and rates [43] and Thus, affect the primary and secondary reactions in the kiln
or retort. Pyrolysis reactions of cellulose are mainly endothermic, whereas decomposition of lignin
and secondary decomposition of volatiles are exothermic [43,44]. Thus, biomass composition has a
strong effect on the char yield and by-product composition.

The volatile composition is based on the biomass feedstock and heating rate of the process,
in which cellulose, hemicellulose and lignin (CHL) decompose to characteristic monomer and
monomer-related fragments [45]. Cellulose decomposes in the temperature range between 280 to
380 ◦C with a maximum reaction rate at 350 ◦C [46,47]. Hemicellulose decomposes in the wider
temperature range between 190 to 380 ◦C with a maximum reaction rate at 260 and 310 ◦C [48–51].
Lignin decomposes in the widest temperature range between 200 to 500 ◦C with a maximum reaction
rate at 360 and 400 ◦C [48,50,52]. Thus, thermal breakdown (degradation) of hemicellulose is larger
than that cellulose and larger than that of lignin [43]. The pyrolysis of cellulose results in a formation of
levoglucosan and its derivatives [46] with a solid residue of 7–20% [53]. The char yield from xylan can
be twice greater than that of cellulose and three times greater than that of glucomannan [54,55]. Lignin
has the greatest solid yield with about 50% at 500 ◦C, further decreasing to 40% at 900 ◦C [55,56].

Minerals in the ash can catalyze primary and secondary pyrolysis reactions. Potassium and
silica showed a greater catalytic effect on the remaining radical concentration compared to the CHL
composition in the biomass [57]. In addition, charcoal forming reactions under fast heating rates were
much stronger affected by the potassium content than by CHL composition [58]. Sugar and sugar
derivatives were increased at the cost of carbonyls and phenolic compounds after acid leaching [59].
To evaluate the conversion performance of biomass, five grades on basis of the compositional and
proximate analyses were established [60].
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Table 2. Composition of hardwood, softwood, wheat straw and rice husks.

Cellulose Hemicellulose Lignin Extractives Ash Sources
/wt.%

Herbaceous biomass
Wheat straw 37.4 25.5 16.00 6.2 8.6 [38]
Rice husks 33.7 22.0 22.8 9.8 11.0 [38]

Bagasse 38.0 27.5 18.5 10.6 10.9 [38]

Softwood
Softwood 43.1 27.7 29.2 0.5 [43]

Stem wood 43 * 28 * 29 * [61]
Pinewood 38.3–40.7 17.8–26.9 27.0–31.4 5.0–8.8 0.3 [42,62]

Spruce 37.8–42.0 25–27.3 27.4–28.6 2.0–7.8 0.8 [42,63]

Hardwood
Hardwood 43.0 35.3 21.7 0.4 [43]
Stem wood 43 * 35 * 22 * [61]
Eucalyptus 46.1–48.8 21.9–22.5 28.8–31.4 3.1–5.0 0.1–0.2 [64]
Beechwood 35.0 19.2 33.5 7.5 1.4 [62]

Birch 43.9 28.9 20.2 3.8 [42]
Oak 36.7 18.7 21.9 11 1.6 [63]

Birch
Stem wood 43.9 28.9 20.2 3.8 [42]

Bark 10.7 11.2 14.7 25.6 [42]
Branches 33.3 23.4 20.8 13.5 [42]

* On dry ash free basis.

2.2. Pre-Treatment of Raw Feedstock and Charcoal

Ferroalloy industries require pre-treatment processes to have a low capital and operating cost
and also to be effective on a wide range and loading of lignocellulosic material. To improve biomass
properties for transport, storage and thermochemical conversion, biomass can be pretreated by resizing
and drying. Fresh woody biomass provides a moisture content up to 60% [65] and ≈80% for fresh
algae [66,67]. To reduce the energy demand in the first pyrolysis stage, biomass should be naturally
dried to less than 25% [68]. The equilibrium moisture content of wood can vary from 4 to 18.1 wt.% [69],
similar to that of dried herbaceous biomass such as wheat straw or rice husks. A high moisture content
increases the energy demand for pyrolysis, resulting in a decreased energy conversion efficiency [70].
In addition, the amount of bio-oil would be increased by a larger water fraction, but with a decreased
amount of organic compounds and heating value [71,72].

A stem wood length of 5 to 6 m is most often used for road transport in Europe. The feedstock
size must be adjusted to the thermochemical conversion process, whereas a length of ≈30 cm and
a thickness of 10–18 cm are required for pyrolysis retorts, respectively a length of 60–120 cm and a
diameter of 12–20 mm for charcoal kilns [25,73], or milled to fines for fast pyrolysis processes [74].
Sawdust from sawmills is therefore useful for fast and flash pyrolysis units, or must be densified by
pelletizing or briquetting. Herbaceous biomass must be milled and densified to be usable in classical
charcoal production. However, fine biomass milling is energy-consuming, and fibrous particles with
low bulk densities may cause feeding problems.

The use of a bioreductant that is more reactive in CO2 than fossil-based coke may increase
maintenance costs of the metallurgical process [75,76]. Ash constituents such as potassium act as a
catalyst for CO2 reactivity and should be minimized. Stem wood can be debarked to reduce the ash
content of the feed material and increase the value of the woody biomass [77], in which debarking can
be carried out with modified harvesting heads in the forests [78]. The removal of bark from wood logs
reduces the concentration of alkali metals which can have a negative impact on the metal parts of the
kiln leading to corrosion. One of the major challenges of agricultural residues is therefore related to its
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quality, such as a higher ash content of problematic alkali metal compounds. Washing or leaching are
common methods to reduce the ash content of the parental feedstock.

Thermochemical processes such as torrefaction and hydrothermal carbonization can be used to
improve physicochemical properties. However, and efficient and cost-effective biomass pre-treatment
is very important for overcoming biomass limitations and hurdles in use of biocarbon-based reductants
in the ferroalloy industry. Value-added compounds may be removed from the biomass prior to the
pyrolysis process to improve the economics of the process chain. In contrast to classical charcoal
production require extraction processes wood particles of small size for the high process efficiency.
Thus, particle size of the material must be adjusted for each step in a process chain, and should target
a final particle size that can vary from 5 to 30 mm for the further use as a reductant in ferroalloy
industries [29,30]. Briquetting or pelletizing can be carried out after the extraction process.

2.3. Milling/Grinding

The particle size of the feedstock material must be adjusted for each step in the process
chain, and should target a final particle size between 5 to 30 mm for the further use as renewable
reductant [29,30]. While wood is sawed and split into logs prior to charcoal production, herbaceous
biomass must be milled and grinded prior to its compaction. The pre-treatment of herbaceous biomass
can be adopted from biomass combustion, where the lignocellulosic materials are first decentralized
milled and pelletized, and second biomass pellets are then milled using coal roller mills prior to
combustion [79]. A number of studies [80–88] have investigated the influence of mill type on both the
particle size and shape. Momeni [80] showed that comminuting woody pellets in hammer and roller
mills produced significantly different sized particles. In other investigations [81,83], higher fractions of
fine particles were obtained after comminution in a hammer mill compared to milling using a knife
mill. In agreement with this observation, the energy consumption of the knife mill was found in all
cases to be smaller than that of the hammer mill [82,83]. The feedstock type (hardwood, straw, corn
cobs and corn stover) affected the energy consumption of the hammer and disk mills [84].

The energy consumption for the comminution of dry pellets was lower for the hammer mill
than for the disk mill, and the particle size distribution was broader with larger particle aspect ratios
after comminution in the hammer mill [86]. In addition, it was reported that a high moisture content
(>20%) increased the specific energy consumption by 50% [86]. It appeared that different feedstocks
(switchgrass, corn and soybean) showed differences in the particle size and shape during comminution
and generated particles with various morphological properties [87,88]. Milling of the thermally treated
material showed that the energy efficiency can increase twice at temperatures up to 180 ◦C and decrease
at carbonization temperatures above 270 ◦C reduced by factor of 4 [89].

Particles should be milled to an optimal size for the consecutive processes, in which a later
densification must be ensured. Biomass can be compacted by pelletization and briquetting, in which
pellets showed best mechanical stability for a broad particle size distribution and a low amount (≤20%)
of particles less than 0.5 mm [90]. However, pellets produced from smaller particle sizes (≤300μm)
resulted in a higher yield stress and density than for larger particles (300–600μm) [91]. Particles larger
5 mm can be compacted by briquetting.

2.4. Washing/Leaching

The alkali metals, particularly potassium, calcium and sodium catalyze the thermal degradation
of biomass, increasing the yield of reaction water and decreasing the yield of tar and char [92,93].
Other soluble inorganic species can also be problematic because of their effects on the charcoal
properties, such as increased reactivity, electrical conductivity and purity of base metals [94,95].
Water leaching removes alkali sulfates, carbonates, and chlorides, whereas HCl leaches carbonates and
sulfates of alkaline earth and other metals [96]. For example, ash content of wheat straw and rice husks
were reduced by nearly 50% by acid leaching [97–99], in which especially alkali and alkali-earth metals
were removed. In addition, ammonia removes organic compounds of Mg, Ca, K and Na. Overall,
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leaching with dilute acids is known to remove only soluble metals which are not physiologically bound
to the matrix of lignocellulosic feedstocks, while dilute alkali or other catalysts are required to disrupt
cell walls and release ash components which are physiologically bound to the feedstock matrix [33].
However, previous studies have shown that leaching of biomass can also remove the organic fraction,
especially reducing the lignin amount [92,100].

Leaching can also result in a loss of cellulose and hemicelluloses through hydrolysis
pre-treatment [101]. Another challenge related to the biomass leaching with the acid catalysts is the
remaining acid in the charcoal matrix that requires post-processing including calcination or disposal of
catalysts and additional washing of charcoal with the deionized water. Concurrently, water washing
may also be desirable to reduce volatilization of sulfur and chlorine products during pyrolysis [102,103].
In addition, leaching may increase the energy density up to 25% through increased heating values and
pellet density [104]. Differences in carbon structure suggest that leaching of original biomass affect the
charcoal properties after heat treatment at elevated temperatures, whereas temperature is the dominant
process variable at temperatures above 2000 ◦C [62,105]. The alkali and alkali-earth metals are removed
in a rapid phase, whereas other elements are removed in slow phases which can exceed several
days [106]. Boiling-water leaching is inferior to acid leaching to remove ash elements, but superior on
the basis of investment costs and chemical demand [98]. However, the removal of these elements is
beneficial for the metallurgical industry [105], since these are catalyzing the Boudouard reaction.

