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Biocarbon is an attractive option to replace fossil carbon for metal production with the benefits of reducing
greenhouse gas emissions and CO:2 footprint. Nowadays, biocarbon is mainly produced from virgin wood
through pyrolysis. As a carbon and energy-intensive industry, large amounts of biocarbon are needed in the
metallurgical industry. With consideration of the increasing price of virgin wood and demands from other
industries for this material source, it is necessary to broaden the biomass resource base. Woody biomasses
with high carbon content and superior mechanical properties are still preferred for producing biocarbon.
Therefore, various non-conventional woody biomasses are considered for biocarbon production, including forest
residues, waste wood, etc. However, compared to virgin wood, the non-conventional woody biomasses often
have high content of inorganic elements. During pyrolysis, the inorganic elements present in the feedstock might
cause problems for the equipment and influence the reactions. A major fraction of the inorganic elements will
remain in the produced biocarbon, which negatively affects the conversion of the biocarbon during metal
production processes and some inorganic elements may influence the quality of the metal products as well.
Demineralization is a process widely used for pretreatment of biomass materials that are rich in or contaminated
with inorganic elements. Water leaching is still the most popular option as it is rather easy to conduct with low
costs and fewer challenges for treating leachates. The objective of this paper was to compile and review the
current literature concerning the demineralization of non-conventional woody biomasses through water
leaching. The review revealed that leaching conditions (i.e., temperature and time) need to be carefully selected
with consideration of the content and present form of the inorganic elements in different biomass materials.
Moreover, the water leaching efficiency under given conditions is also related to the physical properties of the
biomass material (i.e., particle size). In addition to the inorganic elements, the water leaching might also affect
the organic composition (i.e., extractives) of the biomass materials. The properties of leached biomass materials
should be characterized, which can be used for predicting the yield and quality of the produced biocarbon.
Optimal water leaching procedures and conditions need to be identified and tested for maximizing the reduction
of undesired inorganic elements and limiting the negative effect of properties of non-woody biomasses for
biocarbon production.

1. Introduction

The metal production industry is energy-intensive and consumes large amounts of carbon each year.
Consequently, about 10% of annual anthropogenic CO2 emissions are ascribable to the GHG emissions from
the metallurgical industry (Surup, Trubetskaya, and Tangstad 2020). Nowadays fossil-based carbon (i.e.,
metallurgical coke) is mainly used for metal production processes. It is therefore critical to identify, test and use
alternatives to fossil-based carbon, in order to reduce the impacts of the metallurgical industry on the
environment and CO2 emissions as well(Wang Liang et al. 2022). Biocarbon produced from renewable biomass
materials is a promising option, which has gained continuous interest over the past decades. In comparison to
other biomass materials, woody biomasses often have superior properties as a source for producing biocarbon
that is used for metal production processes. Woody biomass from the forest sector is an abundant resource for
biocarbon production (Singhal et al. 2023a). However, compared to conventional woody biomass (i.e., sawdust,
stem wood chips), non-conventional woody biomasses have heterogeneous properties and drawbacks for
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producing biocarbon that is useable for metallurgical applications(Singhal et al. 2023a). One of the main
drawbacks of non-conventional woody biomasses is the high content of inorganic elements that can retain in
the produced biocarbon. The presence of inorganic elements in the biocarbon can give negative effects on the
metal production processes in different ways (Wang Liang et al. 2022). Therefore, it is critical to reduce amounts
of the unwanted inorganic elements in the biocarbon. Water leaching has been studied and tested for washing
away the inorganic elements in the biomass before further thermochemical conversion of it. There are different
factors that will affect the efficiency of leaching out the inorganic elements in biomass materials(Liaw and Wu
2013a). In addition, leaching treatment will also impact the physio-chemical properties of the biomass materials,
which further affect the conversion behaviours of the biomass and yields and properties of products
consequently(Vassilev and Vassileva 2019; Giudicianni et al. 2021). The aim of this work is to critically review
key aspects related to the water leaching of non-conventional woody biomass. The first part of this review briefly
introduces the presence of inorganic elements in biomass materials. The second part focuses on a review on
laboratory studies on water leaching of biomasses. It covers factors affecting water leaching efficiency and key
findings available in the literature. The third part of the review is devoted to discussions on influences of leaching
on yields and properties of products from non-conventional woody biomasses, focusing on the application of
biocarbon for metal production. In the end, summary and outlook are provided regarding challenges, obstacles
and possibilities for efficient water leaching of non-conventional woody biomass, in order to produce biocarbon
with desired properties for metal production.