2.5. Extraction

The separation of extractives (e.g., lipids/resin acids) from the biomass feedstock provides a
possibility to considerably reduce off-gassing and provides valuable chemicals or biofuel for the
energy sector and metallurgical industries [107]. The extracted fatty/resin acids can be utilized
as primary feedstocks for chemicals and biorefinery applications [108–111], whereas the wood
fraction after extraction is of high importance as a source of green carbon that could be utilized
in metallurgical industries. Several methods exist for the extraction of high-value molecules from
biomass including conventional organic solvent extraction, hydrodistillation, low-pressure solvent
extraction and hydrothermal feedstock processing [112–114].

Supercritical fluids demonstrate properties between those of a liquid and a gas, with the viscosity
of a supercritical fluid being an order of magnitude lower than a liquid, whereas the diffusivity
is an order of magnitude higher and Thus, leading to the enhanced heat and mass transfer [115].
The properties of a solvent can be fine-tuned by varying the temperature and pressure. Conventional
solvents traditionally utilized in wax extraction (such as hexane) are frequently viewed as being
problematic due to the toxicological and environmental impacts [116]. Supercritical fluid extraction
using CO2 as a solvent has an easily accessible critical point, is non-flammable, has minimal
toxicity and is widely available [117]. Supercritical CO2 extraction (scCO2) has been conducted on a
commercial scale for over two decades for the extraction of high-value products from biomass [118].
Supercritical extraction process has been shown to improve the off-gassing of wood pellets, thus
reducing the potential for uncontrolled auto-oxidation, while maintaining pellet properties [107,119].
Moreover, supercritical CO2 extraction can also improve the physicochemical properties of solid char
from pyrolysis at high temperatures, leading to greater electric conductivity and low reactivity of
charcoal [120]. Supercritical CO2 extraction increases the bending strength and stiffness of residual
wood and, Thus, decreases the cost of process scaling up, wood storage and transportation [121].

The pre-treatment using scCO2 extraction of wood removes more than half of value-added
compounds without any significant influence on the physical properties of original wood and on the
yield of solid charcoal [122]. Under properly selected treatment conditions (e.g., >1100 ◦C), charcoal
samples can be produced from a mixture of different low quality wood fractions with reactivity and
dielectric properties approaching that of fossil-based metallurgical coke and with the low content of
liquid products, including naphthalene, PAHs, aromatic and phenolic fractions.
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2.6. Torrefaction

Torrefaction is a mild pyrolysis process that converts biomass into a carbon material with
increased energy density and decreased oxygen content, removing smoke-forming volatiles and
result in a product yield of ≈45–70% of the initial weight [123,124]. Torrefaction contributes to
dehydration, deoxygenation, partial degassing, and structural changes through breaking hemicellulose,
lignin and cellulose chains at elevated temperatures [125], in which the lignin content is increased
by ≈10–15% [124]. This leads to increased calorific value that improves biomass physiochemical
properties during co-firing with coal [126,127]. For example, the feedstock becomes more uniform that
improves pelletization and the flow properties of torrefied products [123] and the energy density is
increased to more than 20 GJ m−3 [124].

The higher heating value of torrefied olive stones (28.8 MJ kg−1) at 300 ◦C can be achieved in a
rotary slow pyrolysis reactor to meet the requirements of metallurgical industries [128]. In addition,
the torrefaction length did not have a strong influence on the CO2 reactivity of olive stones, whereas the
temperature and particle size had a significant influence on the composition and product yields [129].
Longer torrefaction times and greater heat treatment temperatures led to the improvement of higher
heating value of olive stones leading to higher carbon and lower oxygen content. One way to improve
torrefied biomass handling and combustion properties is by densification into briquettes or pellets
which have many advantages over torrefied feedstock including reduction of dust, improved handling
properties and higher bulk density (up to 66% greater) [130].

2.7. Hydrothermal Carbonization

In hydrothermal carbonization (HTC) feedstocks remains in contact with hot, compressed water
increasing carbon and hydrogen contents and also producing hydrochar with a high stability [131].
HTC treatment generates three products: gases, liquid compounds, and hydrochar that contains 80–95%
of the energy content of the raw feedstock and 55–90% of the original mass [132]. Gaseous products
cover ≈10% by mass of the raw feedstock and liquid compounds, primarily hydroxymethylfurfural,
furfural, phenol, pentoses, hexoses, comprise the remainder of the products [133]. HTC is carried
out in a hot liquid water in the temperature range 180 to 250 ◦C at solids loading ranging from
7 to 25%, and reaction time ranging from a few minutes to several hours [134]. Specifically, HTC
removes a significant fraction of undesired inorganic elements such as Na and K that would otherwise
contribute to slag [135]. Previous studies showed that the alkali content can be further reduced
by increasing the heat treatment temperature or by washing the hydrochar with the deionized
water after the pre-treatment [136]. In addition, hydrochar has superior mechanical properties and
pelletability compared with torrefaction or pyrolysis biochar [129,137]. Besides the complexity of
structure-property relationship, the use of bioreductants is hindered by the price of feedstock and
hydrochar yield [138,139]. Thus, a limited number of studies using lignocellulosic biomass and waste
has been conducted to investigate the hydrochar properties for the use in ferroalloy industries.

2.8. Pelletizing and Briquetting

Densification processes such as pelletizing and briquetting can significantly reduce carbon losses
due to dust formation. In addition, pelletizing and briquetting provide the product with a defined
uniform shape and size [133]. Combined carbonization and pelletizing can be used to increase the
fuel value of feedstock by increasing its energy density and improving its handling and transport
processes in the reduction furnace [140]. One of the challenges in using renewable reductants in
metallurgical processes is related to its fragility with the generation of large amounts of fine particles
during transportation and storage [141]. The mechanical strength of biomass pellets can be improved
through pelletization or briquetting and is slightly larger than that of charcoal pellets [142]. However,
recent studies have shown that pelletizing charcoal fines increase the usable carbon yield in ferroalloy
production [143].
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In ferroalloy industries, manganese ore pellets must be sintered at higher temperatures to provide
a mechanical stability that is similar to that of iron ore pellets. The addition of wood dust and dolomite
are known to increase the required sintering temperature of the ore pellets and Thus, generally
used in iron and manganese alloy production [16,144]. The use of pellets from charcoal-ore blends
is known to reduce the electricity demand and increase the yield of elemental manganese [145].
Current metallurgical production is based on the use of fossil-based fuels because the use of biomass-ore
and charcoal-ore pellets in the reduction process can increase the overall power consumption by
72–152 kWh per tonne of FeMn and will increase the cost of the reduction process [146].

Previous studies showed that the durability of high quality pellets is required to be >97.5%
to fulfill the criteria of the European Standard Committee CET/TC 335 and be used in ferroalloy
production [147]. Pelletizing of HTC char prepared at 200–240 ◦C provided mechanically stable
bioreductants compared to the dried torrefied-based pellets without an additional binder [135,148,149].
An additional heat treatment improved the agglomeration of the hydrochar particles, increasing the
durability of hydrochar pellets to >95% at temperatures above 300 ◦C [129]. A maximum durability
of 98.5% was measured during the heat treatment of hydrochar at 450 ◦C showing similar properties
to charcoal pellets with the pre-mixed bio-oil binder [63,150]. Torrefied biomass particles are loose
and nonuniform due to decreased hemicellulose content [126]. In comparison, mechanical strength
and pelletability of torrefied charcoal are less compared to that of HTC chars [135,137,151]. Therefore,
the pre-treatment of biomass under the HTC conditions might be more suitable for the production of
reductants for the ferroalloy industries than torrefaction.

2.9. Slow Pyrolysis

Slow pyrolysis is the thermal decomposition of organic feedstocks i.e., biomass, coal in an inert
atmosphere at low heating rates (up to 20 ◦C ·min−1). Slow pyrolysis processes are used to produce
solid products like biochar or charcoal from biomass [152,153]. The feedstock is firstly dried by driving
off the moisture and pore water of the organic feedstock. The dried feedstock undergoes a thermal
decomposition of the organic matrix with increasing temperature, in which volatile compounds are
released. The product composition is based on the feedstock and process conditions, such as heating
rate, heat treatment temperature and residence time. Biomass is heated up to about 300 to 700 ◦C,
and up to 50 wt.% of the feedstock are recovered as solid residue [56,154]. Pyrolysis at temperatures
less than 1200 ◦C is defined as carbonization process [40], in which the solid yield decreases with
increasing heat treatment temperature. The volatile fraction is composed of condensates (e.g., bio-oil)
and pyrolysis gases, such as CO, CO2, H2 and CH4. The solid pyrolysis product is rich in carbon [155],
whereas the liquid by-products from biomass pyrolysis have a high oxygen content. The final yield
and quality of the pyrolysis products are affected by the feedstock composition, pre-treatment, heat
treatment temperature, heating rate, reaction gas atmosphere, particle residence time, pressure and
catalysts (e.g., alkali and alkali earth metals) [152,154,156].

In general, the pyrolysis of biomass follows a three-step mechanism as described above:
1. dehydration, 2. primary pyrolysis reactions and 3. secondary pyrolysis reactions. Primary pyrolysis
reactions include dehydrogenation, depolymerization, and fragmentation reactions of the organic
matrix, and can be considered as homogenous reactions. Secondary (and ternary) pyrolysis reactions
summarize the reactions of intermediate decomposition products and gas reactions, as well as
the heterogeneous reactions with the formed char [56]. Moreover, secondary reactions of bio-oil
compounds can increase the solid yield by more than 4%-points [63]. Previous studies have shown
that secondary reactions can be induced by long residence times, large particles and increased
pressure [157,158], and are affected by the ash yield and composition.

Charcoal yields are maximized at low heating rates, long residence times and high pressures [157,158],
where increased pressure leads to an increase in a char yield (up to 50%) with the decreased residence
time [159]. Classical charcoal is produced at a temperature below 700 ◦C at low heating rates.
An operation cycle can vary from 7 days to more than 30 days [160,161] and is accounted as slow
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pyrolysis. At temperatures of 400–450 ◦C, about 37–50% charcoal, 34–47% bio-oil (4–11% tar, 30–36%
aqueous phase), and 14–29% permanent gases are formed from wood [8,10,162]. However, due to the
partial combustion of feedstock and undefined process conditions in kilns, charcoal yield is highly
influenced by the skills of the operator, and is generally less than 20–25% on dry basis [160,163,164].
Industrial retorts used in Europe provide a charcoal yield of ≈35% on dry basis [153]. Char yields of
15–43 wt.% can be obtained for the slow pyrolysis of microalgae [35], similar as reported for agricultural
residues [25,32].

Recent studies have shown that multi-stage pyrolysis processes can improve the solid yield and
reduce its energy demand. The fixed carbon yield can be increased by 11% to 25.7% by a three-stage
pyrolysis process with different heating rates, resulting in an energy saving of 20–30% [165,166].
This approach incorporates the temperature regions of endothermic and exothermic reactions and
Thus, enables a better control of product yield and quality. However, the multi-stage pyrolysis requires
carefully design to obtain the optimized product yield and energy savings [167] and no multi-stage
process was installed on industrial scale when this review was initiated.

2.10. Fast Pyrolysis

Fast and flash pyrolysis of biomass are mainly used to produce liquid biofuels (e.g., bio-oil) at high
heating rates (>100 ◦C s−1) and reduced to atmospheric pressure. At a heat treatment temperature
of 500 ◦C, about 24 wt.% of solid residue (including ash) can be recovered [168], whereas high yields
of charcoal are formed at increased pressure [152,157]. The greater charcoal yield and the larger
throughput in pressurized pyrolysis can improve the economics of the overall process, in which the
fixed carbon yield can be increased to 70–85% of the theoretical value [157]. However, the fixed carbon
content of the produced charcoal was less than 85% [152,157] and Thus, increases the demand for
enhanced off-gas cleaning systems due to the reduced quality of the off-gases [169,170] or additional
post-treatment.

Properties of flash pyrolysis char and soot differ from that of industrial charcoal and may be
considered as an alternative resource in metallurgy. The solid residue is strongly affected by the
feedstock composition and final temperature in the process [171]. Charcoal from fast pyrolysis exhibits
a higher volatile matter content compared to slow pyrolysis char produced at same temperature [172].
The charcoal yield of wood and herbaceous biomass decreases to less than 4% on dry ash free basis
at temperatures above 1000 ◦C [173,174], whereas the formation of soot increases at temperatures
larger than 900 ◦C with a maximum yield between 1100 to 1250 ◦C [97,175]. Biomass with a high
lignin content will form larger soot yields compared to biomass which is enriched in cellulose or xylan
content [171,176], in which the soot and tar formation is reduced by high concentrations of alkali
metals. At temperatures larger than 1000 ◦C, beechwood and straw samples retained their original
structure, while low ash pinewood underwent a morphological transformation with a highly molten
surface [100]. Cellulose pyrolysis under high heating rates produces mostly permanent gases and a
limited amount of bio-oil [171].

Fast pyrolysis processes are technically complex [177] and will require a profound understanding
of the primary and secondary pyrolysis reactions [164] to provide a biocarbon with the required
properties for metallurgical application. A major drawback of bio-oil from fast pyrolysis is the lack
of integrated biorefinery concepts into metallurgy [178]. The bio-oil is generally upgraded into a
valuable biofuel or chemical feedstock [179]. In addition, bio-oil can be used in the ferroalloy industry
as a binder for carbon briquettes, pellets and agglomerates [63,150,180] or as feedstock for electrode
material [181]. The large fractions of small aromatics (e.g., benzene and toluene) and phenols which
are found mostly in lignin bio-oil are beneficial for the use as a binder [176]. However, both process
chains would require an additional post-treatment of the collected bio-oil samples.
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2.11. Emissions

The charcoal fuel cycle from classical charcoal production is one of the most GHG intensive
energy sources used by mankind [5]. Liquid and gaseous products from biomass pyrolysis can be
accounted as value-added by-products or emissions. Charcoal is commonly produced in simple kiln
technologies and small scale retorts without off-gas cleaning system or flares, releasing the unburnt
by-products as emissions. These kilns generate multiple hazardous emissions by the incomplete
combustion of the feedstock, such as PM, VOC, NOx and CO [24,182] as summarized in Table 3.
Some advanced charcoal kilns partly condense the VOC by a chimney and use these as a value-added
by-product [25]. VOC can be subdivided into methane and non-methane organic compounds [182].
PM are increased from incomplete combustion of especially dried feedstock, whereas feedstock with
high moisture content increases smoke formation [183]. Highest PM emissions occur in the first
hours after the under-stoichiometric combustion is initiated [10]. Large PM emissions in combination
with deforestation can result in a net increase in global warming potential [182] and must therefore
be inhibited.

About 3–3.6% of the biomass carbon is emitted as condensable liquid emissions from simple
kilns [182]. Polycyclic aromatic hydrocarbons (PAH) are one class of these products which are partly
considered as hazardous to health and environment [184,185], and are mainly emitted in the first hours
of the wood carbonization process [10]. 5.0 to 7.6% of total PAHs or 82 to 100% of the aromatics with
5 to 6 rings are found within the PM [10,184]. The number of PAHs in pyrolysis off-gases is higher
than that of complete biomass combustion [10]. The concentration of dust including PM can range
from 1.77 to 38.9 mg m−3 at highest concentration of total dust [186]. About 2.8 mg m−3 of particle
bound PAH is smaller than the total emission of gaseous PAHs, which accounted to 23.6 mg m−3 [10].
Maximum concentration of 64–100 mg m−3 have been detected in the initial phase of the pyrolysis
process [10,186].

NOx emissions are dependent on the nitrogen content of the original feedstock. 60–80% of
the nitrogen involved in the pyrolysis exists as protein nitrogen in the biomass, resulting in the
formation of N-containing compounds at lower heating rates [187]. A high concentration of lignin
promote to formation of NOx [187]. The amount of NOx emissions can range between 0.016 to 11 g
per kg of charcoal [24,182]. Sulfur of the parental biomass will be partly released as SOx emissions.
About one-third of the sulfur is released as emissions with the volatiles in carbonization of coal [16].
Sulfur content of biomass transited from mostly sulfate to organosulfur from 500 ◦C to 850 ◦C [188].
However, sulfur content in wood biomass is generally low.

CO and CO2 emissions are formed by incomplete combustion and thermal decomposition of the
biomass. Carbon monoxide emissions are reported in the range of 130 to 373 g kg−1 of charcoal [24,182].
Approximately 25% of the biomass carbon is converted to CO2, resulting in an emission factor between
543–3027 g CO2 per kg of charcoal for the different kiln technologies [182]. The maximum of 3.03 kg
of CO2-equivalent per kg charcoal is produced in earthmound kilns. The 100 year global warming
potential is stated to 1.144–5.685 kg of CO2-equivalent per kg charcoal [189]. However, CO2 emissions
can be accounted as CO2 neutral for the sustainable biomass production. On average, 28 to 61% of
the CO2 emissions are referred to the charcoal production process, whereas 29 to 61% arise from the
biomass production [189]. Thus, a sustainable biomass production and utilization of the by-products
are essential to reduce anthropogenic CO2 emissions in metallurgy, whereas an increased carbon
conversion efficiency and recirculation of volatiles are the most important improvements to reduce the
pyrolysis gas emissions into the atmosphere [68].

More than 80% of the volatile emissions from simple charcoal kilns can be reduced by using
a chimney and afterburner [24], which are usually installed in advanced kilns such as Brazilian
Beehive kiln and Missouri kiln [25]. Industrial retort systems such as Degussa retort, Lambiotte
retort etc. are closed systems that use off-gas scrubber and other gas cleaning systems in addition.
Thus, modern charcoal production retorts do not pollute the environment compared to their simple
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predecessor [190] and generally fulfill the regulations for industrial emissions in Europe and
North-America.

Table 3. Possible emissions from charcoal production in kiln technologies.

Emission Source PM VOC NOx CO CO2 Source

kg ton−1 of charcoal

Uncontrolled 140 125 11 130 500 [24]
combustion 110 (PM+VOC) - - - [10]

13–41 24–124 0.0014–0.13 143–373 500–3000 [182]
- 81 0.3 210 - [6]

420–690 34–100 2.7–5.9 340–620 1400–3350 [191]
20–200 10–99 0.1–0.7 19–89 2600–6000 [192]

Retort kiln 100–300 10–50 0.8–2.8 100–220 1750–2150 [191]
< 1 < 1 0.2 0.1 - [6]

2.12. Post-Treatment Processes

Charcoal produced from feedstock of differing particle size showed various chemical properties.
Small feedstock particles increase the rate of volatile escape, and the charcoal has an increased ash
content [92,193]. The charcoal (or biocarbon) can be post-treated to adjust its properties and to utilize
additional by-product streams, such as fine material or bio-oil. The ash content of charcoal is about
3 to 4 times larger than that of biomass due to the devolatilization of the organic volatile matter.
Post treatment processes like water- and acid-leaching can be used to reduce the final ash content of the
charcoal as described above [59,99,194]. A large extent of fine particles is produced during transport
and handling of charcoal. Briquetting, pelletizing and agglomeration can be used to compact charcoal
fines and to produce a renewable reductant with increased properties [124], such as mechanical
strength and density [150,180,195,196]. Densification processes vary by energy consumption and can
impact the chemical and physical properties of the charcoal [124].

A balance between mechanical strength and porosity of charcoal has to be found for the use
of bioreductants in ferroalloy industries. Charcoal is often porous (both micro- and macroporous),
which is disadvantageous when carbon needs to be mechanically stable and not excessively reactive,
as it is the case in manganese production. The micropores in charcoal can be closed by the deposition
of carbon from methane that could ease the transition to the use of biocarbon as a means of metal
ore reduction [28,197]. In addition, properties of the original feedstock such as density, moisture
content, heating value, ash content, and compressive strength affect the quality of charcoal and
pellets/briquettes made from charcoal. Therefore, process route of the raw feedstock and by-products
is a dominating factor governing properties of charcoal and bioreductant-based pellets/briquettes in
the reduction furnace.

The possible method for preparing charcoal-based reductants is to compact fine charcoal particles
with the addition of a binder. The fines can be agglomerated to improve the mechanical properties
of charcoal-based reductants by adding water and organic binder i.e molasse [172], starch [195],
lignin [124,198] and bio-oil [63,150]. The binder is required due to the lack of plasticity of charcoal
particles compared to untreated biomass. The binder forms solid bridges between particles, resulting
in an improved mechanical stability of the densified product [172]. Starch in combination with water
are superior to bio-oil based on its availability and low economical value [195]. Lignin softens at
temperature above 140 ◦C and forms agglomerates between charcoal particles [124,198,199], in which
hardwood lignin is superior to softwood lignin due to the greater amount of methoxy content [199].
Lignin is commercially available as a by-product from second generation bio-fuels [150] and from
pulping industry [199].

Mechanical properties are affected by the added binder, its content and compacting pressure.
The mechanical strength of carbon briquettes can be increased by increasing the binder content
to 6.5–8.6 wt.% of softwood and hardwood lignin [199]. An increased bio-oil ratio from 10 to
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40% resulted in an increased compression strength by approximately 50% after a second heat
treatment [150]. The second heat treatment reduced the volatile matter from the pellets and resulted in
cross-linking of the bio-oil and charcoal particles and improved the mechanical strength of charcoal
pellets and briquettes [105,200,201]. Lignin and bio-oil were successfully tested as binders for heat
treatment temperatures up to 1100 ◦C [150,199]. To ensure a high mechanical stability at higher
temperatures, metallic silicon can be added as an additive to the binder-charcoal mixture [199]. Overall,
charcoal producents strive for the use of small charcoal particles in pelletizing process without further
milling to keep the cost of the overall bioreductant process low. Further heat treatments can be used to
reduce the volatile matter content and to improve mechanical strength of the lump charcoal, pellets and
briquettes [105,200,201].

However, charcoal pellets can reduce a self-heating risk when the operating temperature in the
furnace exceeds 600 ◦C [180]. In addition, porosity and surface area decreased after charcoal pelletizing
using the pyrolysis bio-oil, whereas the use of coal tar as a binder did not affect the combustion and
physicochemical properties of pellets made from fossil-based reductants [202]. Coal tar is a type of toxic,
hazardous and carcenogenic solid waste generated in the process of coal gasification or coking and
composed of heavy tar oil, pulverised coal and particles in gases produced in coal pyrolysis [203,204].
Therefore, renewable and carbon-neutral binders i.e., bio-oil with the addition of paraffin oil, castor oil,
mineral oil and linseed oil can be an alternative to fossil-based binders due to the increased energy
density of charcoal pellets with the low self-heating risk [205].

3. Charcoal

Charcoal is comprised of the unconverted organic solids, the non-volatile mineral matter and the
carbonized products. Fixed carbon content of charcoal is generally greater than 70% [5,73], and it is
considered greater than 85% for metallurgical grade charcoal [5,152]. The feedstock origin and the
pyrolysis conditions are the main influencing parameter on the physicochemical properties [156,206].
The obtained structure of charcoal is defined by the original feedstock, particle size and heating
rate, in which pyrolysis at slow heating rates and larger particles results in the similar charcoal
structure compared to its feedstock [206]. Charcoal produced from dense hardwood provide a greater
mechanical stability than charcoal produced from softwood, which is preferable in the ferroalloy
industry [152]. The electrical properties of charcoal are also important for the use as a reductant in SAF.

The charcoal yield of classical kiln production processes is in the range of 5 to 20 wt.% on dry
basis due to the limited control of process conditions (e.g., air supply) [8]. These production processes
release often large quantities of unburnt hydrocarbons to the atmosphere, and provide a fixed carbon
content in the range of 65 to 80% [25]. Industrial retorts on the other hand provide charcoal yields of
≈35% [207,208], whereas charcoal yields up to 62% were reported for pilot scale experiments [153,209].
Thus, the conversion efficiency of the carbonization process is one of the key issues for a sustainable
process chain [7].

3.1. Yields

The charcoal yield from industrial charcoal production is summarized in Table 4. Carbon efficiency
of modern retorts is about twice greater than that of earth mound kilns, and achieve a yield of about
35 wt.% on dry basis [6,43]. Well operated Brazilian kilns with tar recovery provided a similar
charcoal yield with up to 36.4% and carbon yield of 69% [182]. In charcoal kilns, the required
thermal energy is provided by the partial combustion of wood, its by-products and other fuels
i.e., gas, oil, etc. [25]. The combustion of by-products and wood can decrease the charcoal yield to less
than 20%. The modernized energy efficient kilns include the bio-oil condensation units and can obtain
higher charcoal yields than it was reported for traditional kilns [6,182].

Charcoal yield from pyrolysis of “dead” biomass is similar to “living” biomass, whereas the bio-oil
yield is approximately 1% greater for dead biomass at the cost of pyrolysis gases [210]. Thus, charcoal
yield from sapwood at short rotation forestry (≤20 years) is similar to stem wood (sapwood and
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heartwood) from classical forestry (50–150 years cycle). The low solid yield in fast pyrolysis indicates a
limited potential of charcoal use in ferroalloy industries [74,101,177,179]. However, bio-oil utilization
as a binder or an electrode material using fast pyrolysis opens new opportunities for the process
upscale in ferroalloy industries.

To estimate the usable carbon fraction for metallurgical application, yield and fixed carbon
content of charcoal were combined in the fixed carbon yield. The fixed carbon yield is defined as:
γFC = γ · (FC) · (1 − a)−1, where γFC is the fixed carbon yield, γ is the charcoal yield, FC is the fixed
carbon content of the charcoal and a is the ash content of the biomass [1,209,211]. The fixed carbon
yield of charcoal varies from 20 to 30 wt.% on dry basis [155,208]. Bio-oil utilization can increase γFC
by 4–5%-points [63,105]. Herbaceous biomass such as sugarcane has a lower conversion efficiency
than wood pyrolysis, resulting in a lower bio-oil yield and lower exergy efficiency than that of wood
pyrolysis on area basis despite its greater growth rate [212].

Table 4. Charcoal yield for the pyrolysis of biomass.

Biomass Pyrolysis Process
Charcoal Yield Temperature Firing Time

Source
/wt.% /◦C /h

Wood Small scale pyrolyzer 18–40 400–700 0.1–6 [40,155,213]
Biomass waste Small scale pyrolyzer 14–45 390–900 0.5–3 [214–216]

Herbaceous biomass Small scale pyrolyzer 18–48 400–700 0.1–35 [155,217]
Biomass Pressurized small scale reactor 35–40 500–650 < 0.5 [1,218]
Biomass Fast pyrolysis (small scale) 23–35 450–650 < 0.01 [35,217]

Fast pyrolysis (industrial) combusted 500–550 < 0.001 [219]
Fluidized bed 18–25 n.s. < 0.001 [25]

Hardwood Charcoal kilns 9–34.2 450–600 80 [6,25,73,182]
Blend Rectangular kiln 27–31 450–650 (700) 96–120 [220]

Cord wood Kiln 8–9 n.s. < 6 [221]
Hardwood Missouri kiln 20–30 450–550 80–144 [25,161,182]
Hardwood Brick kiln 15–25 450–600 80 [25,73]

Keyan earthmound kiln 21–34 n.s. 170–235 [182].
Hot-tail kiln 38 n.s 40–50 [182].

Beechwood Retort 30–38 450–550 11–22 [25,73]
Twin-retort 33 500 12 [6]

CML process 22–24 500 6–8 [161]
Biomass DPC technology 34 500 6–20 [161]

3.2. By-Products

Volatile pyrolysis products are accounted as by-products from charcoal production. Volatiles
are composed of light pyrolysis gases, such as CO, CO2, CH4, H2 and light hydrocarbons [222,223],
and condensable liquids, such as organic acids, methanol, heavy hydrocarbons, oxygenates, etc. [43,61].
The liquid products are defined as bio-oil, which is composed of more than 300 compounds with an
oxygen content between 35 and 40% and heating value of 11 to 26 MJ kg−1 [223,224]. Water content of
slow pyrolysis bio-oil is more than twice larger than that of fast pyrolysis oil [225] and strongly affected
by the initial moisture content of the biomass feedstock. The high water content of slow pyrolysis
bio-oil 50% [63,225] can lead to a phase separation, which generally occurs for bio-oils with a water
content larger than 30–35% under storage [222]. This emphasizes the importance of dried biomass
feedstock, since the moisture content increases the bio-oil yield and decreases the concentration of
the organic fraction and its heating value. A moisture content less than 45–50% is required for an
autothermal operation [226], respectively less than 20–25% for an efficient and stable operation of
industrial scale retorts, such as the Lambiotte process [6,68].

The major organics in bio-oil are organic acids, alcohols (e.g., methanol: 1.4–7.9%), oxygenates
(e.g., acetone: 0.3–1.6%) and tars (11.8–26.6%) [61]. Most of the compounds are water soluble,
while 15–35% of bio-oil is water insoluble [227,228]. Chemical composition analysis of the water
insoluble fraction showed a carbon content of 50–71%, hydrogen content of 5.8–6.7% and oxygen
content of 23–43% [227,229]. The high oxygen content facilitates ageing reactions in the bio-oil, leading
to an increased viscosity and average molecular weight from 530 to 990 g mol−1 [230]. In addition,
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the low pH-value (2–3) of bio-oil increases the maintenance cost for the condenser and storage
system [224]. PAHs were found in bio-oil within a range of 10 to 50 mg kg−1 [231], which are accounted
as harmful to the environment [185]. However, only one-third to two-third of the biooil compounds
can been identified by GC-MS and HPLC [227,232].

About 10–20% of pyrolysis gas is formed by pyrolysis of biomass at temperatures up to
800 ◦C [43,225,233]. The yield of pyrolysis gas increases with increasing heat treatment temperature
and can be 75% at 1200 ◦C [154]. Its composition is strongly affected by heat treatment temperature
and operation of the kiln or retort. The pyrolysis gas in charcoal production is mainly composed
of H2 (≤ 20.1%); CH4 (5–22.0%); CO (30.1–58%); CO2 (22.5–43%) and light hydrocarbons CxHy

(2.3%) [210,222,223]. CO and CO2 concentrations are increased in classical charcoal production by
the partly combustion of additional feedstock, whereas H2 concentration would increase at high
heat treatment temperature by dehydrogenation reaction and carbonization of the charcoal [234].
Unburnt pyrolysis gas can therefore be accounted as a strong pollutant based on the high CO and
CH4 concentration [5]. However, the gas can have a heating value of 8000 kJ m−3 [5], respectively
2.3 MJ kg−1 [161]. Therefore, the released volatiles during pyrolysis can be combusted to provide the
thermal energy for the process [5].

3.3. By Product Utilization

Pyrolysis of biomass results in the formation of 50% of liquid and 20% of gaseous by-products.
In current processes, by-products can be combusted to provide the thermal energy of the process,
increasing the amount of (renewable) CO2 emissions at the same time. Unburnt by-products reduce
the process efficiency and lead to net GHG emissions. Industrial retorts on the other hand recirculate
the volatile compounds and can condensate parts as value-added by-products for consecutive
processes [25]. Recent studies have shown that the charcoal yield can be increased by up to 5%-points
by the bio-oil recirculation [63]. Pressurized retorts decompose a large fraction of the bio-oil inside the
charcoal particles [157,158], decreasing the yield of high molecular hydrocarbons in the bio-oil.

The high molecular bio-oil can be used as feedstock material for green electrodes, as a feedstock
in gasification, as a binder for briquetting or pelletizing or as fuel for boilers according to EN 16900,
i.e., as standardized, readily marketable product [180,181]. Briquetting and pelletizing enable a
conditioning of charcoal fines at the pyrolysis plant and thus, increase the carbon yield suitable in
ferroalloy industry. In addition, the homogeneity of charcoal briquettes and pellets is increased. Green
electrodes have successfully been produced from fast pyrolysis bio-oil [181], but composition of bio-oil
from fast pyrolysis differs from that of slow pyrolysis [225,235]. The high water content and the large
fraction of organic acids, such as acetic and propionic acid, inhibit a direct usage as engine fuel [61].
Distillation of the tarry compounds will result in the formation of 35–50% of solid residues [224] and is
only limited applicable for the bio-oil conditioning. Recent studies focus on the bio-oil upgrading with
in-situ generation of hydrogen [236].

Gasification of bio-oil can provide a synthetic gas for fuel and chemical production [237,238].
Some bio-oil components have established markets which were supplied by coke oven batteries and
other pyrolysis processes before products were synthesized by natural gas and other fossil fuels, such as
acetic acid. Bio-oil conditioning may provide renewable chemicals which can directly substitute fossil
fuels in the future. In short term, bio-oil as a binder can increase the charcoal yield and concurrently
reduce waste streams.

4. Charcoal Properties

Properties of charcoal are crucial for the use as a reductant in metallurgical processes [16,18].
To minimize changes in a process design and optimization, charcoal properties are expected to be
similar to those of fossil-based reductants, as summarized in Table 5. Fossil-based reductants show
high mechanical stability and low to medium gas reactivity at a low price, whereas charcoal has a high
gas reactivity and low mechanical stability. In addition, charcoal has a lower density than fossil-based
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reductants, that may change the mass flow and volume distribution of the raw materials in the SAF.
Charcoal is produced in large proportions by kilns as a household fuel that does not require specific
properties. However, the quality of charcoal produced in kilns can significantly vary from one batch
to another.

Understanding mechanical, chemical, physical and electrical properties of charcoal is a key step
that affects the use of charcoal in ferroalloy industries [16,18,29,239]. Mechanical strength is required
to avoid collapse of the carbon bed by the load of the burden, while abrasive strength (or durability)
is required to minimize generation of fines while handling and feeding of charcoal particles into the
reactor [239]. Chemical properties such as carbon content and reactivity are essential to provide the
carbon in the reaction zone, while ash content and composition of the feedstock can affect the product
quality and energy demand [172]. Electrical properties are crucial for the quality of carbon bed material
in the SAF to provide the thermal heat by electrical energy dissipation.

Table 5. Required properties of carbon reductants in the ferro and ferroalloy industry [29,239–245].

Property
Ferroalloy

Unit Blast Furnace
Silicon Manganese

Moisture [%] 1–6 ≤6 ≤6
Fixed carbon [%] ≥85 ≥84 ≥85

Volatile matter [%] ≤1.5 ≤9.5 ≤3
Ash [%] ≤12 ≤12 ≤12

Phosphorous [%] ≤0.06 <0.02 <0.02
Sulfur [%] ≤0.9 ≤0.6 ≤0.6
Size [mm] 47–70 5–40 5–40

Bulk density [kg m−3] 400–500 400–500
Ash fusion temperature [◦C] 1250–1450 1250–1450

CSR [%] ≥60 - -
CRI [%] 20–30 - -

4.1. Chemical Analysis

While the charcoal yield is the most important variable for its production, specific charcoal
properties are compulsory for its application. The chemical analysis comprises the proximate and
ultimate analyses, as well as the structural properties. The carbonization degree increases with
increasing heat treatment temperature, resulting in an greater fixed carbon content of the charcoal.
The carbonization results in structural changes of the carbon matrix, affecting functional group and
reactivity of the sample.

4.1.1. Proximate and Ultimate Analyses

Carbon content increases with increasing heat treatment temperature and residence time. Classical
charcoal production results in a carbon content greater than 70% [161]. The proximate analysis of
classical charcoal production is shown in Table 6. Based on the biomass feedstock, industrial retorts
provide a carbon content of 80–94% [6,37]. Charcoal with a fixed carbon content greater than 83% is
considered as barbecue charcoal according to EU requirements [6] and as metallurgical grade charcoal
with a fixed carbon content greater than 85% [152]. A fixed carbon content greater than 85% is therefore
recommended in ferroalloy production to minimize additional slag formation by ash constituents and
off-gas cleaning by volatile matter [239]. Metallurgical coke used in a closed SAF has a volatile matter
content less than 3 wt.% (generally 1–1.5% [246,247]), whereas more than 10% of volatiles are released
by charcoal samples. Volatile matter content of charcoal pellets is increased to more than 24% by the
addition of water and binder [105,172,247]. This high volatile matter content requires an improved
off-gas cleaning system and increases the risk of slag foaming in secondary steelmaking routes [248].
One possibility to reduce volatile matter content similar to metallurgical coke is to use the secondary
heat treatment at temperatures of 1300 ◦C [63].
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The ash content of charcoal is correlated to the ash content of the feedstock. Therefore, the ash
content is low for stem wood charcoal and relatively high for charcoal from herbaceous biomass
i.e., wheat straw, rice husks, etc. [38,155]. Ash content with more than 8–12 wt.% should be avoided in
SAF to reduce the amount of impurities and generated slag [239]. Biomass ash is rich in alkali and
alkali earth metals compared to fossil fuels, but low in sulfur content. An increased input of alkali
metals can cause corrosion issues in the off-gas system and change reduction stages in the burden [172].

Table 6. Proximate analysis of industrially produced charcoal.

Reactor Biomass Ash
FC

VM Source
wt.%

Wood 0.4–4 65–85 15–35 [36,37]
Wood 1.9 84.7 (*) [249]

Kiln Mangrove 1.66 67.53 29.15 [161]
Kiln Rain Tree 1.79 78.52 18.22 [161]
Kiln Rubber 4.67 78.98 15.24 [161]

Twin-retort Hardwood and softwood - 92% * - [6]

* based on ultimate analysis.

4.1.2. Structural Analysis

The carbon structure of charcoal is highly affected by the heat treatment temperature and the
surrounding atmosphere, for example gasification agents or oxygen. The higher carbonization degree
at higher heat treatment temperature results in a decreased CO2 reactivity and increased electrical
conductivity [1]. Torrefaction and low pyrolysis of biomass on the other hand only slightly increase the
carbonization degree. The cellulose peak can be still observed by XRD analysis after a heat treatment
at ≈340 ◦C [220].

Charcoal produced at 240 ◦C exhibited the same FT-IR bands as biomass, whereas specific bands
of cellulose, hemicellulose and aromatic ring groups from lignin disappeared after a heat treatment
temperature of 400 ◦C [250]. This change in chemical composition started at temperatures above
350 ◦C [251]. A uniform spectra with strong aryl carbon signals indicated poly-condensation of
aromatic rings at temperatures above 500 ◦C [220], in which fast pyrolysis char showed a lower
aromaticity compared to classical charcoal from slow pyrolysis. In addition, these results correspond
to mass loss curves from the thermogravimetric analysis [155,172].

Charcoal structure is different from fossil fuel reductants and graphite. The charcoal structure is
characterized by the greater surface area and absorptive capacity than carbon black or graphite [40].
Structural changes in coal graphitization occur mainly in four temperature ranges, 1000–1500 ◦C,
1500–2000 ◦C, 2000–2500 ◦C and 2500–3000 ◦C [252,253]. The basic structural units reorganize between
800 and 1500 ◦C and coalesce between 1600 to 2000 ◦C [253]. A nano-crystalline structure of charcoal
was observed at heat treatment temperatures larger than 1300 ◦C [62,200]. This temperature range is
above the production temperature of industrial charcoal, but structural changes will appear in the
burden and carbon bed inside SAF. Charcoal produced at temperatures above 1000 ◦C exhibited a
similar structure to petroleum coke [254]. The increased graphitization with increasing heat treatment
temperatures improves the electrical properties of the charcoal.

4.2. Density and Porosity

The density and porosity are important properties for the handling, transport and storage of
bulk and compacted charcoal. Density of charcoal is highly affected by the feedstock and process
conditions, in which pyrolysis of softwood results in a charcoal with a lower density compared to
hardwood. Density of parental wood increases with age [255], resulting in a superior charcoal from
older wood. However, due to the easier and less labor-intensive handing of young growth fresh wood,
secondary forestry is commonly used as a feedstock in charcoal production [11]. A greater particle
density results in improved mechanical and electrical properties, which are important properties for the
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renewable reductant. The skeletal density of charcoal produced at temperatures up to 500 ◦C is similar
to that of the parental wood (≈1400–1550) kg m−3 [220,256]. Above 500 ◦C, skeletal density starts to
increase with increasing heat treatment temperature [155,208,257] to ≈1750 kg m−3 at 700 ◦C [258] and
to ≈2000 kg m−3 at 800 ◦C [220].

While true density increases with increasing heat treatment temperature, charcoal’s bulk density
is nearly constant in the temperature range from 450 to 650 ◦C [257,258], leading to a greater BET
surface area and porosity compared to low temperature treated charcoal. Metallurgical grade
charcoal has a bulk density of 180 to 350 kg m−3 [36,37,201], about half of that for metallurgical coke
(450–600 kg m−3) [36,37,239,246], leading to higher transport and storage costs. In addition, the lower
density of charcoal increases the volume fraction of the carbon reductant in the SAF, possibly decreasing
the maximum load of the furnace by its available construction height.

The porosity of charcoal increased from ≈50% at 300 ◦C to 50–70% at temperatures above
700 ◦C [155,259]. The porosity of spruce charcoal was about 10% points larger than that of oak
charcoal [62] and similar to that of grass charcoal [258] and other woody biomass species [123]. On the
other hand, total porosity of metallurgical coke ranges from 25 to 62%, increasing with larger particle
size [18,62,239]. It is known from cokes that the porous structure can affect the mechanical strength of
particles [260]. While a relationship between tensile strength and pore structure of coke was determined
in previous studies [261], no clear correlation was found for the mechanical strength and porosity by
other authors[262].

Bulk density of charcoal can be increased to 900 kg m−3 by agglomeration and compaction [172],
in which an increased particle density is achieved by blending with an organic binder and increased
compaction pressure [124,150]. The addition of organic binder such as lignosulphonate and bio-oil
significantly improved the density and mechanical durability of charcoal pellets [150]. A further
increase in a bulk density was reported by the increased residence time of pellets and briquettes during
compaction [124]. An apparent density of about 1000 kg m−3 was reported for charcoal produced
under a compressive pressure of 500 kPa, that was similar to that of metallurgical coke [259]. On the
other hand, the addition of 5% sawdust to a coal blend resulted in a slightly decreased bulk density of
coke, from 780 kg m−3 for metallurgical coke to 770 kg m−3 for bio-coke [262].

4.3. Surface Area

Operation of SAF is affected by the gas reactivity of the carbon material in the burden due to the
reaction with CO2 and SiO. The gas reactivity depends on the accessible surface area and presence of
functional groups on the surface. The morphology of charcoal is highly affected by the heat treatment
temperature, residence time and gas pressure [263]. The specific surface area increased from 5 m2 g−1

at 300 ◦C to 80 m2 g−1 at 500–600 ◦C [32,264–266] and further to 500 m2 g−1 at 800–900 ◦C [99,213].
Above 1000 ◦C, the specific surface area of charcoal decreased to about 10 m2 g−1 [62,99]. The increase
in surface area was correlated to the increase in micro- and mesoporosity and the collapse of micropores
thereafter [32,263].

Charcoal produced at intermediate pyrolysis pressure (10 bar) showed a smaller surface area
than charcoal generated at low pressure (5 bar), respectively high pyrolysis pressure (20 bar) [263].
Yang et al. reported that the surface area decreased with increasing heating rate [35] and was generally
lower for herbaceous charcoal than for woody charcoal [32]. The results indicate that the release and
secondary pyrolysis reactions of volatile matter has a high impact on the surface area of charcoal.
Fossil fuel reductants, such as metallurgical coke, bio-coke and petroleum coke, exhibit a surface
area of less than 3 m2 g−1 [21,63,267]. Metallurgical coke and bio-cokes are produced at temperatures
above 1100 ◦C, while petroleum coke is the solidified residue from crude oil distillation. Differences
in the accessibility were observed for the surface characterization in N2 and CO2. Surface area from
oak and pine charcoal increases from less than 3 m2 g−1 at 400 ◦C to 220–280 m2 g−1 at 650 ◦C for
measurements in N2, respectively from 250 to 530 m2 g−1 for oak and 360 to 650 m2 g−1 for pine in
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CO2 [268]. Thus, the accessibility of gas species into the pore volume can also affect the reactivity in
different atmospheres.

4.4. Mechanical Properties

Mechanical properties of charcoal are essential to avoid generation of fine particles by transport,
handling and feeding into the SAF. The furnace operation and off-gas cleaning system are significantly
affected by the particle size of original feedstock and charcoal [18]. In general, charcoal is more
fragile than fossil fuels samples due to its high porosity and lower carbonization degree [253].
Global charcoal transport results in the generation of 5–20% fines [159,269–271] due to the loading
and unloading of the charcoal [271]. This material is not directly suitable for a usage in SAF, since a
particle size of 5–40 mm is required for ferroalloy industry to ensure a good gas permeability [29,239].
In particular, the silicomanganese industry uses fossil fuel reductants with a particle size ranging from
5 to 20 mm [29]. Thus, particles less than 5 mm are considered as fines and should be avoided.

Standard tests for measuring the mechanical properties are drum tests, such as ASTM D 294-64,
ISO 556 and DIN 5171 for coke, and DIN EN ISO 17831-1 for pellets and briquettes. In addition,
mechanical fragmentation is investigated by the drop shatter test for coal according to ASTM
D440. Hot strength of metallurgical coke is investigated by the coke strength after reaction (CSR).
The combination of hot strength and CO2 reactivity are important parameters to evaluate the quality
of reductants in the burden [37], especially for blast furnaces. However, most of the standards are not
applicable for charcoal and have therefore been modified by the researchers [36,37].

While a very high compression strength is required in blast furnaces, mechanical strength is of
less importance in SAF due to the low height of the burden [40,239]. Compressive strength of charcoal
is 10–80 kg cm−2, about half of that of metallurgical coke (130–160 kg cm−2) [36,201]. Charcoal
produced from hardwoods have generally a greater mechanical strength than charcoal from softwood
or herbaceous biomass [152] and the mechanical strength is 3 to 4 times greater in the growing
direction of wood fibers compared to its perpendicular direction [36]. The compression strength
slightly increased after the sample was heat treated to elevated temperatures [201,272], indicating
improved mechanical properties inside the SAF. Carbonized wood is about 28% stronger than its
biomass precursor [273].

4.5. Charcoal Compaction

Charcoal produced at elevated temperatures has a lower tendency to agglomerate compared
to raw biomass and requires the addition of a binder for compaction [123]. Charcoal fines can be
compacted by pelletization and briquetting to increase bulk density and mechanical stability for the
use in metallurgical industry [124,172,274]. Coal tar, coal tar pitch and bio-oil pitch have been used as
binder for special purposes over decades [271]. Recent studies have confirmed that the mechanical
properties can be improved for charcoal pellets and briquettes by the addition of bio-oil and bio-oil
pitch and a second heat treatment [63,150,275]. The mechanical durability of the pellets increased to
greater than 90% [150], similar to that of heat treated hydrochar pellets [129]. Pellets compacted at
116 MPa with an oil concentration of 34% provided optimal pelletizing conditions [180]. A slightly
better mechanical durability was achieved by adding water and molasses at a compaction pressure of
100 MPa [172]. One of the major disadvantages of molasses is the addition of mineral matter (especially
potassium) to charcoal pellets and briquettes. Other important parameter are particle size and moisture
content, and the glass transition temperature for lignocellulosic binder [124]. Drop strength tests
approved the results from mechanical durability test for charcoal pellets [172].

The compressive strength of charcoal pellets increased from less than 1 MPa to greater than
2 MPa after the secondary heat treatment [150]. A similar compressive strength was reported for
charcoal briquettes using bio-oil binder [275]. The mechanical compression resistance of green pellets
produced with molasses as a binder increased from 1 MPa to 2.6 MPa after storage for 12 days [172].
Similar values were found for fossil fuel briquettes compacted at 56 kPa [199], in which a higher
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compaction pressure resulted in improved mechanical properties and hardwood lignin developed
twice the compressive strength than softwood lignin. Lignin as a binder was improved by adding
tannic acid, in which the mechanical strength was also obtained as hot strength for temperatures up to
1400 ◦C [199]. A compressive strength of 4.2 MPa was reported for briquettes using starch binder [275],
which was similar to that of charcoal pellets using bio-oil binder [150]. To ensure mechanical strength
at higher temperatures, silicon metal can be added to the charcoal fines, forming a network of silicon
carbide nanowires between the carbon matrix [276]. The carbide nanowires improved the resistance to
compaction from 1 MPa to 3–4 MPa at 1200–1400 ◦C [199].

Pellets started to shrink after the primary heat treatment temperature was surpassed [142].
This additional size reduction must be considered if the particle size of charcoal pellets is close
to the minimum particle size requirements. Pellets from fast pyrolysis and slow pyrolysis differ
by its aromaticity and volatile matter content [172], leading to differences in a shrinkage at higher
temperature. If lignin is selected as binder, a secondary heat treatment temperature above 450 ◦C
should be chosen to form polyaromatic structures between the particles [277]. The additional heat
treatment at elevated temperature also reduces the risk of self-heating under transport and storage [274]
and decreases CO2 reactivity [142]. In summary, the quality of pellets and briquettes is highly improved
by the second heat treatment.

4.6. Electrical Properties

The electrical conductivity is one of the most important properties of carbon reductants in SAF and
EAF [239,253,278]. The electrical conductivity of charcoal is affected by the heat treatment temperature
(carbonization degree), density of the packed bed, particle size and volume fraction of carbon, as well
as operating temperature and pressure inside the furnace [1,201,253,279,280]. Metallurgical coke used
in SAF is expected to have an electrical resistivity of 7–10 mΩ m at room temperature and 1–10 mΩ m
at 1400 ◦C for a particle size of 5–20 mm [37,239,280]. Charcoal on the other hand has an electrical
resistivity above 106 Ω m at room temperature, decreasing to 14–23 mΩ m at 1000 ◦C and 9–18 mΩ m at
1400–1600 ◦C for 5–35 mm respectively 5–10 mm particles [37,201]. The electrical resistivity of charcoal
particles from a heat treatment at 950 ◦C was similar to that of fossil fuel coal char ranging from 1.7 to
3.4 mΩ m [281].

The electrical resistivity of packed carbon beds is higher than that of particles due to larger
contact resistance between particles [279,282]. Electrical resistivity of metallurgical coke decreased
from 10–15 mΩ m at 1000 ◦C to 5–8 mΩ m at 1600 ◦C [37,201]. Packed beds of charcoal particles larger
than 2 mm showed an electrical resistivity of 50 mΩ m at 1100 ◦C and 15–20 mΩ m at 1600 ◦C [37,201].
The electrical resistivity of metallurgical coke decreased by 50% when the particle size increased
from 5–10 mm to 15–20 mm [280]. However, the previous results have also shown that only minimal
differences were observed for small and large sizes of charcoal particles [201]. The compaction
pressure of the burden has a large impact on the electrical resistivity. An increased compaction
pressure decreases the air gap between particles and increases the number of contact points between
the particles, resulting in a decreased electrical resistivity [18,201,279,283].

The loss in ohmic resistance can be attributed to the removal of oxygen groups by carbonization
from the carbon matrix [252,284], especially at temperatures less than 950 ◦C. The high oxygen content
and disordered carbon structure act as insulators in the carbon matrix of biomass, charcoal and
coal [1,285–287], in which a decrease in electrical resistivity of 5 orders of magnitude was observed
after the release of volatile matter [1,288]. Therefore, electrical resistivity of carbon reductants can be
correlated to the ordering of the carbon matrix and its reactivity [281]. The higher electrical resistivity of
charcoal inhibits the conduction of current through the burden inside the SAF [288,289], where ≈5–15%
of current is conducted through [18]. In addition, the higher electrical resistivity of the charcoal enables
a lower electrode tip position, which improves heat distribution in the lower part of SAF [280].
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4.7. Gas Reactivity

Gas reactivity of carbon reductants is an important property for the burden in SAF. About 30% of
the CO2 emission from ferro-managnese and silicomanganese production are related to the Boudouard
reaction (C(s) + CO2 ⇀↽ 2 CO) [290], indicating the importance of a low gas reactivity towards CO2.
A high reaction rate will increase the coke and power consumption and is therefore undesirable in
silicomanganese and ferromanganese production [36]. The CO2 reactivity of metallurgical coke is
investigated according to coke reactivity index (CRI), where the mass loss is measured by difference
after a 2 h heat treatment (1100 ◦C) in pure CO2. The standard can not directly be adopted for
charcoal samples due to its high gas reactivity. By AC-method, charcoals reactivity can be 30 to
40 times larger compared to metallurgical coke [36]. Many researchers investigate the CO2 reactivity
by thermogravimetric analysis at lower temperature, lower CO2 concentration or by non-isothermal
analysis [37,63,204,291,292]. In addition, knowledge of the CO2 reactivity can be adopted from fixed
bed biomass gasification for syngas production [293].

The CO2 reactivities of metallurgical coke and charcoal samples produced at 1060 ◦C were
compared. Carbon conversion of metallurgical coke was in the order (0.2–0.5)·10−2%C s−1,
and thus, about 5 to 16 times lower than that for industrial and laboratory charcoal that ranged
from (2.1–3.2)·10−2%C s−1) [37]. Similar results were obtained by other researchers [105,204], in which
charcoals from forest residues and herbaceous biomass generally have a higher reactivity than those
from stem wood [204]. CO2 reactivity of charcoal samples post treated at temperatures larger than
1600 ◦C approached that of fossil fuel reductants [62,99]. Despite the high porosity and surface area of
charcoal, CO2 reactivity of charcoal samples decreased by about 20–50% when the particle size from
60μm to 1–2 mm [294,295]. Previous studies have shown that up to 70% of the carbon conversion
depends on the external surface area and the potassium content in original feedstock [291]. The higher
reactivity of carbon fines may improve the stability of SAF by the consumption of small particles in the
burden, resulting in an improved gas permeability of the bed.

Alkali and alkali earth metals are stated as catalysts for the Boudouard reaction [158,204,291].
The catalytic index is shown as the quotient of the sum of catalytic elements (K, Ca, Mg, Na, Fe) to
inhibiting elements (Si, Al) [291]. Bio-based reductants with a low mineral matter content showed
a similar reactivity compared to the fossil coke [20]. However, potassium impregnated coke was
more reactive than low ash charcoal, but less reactive than potassium impregnated charcoal [36].
These results indicate a dominating role of potassium on the CO2 reactivity, confirming the previous
results [97]. In addition, alkali and alkali earth metals can recirculate in the burden, resulting in
an accumulation of potassium in the SAF [36]. The CO2 reactivity is also highly affected by CO2

partial pressure [200,296–299]. In addition, the high concentration of CO is desirable for ferroalloy
production to pre-reduce higher metal-oxides in the burden and as a value-added product gas for other
applications [300,301]. Beside the Boudouard reaction, charcoal also reacts with SiO gas in silicon and
ferrosilicon production. The SiO reactivity is determined by passing hot SiO gas (13.5% SiO, 4.5% CO)
through a carbon bed according to the improved SINTEF procedure, which was developed by Tuset
and Raaness in the 1970’s and described elsewhere [302]. The SiO gas will react with the carbon
reductant according to: SiO(g) + 2 C(s) ⇀↽ SiC(s) + CO(g), thereby forming a solid silicon carbide
layer at the surface. Therefore, it can be assumed that the SiO reactivity is mainly depending on the
porosity and accessible surface area of the carbon material, eventually blocking the reaction surface
and decreasing SiO reactivity over time [94]. The general trend is SiO reactivity of charcoal ≥ coal ≥
metallurgical coke ≥ petcoke [94,303,304]. It is also known that about 80% of the silicon from the gas
phase can be recovered in the ferro-silicon production, while 20% of the SiO gas is discharged by the
off-gases [239]. Therefore, woodchips and charcoal can improve the gas permeability of the burden,
prevent the crusting of the charge and increase the recovery of SiO gas [253,305].

215



Processes 2020, 8, 1432

4.8. Slag Reactivity

Reduction of metal-oxide to the pure metals takes place in the liquid state by carbon reductants in
the lower part of SAF, for example by the reaction: MnO + C ⇀↽ Mn + CO. Carbon can be provided
as solid carbon at the contact point between the slag and the “coke” bed, and by the dissolution
of carbon into the liquid metal. The sessile drop wettability test [306] and thermogravimetric
analysis (TGA) at 1600 ◦C [37] are techniques to evaluate the slag-carbon reactivity in ferroalloy
industries. Thus, slag reactivity can be characterized by its dissolution and by the reaction kinetics [253].
In the former, the slag reactivity is depending on the dissolution rate of the carbon material into the
liquid metal phase. Alkali metals in charcoal can decrease the carbon solubility into the liquid metal.
It is known from carbon dissolution into liquid iron that S, P, Si, Al, Ni and Co decrease the solubility
of carbon, whereas Mn and Cr slightly increase it [253]. Charcoal and fossil coke can be equally used
as reductants in silicomanganese production [36], in which the dissolution rate constant is significantly
improved by increasing heat treatment temperature [37,253] due to the increased degree of crystallinity
of the carbon matrix [94]. For example, the dissolution rate constants of coal can vary in the range
0.0011 to 0.0036 s−1 [253].

The kinetics of metal-oxides reduction can be investigated by using TGA coupled with an infrared
analyzer at temperatures above 1500 ◦C [307,308]. A high graphitization degree of the carbon matrix
is beneficial for the high reaction rate. However, reductants with a low degree of graphitization and
large occupying volume fraction tend to have a higher reactivity towards manganese ores due to
their large surface area [278]. Coke has a faster slag reactivity than charcoal and much faster than
graphite, whereas the highest reactivity of charcoal is observed in alkali lean charcoal samples [309].
However, the kinetics for slag and MnO reduction can change by the presence of metal phases, such as
reduced FeO and SiO2 [253,309]. Silicon and ferrosilicon production can be accounted as slag free [30],
and the main reduction reaction is given by the SiO-reactivity as discussed above. Thus, highest
quartz-carbon reactivity can be observed for charcoal and coal [304]. The different tendencies in
reactivity of gas-carbon and slag-carbon inhibit a correlation between the two properties [306].

5. Available Charcoal Technologies

Charcoal has been produced batch-wise in different kiln technologies since millenia, and some of
the old inefficient technologies are still used in developing and newly industrializing countries [8].
In general, charcoal production can be divided into kiln technologies where the heat is provided directly
by the partial combustion of additional feedstock, respectively [25]. A schematic of the different heat
supply system for charcoal production is shown in Figure 2, whereas the production capacity and
production rate are summarized in Table 7. In general, maximum heat treatment temperature for
charcoal production in kilns and retorts is between 450 and 650 ◦C [68,161,220].

The pits and earthmound kilns are the simplest technologies for the charcoal production.
The space capacity of the pits are in the range of 4 to 30 m3 of fuel wood, while earthmound kilns
can be enlarged up to a capacity of 150 m3 [25]. Earthmound kilns have been improved in the second
half of the 19th century by adding a chimney, and provided large amounts of charcoal for iron
smelting industry [25]. The additional chimney enabled a precise control of the air supply by ensuring
optimum draught conditions, and resulting in a greater charcoal yield with better properties [25,310].
The chimney can also act as an air cooler to condense heavy hydrocarbons, acids and water, which are
value-added by-products from pyrolysis process and improve the control of the kiln. Chidumayo
estimated that it is unlikely to futher increase the charcoal production rate of 23.3% in earthmound
kilns [311]. Brick kilns have been used and improved over the last decades. The Missouri kilns provide
a volume capacity of 180–800 m3 and a charcoal yield of 20–30% [160,161], about twice than that of
classical earthmound kilns. The cycle time of these kilns is typically in the range from 7 to more than
30 days [11,160,226]. Largest kilns have a capacity of 2000 m3 and can produce 10,000 tons of charcoal
per year [161].
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Most of the charcoal in the EU is produced in steel retorts [161]. Biomass carbonization is
thereby carried out in continuously operated processes, such as the Lambiotte retort, which is used
since 1942 with a production capacity of 2000–9000 tons of charcoal per year [68]. Heat treatment
temperature in Lambiotte retort is 600 ◦C in the carbonization zone [68]. Other technologies, such as
the Carbon engineering technology are operated at 500 ◦C that is similar to the maximum temperature
in kilns [161,220]. A horizontal retort (also called Twin-retort) has been developed in the 1990s by Norit
B.V., in which multiple retorts can be combined to increase production rate and reduce emissions [6].
Similar technologies are the VMR systems with two retorts and one central combustion chamber and
a production rate of 6000–7000 tons per year [226]. Other retorts are Reichert retort, Lurgi/Degussa
process, Nichols-Herreshoff Process and the rotative furnace [8,25]. Carbonex is the most recent
process, combining the pyrolysis unit with a 1.4 MW power production [161]. The largest industrial
charcoal plants produce about 25,000–27,000 tons of charcoal annually [207,208].

Figure 2. Possible heating systems in charcoal production (after [25,29]).

Table 7. Charcoal production technologies.

Brand or Technology Size Production Rate [mg/year] Sources

Kilns
Earthmound kilns 9.5 m3 945 kg per cycle [11]
Earthmound kilns 400–32,000 m3 [182]
Egyptian process 3–7 tons per cycle (2–3 weeks duration) [5]

1–2 tons per cycle (3–5 weeks cycle) [5]
Double wall kiln 1 m3 [5]
Reactangular kiln 64–106 10 tons per cycle [220]
Brazilian rectangular with tar recovery 80,000 m3 [182]
Brazilian round brick (with chimney) 20,000 m3 [182]
Brazilian hot-tail (no chimney) 4000 m3 [182]
Rima Container Kiln (semi-continuous) 1 ton/hour [160]

Retorts
VMR 6000–7000 [226]
Twin-retort 3 m3 of solid wood 900–11,000 [6]
CML (12 retorts) 2000–3000 [161]
DPC technology 3000–15,000 [161]
CK-1 EKKO (mobile kiln) 300–600 [161]
Lambiotte process 16.3 m height, 600 m3 volume 2000–8000 [68]

5.1. Economics

Charcoal markets are established in Africa, Asia and South-America, where charcoal is the primary
fuel source to urban and rural households. The largest wood charcoal markets in 2018 were Brazil,
Ethiopia and Zambia, with a total market size of about 6.7 billion US dollars [312]. This charcoal was
often produced by earthmound kilns at a low efficiency, but also at low costs [311]. Due to the low capital
expenditures (CapEx) and operating expenses (OpEx), the economics of such charcoal production is
mainly driven by the charcoal market prices and capacity factor for charcoal production [6]. The charcoal
production in the EU countries is always highly affected by the investment costs, OpEx and biomass
price, such as energy saving and production efficiency [166]. Charcoal price of 250 Euro per ton of
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charcoal in 2002 was required to cover investment costs of about 500,000 Euro [6]. However, the cost of
the biomass feedstock is one of the major obstacles for charcoal or bio-oil production [172].

Sweden, Norway and Finland have large unused potential of forest areas available for wood
production, e.g., 19.6 million ha in Finland [313] or about 10–15 million m3 in Norway [200].
Cornifer roundwood, such as spruce and pine, are the main wood species in the northern countries,
accounting for more than 75% of the annual harvest [313,314]. Some sawlogs may not provide the
strength characteristics for a construction industry and can be considered as a possible feedstock for
charcoal production [313]. There is a deficit of biomass mobilization and only limited integration of
biomass resources in other industrial sectors [26], which is also valid for global roundwood markets
with a total global trade volume of 135 million m3 (7% of industrial roundwood production) [313].
The limited market integration can lead to the fluctuations in prices and can also inhibit investment in
new technologies or methods to produce charcoal, whereas the metallurgical industry can be a large
scale customer for renewable reductants over the long term.

Bio-refineries can improve the economics of charcoal production routes by enabling
integrated value-added products at reduced fuel prices, and can be a possible key for future
commercialization [315]. Bio-fuel production, which is well integrated in Europe, can establish the first
stage of a bio-refinery [60], and the solid residues from the emerging bio-fuel markets can be used as
feedstock for metallurgical grade charcoal production. The principles of bio-refinery can improve the
overall economics by utilizing the complete feedstock or minimizing waste stream generation [316].
Charcoal can be extracted from bio-crude production, which would result in an increased number of
decentralized pyrolysis plants to cover the bio-fuel product stream [317]. Bio-oil can be processed and
specific compounds can be separated and used as value-added products [178]. For example, a natural
smoke was extracted and commercialized by Ensyn as a food additive, whereas acetic acid can be used
by chemical industry to produce vinyl acetate or ethyl acetate [178].

Charcoal production in developing countries is often carried out by unskilled operators in pits
and earthmound kilns without a licence [221]. In some countries more than 75% of energy demand
are covered by firewood and charcoal [318,319]. However, the income is especially important for
households with loss agricultural capacity and limited stocks [318] and can account for more than 2%
of GDP of the country [221]. Although the cost share of licensing is very low, sustainable wood sourcing
requires the adequate governmental regulations to reflect the sustainability of a sustainable secondary
forestry [7]. Certification of charcoal by Programme for the Endorsement of Forest Certification (PEFC),
Forest Stewardship Council (FSC) or European Biochar Certificate (EBC) can help to distinguish
between sustainable charcoal produced from secondary forestry and charcoal produced from wood
made from primary forestry. Modern technologies can also increase the conversion efficiency and
reduce the risk of local pollution, while long term contracts can ensure a stable price range for local
charcoal producers and the ferroalloy industry.

6. Discussion

Charcoal has been used in the metallurgical industry over millenia and is partly used in the
ferroalloy industry, such as silicon and silicomanganese production in Brazil. Typical reductants used
for the silicon production are coal, petroleum coke and charcoal, while woodchips are used to ensure
a good gas permeability in the burden [23]. Thus, fossil fuel reductants and renewable reductants
are considered as carbon sources in silicon metal production [320]. Woodchips and charcoal may
fully replace fossil-based reductants when their properties are comparable with the requirements for
the use in open furnaces, e.g., reactivity, mechanical abrasion and mechanical strength. Minimum
requirements vary by ferroalloy production and furnace type, in which reactivity toward CO2 and
dissolution rate into the metal are important parameters for ferromanganese and ferrochromium
production, whereas SiO reactivity is important for ferrosilicon and ferrochromium reduction [94].
The high volatile matter content of classical charcoal is larger than 10 wt.% resulting in off-gas cleaning
issues in closed hearth furnaces during reduction of manganese ferroalloys (both FeMn and SiMn).
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Charcoal fines can cause two types of problem. Charcoal fines can reduce the gas permeability in
the burden, resulting in an unstable operation of the furnace. Another challenge is that charcoal fines
can be carried over into the gas cleaning system by the generated gases. Transport and handling can
result in a fines generation up to 20%, which are not suitable in SAF. Charcoal pellets mixed with the
bio-oil binder showed similar mechanical properties without an impact on the CO2 reactivity to that of
fossil-based coke. The use of organic binders i.e., molasses or starch resulted also in high mechanical
stable pellets and briquettes [275]. However, the high ash content in molasses i.e., K, Na, Ca can interact
with the organic compounds in other organic binders. The disadvantage of charcoal pelletization is the
requirement to comminute particles. Briquettes can be produced from fines without additional milling
and with satisfactory mechanical properties for the ferroalloy industry. The secondary heat treatment is
required to ensure the high mechanical stability of charcoal-based pellets or briquettes.

The large volatile matter content and high CO2 reactivity of charcoal may cause problems in the
burden of SAF. The structural and chemical properties, mineral matter composition of the charcoal can be
adjusted using post-treatment processes [291]. While volatile matter content decreases with increasing
pyrolysis temperature, the ash content increases inversely proportional to the release of volatile matter.
The increased ash content in charcoal may inhibit the use of alkali rich feedstock i.e., wheat straw, rice
husks, bark, etc. In addition, the high alkali metal content of charcoal may cause problems in the upper
part of the SAF where alkali metals tend to accumulate. In addition, different post-treatment processes,
such as acid leaching and high temperature treatment, have shown that the ash content and reactivity
of charcoal can be optimized approaching properties of fossil fuel reductants.

Currently, most of the charcoal is produced in developing countries and is locally used for
heating and cooking. An increased global demand can be covered in a certain range, but a sustainable
production may be limited due to the availability of energy efficient retorts or kilns. Earthmound kiln
and pits can emit harmful emissions and pollute local environment by unskilled operators, such as
local farmers involved in the unlicensed charcoal production. Deforestation and inefficient charcoal
production can finally result in the net GHG emissions and should then be avoided as a substitute
to fossil-based reductants. Certificated charcoal or charcoal from certified producers can reduce the
risk of charcoal from primary forestry, e.g., by Forest Stewardship Council (FSC) or European Biochar
Certificate (EBC). In the long term, modern charcoal retorts can produce high quality charcoal at high
conversion efficiency, ensuring an income for farmers and operators at a stable price.

Charcoal production in Europe can ensure a sustainable biomass production and efficient charcoal
manufacturing. However, the lack of market integration and fluctuation of feedstock prices may
inhibit investments in new technologies. Bio-refineries can combine the production of chemicals,
fuels and reductants. Recent research has shown that properties of charcoal were not negatively
affected by recovering value-added compounds before pyrolysis, for example waxes, steroids or fatty
acids. The liquid by-product from pyrolysis can be used as a binder to enlarge the charcoal yield with
the limited influence on the CO2 reactivity.

7. Summary

Charcoal can be considered as a renewable reducing agent for the ferroalloy industry. Retorts
operated at 550–600 ◦C produce a charcoal with a fixed carbon content greater than 85%, in which
pyrolysis by-products are utilized to provide the thermal heat for the process. Charcoal produced under
these conditions can directly be used in open hearth furnaces for the ferrosilicon and silicon production.
The high SiO reactivity of charcoal makes it a superior reductant compared to coal, semi-coke or
coke. However, the mechanical properties of charcoal are generally inferior to fossil-based reductants,
resulting in up to 20% losses of fines by handling and transport. In addition, the compressive strength
of charcoal is half compared to metallurgical coke, but still sufficient to withstand the mechanical load
by the burden in SAF.

Charcoal fines can be densified through pelletization or briquetting using organic binder such
as bio-oil, starch or lignin to reduce waste streams. It was shown that the mechanical properties of
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densified charcoal are improved by a second heat treatment and would also withstand the load of the
burden in SAF. The organic binders i.e., bio-oil are preferred over the inorganic binders due to the
impact of alkali matter content on the reactivity and mechanical strength of charcoal samples. The high
potassium content in charcoal may be a hurdle, since it catalyzes the Boudouard reaction. Acid leaching
of biomass feedstock or charcoal can reduce the potassium content, and in combination with a high
temperature treatment, concurrently adjust CO2 reactivity that approaches properties of fossil-based
reductants. A secondary heat treatment at temperatures above 1100 ◦C is required to reduce the volatile
matter content to below 1.5%.

Charcoal production in developing countries is only sustainable in a certain range. An additional
charcoal demand is expected to increase local prices, possibly leading to a larger charcoal production
using primary forestry. This can result in a short-term deforestation and charcoal production by
inefficient technologies. Certification such as European Biochar Certificate (EBC) can reduce the risk
of primary forestry and inefficient charcoal production. Using certified charcoal can substantially
contribute to the reduction of anthropogenic CO2 emissions from ferroalloy industry.

Harvesting cycles of 10 years can provide a metallurgical grade charcoal with the properties
approaching that of currently used fossil-based reductants. Large potential of wood is available in
Norway, Sweden and Finnland. However, the high CapEx and OpEx for classical charcoal production
inhibit local charcoal development. Bio-refineries can provide high value-added chemicals for the
energy and chemical sector with the concurrent production of charcoal used by metallurgical industries.
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Abbreviations

The following abbreviations are used in this manuscript.

a Ash
BF Blast furnace
CapEx Capital expenditures
CCS Carbon capture and storage
CHL Cellulose, hemicellulose and lignin
CRI Coke reactivity index
CSR Coke strength after reaction
EAF Electric arc furnace
FC Fixed carbon
FeMn Ferromanganese
GDP Gross domestic product
GHG Green house gases
HC FeCr High carbon ferrochrome
HC FeMn High carbon ferromanganese
HTC Hydrothermal carbonization
OpEx Operating expenses
PAH Polycyclic aromatic hydrocarbons
PM Particulate matter
SAF Submerged arc furnace
ScCO2 Supercritical CO2 extraction
SiMn Silicomanganese
TGA thermogravimetric analysis
VM Volatile matter
VOC Volatile organic compounds
γ yield
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