2. Concentration and form of inorganic elements

The inorganic elements in the biomasses are normally nutrients that are essential for plant growth. In general,
the inorganic elements in the biomasses can be grouped as major elements including Ca, K, Mg, P, S, Si and
Al, which often are abundant in most biomass materials with high concentrations (i.e., >1000 ppm)(Werkelin et
al. 2010). On the other hand, inorganic elements such as Mn, Fe, Zn and Ti are regarded as minor ash
elements(Vassilev et al. 2012). The inorganic elements are taken by the plant from surrounding environment in
aqueous solutions, mainly through the roots. For most of the inorganic elements, uptake of them involves the
transportation of ions, through controlled and active processes(Giudicianni et al. 2021). For the Si and Al, the
uptake of them might be a passive process, as they can be in aqueous solutions and from external
contaminations or directs (i.e., sand and soil)(Werkelin et al. 2010). The concentration of inorganic elements in
different biomasses are significantly different, even for the different parts from one plant. For the woody
biomasses, previous studies reported that the concentrations of all inorganic elements are the lowest in
comparison to those in bark and forest residues(Werkelin et al. 2010; Zevenhoven et al. 2012; Vassilev and
Vassileva 2019). The bark from trees often has high content of Ca and Al. The concentrations of Ca in the bark
are especially high, which can be in the range of 5000-25000 ppm(Werkelin et al. 2010). Whereas the twigs are
rich in K, P, S and CI. The concentrations of K and P in the twigs can be as high as respectively 9500 ppm and
3500 ppm, which are respectively about 2-3 times and about 100 times higher than those in bark and stem
wood(Werkelin et al. 2010). Even for the bark from one tree, the concentration of inorganic elements can also
be quite different. For example, the content of K in stem wood bark is generally lower than that of branch bark.
The inorganic elements such as K and P are essential nutrients needed for the growth of plants, which are often
concentrated in the biological active parts of one plant, such as twigs, needles and bark(Liu and Bi 2011). In
addition, the concentration of inorganic elements varies considerably between different woody biomasses, even
for the stem wood. It was reported that the concentration of K in aspen is about 8500 ppm, which is about 1.5
times higher than in spruce, birch and pine wood(Werkelin et al. 2010). In addition to the absolute concentration,
the chemical form of the inorganic elements is also critical, affecting the transformation chemistry of them during
thermochemical conversion processes and specification of them in the final conversion products, such as
biocarbon. The inorganic elements are generally present in the biomass materials in various forms, including
oxides and hydroxides, silicates, sulphates, sulphites and sulphides, phosphates, carbonates, chlorides and
nitrates(Vassilev and Vassileva 2019). Generally speaking, the virgin biomasses contain high amounts of
carbonates, chlorides, oxalates and phosphates(Vassilev et al. 2012). The concentrations and distribution of
them in one kind of biomass depend on genetics, growing conditions, harvest time and storage and processing
conditions before the final conversion and utilization(Giudicianni et al. 2021).

3. Water leaching of woody biomass
3.1 Water leaching

The leaching of biomass has been studied using different leaching agents. The inorganic elements in biomasses
can be generally grouped based on their solubility in different leaching agents, which also indicate their
associations in biomass materials. The inorganic elements in biomasses, according to their solubility, are in
categories of dissolved salts, organically bound matter, included mineral matter and excluded matter(Vassilev
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and Vassileva 2019; Werkelin et al. 2010). Dissolved salts are normally found as ions (K*, Na*, Ca?*, ClI-, HPO4>~
» SO4?%7) in the fluid matter in the plants, which are water-soluble(Werkelin et al. 2010). The dissolved salts have
different mobility during water leaching in the order of phosphates < carbonates < sulphates < chlorides <
nitrates(Vassilev and Vassileva 2019). It has been reported that water leaching can considerably reduce the
content of alkali metals (potassium and sodium), sulfur, chlorine, phosphor, and alkali earth metals to a certain
extent. However, water leaching is ineffective in removal of Si, Al and Fe in biomass materials. Acids, as leaching
agents, have a stronger capacity to remove organically associated and water-insoluble salts. However, acid-
washed biomass materials can not be used for thermochemical conversion processes, which must be
neutralized for avoiding corrosion of the conversion facilities and eliminate issues related to health of
operators(Singhal et al. 2023a). Extra steps and water are needed for neutralizing the acid washed biomass
materials, which are economic and environmental challenges for the industry(Singhal et al. 2023a). On the other
hand, water leaching is a simple and practically feasible way to reduce the content of inorganic elements that
are unwanted in biomass for thermochemical conversion processes. In addition, the leachates from water
leaching of biomass are much easier to handle, which has the potential to be further used with considering the
high content of inorganic elements such as K and P that are technically recyclable nutrients(Giudicianni et al.
2021). Therefore, water leaching of biomass materials, in comparison to using other leaching agents such as
acid, is attracting more attention due to its operational simplicity and low investment costs.

3.2 Leaching methods

In previous studies, water leaching of biomass materials, including non-conventional woody biomasses, were
conducted by using laboratory batch and semi-continuous setups. For the batch leaching process, the biomass
material is loaded in a container and mixed with either distilled water or deionized water. The biomass material,
for example chips or powders with different sizes, were immersed in the water. In order to enhance leaching
efficiency, the container mixture of biomass and water was shaken on a shaker with a certain shaking
frequency(Singhal et al. 2023a). The other way is to keep the container still, but stirring the mixture continuously
with for example a magnetic stirrer(Stefanidis et al. 2015). After washing under certain condition and time, the
solid were rinsed first and then dried to determine the concentration of remaining inorganic elements. The
mixture of leaching solvent and rinsing water would also be analyzed for elemental concentrations. There are
several advantages of a batch leaching test that are easy to control and it is easy to manipulate leaching
conditions and repeat leaching procedures to get repeatable results. However, for the batch leaching process,
there might be resorption of water-soluble inorganic elements that do not end up in the leachates(Singhal et al.
2023a). Considering this, a semi-continuous water washing method was proposed to enhance direct contact of
water and biomass materials and improve leaching efficiency(Wang et al. 2023; Liaw and Wu 2013b). The
biomass material was loaded and trapped (i.e., with net or sieve) into a reactor and the water is used as mobile
phase to continuously flush the solid material, which also brings the leached aqueous solutes out of the reactor.
The leaching was completed after desired washing time(Liaw and Wu 2013b). Then the leached solid was
filtered and dried for further analysis of concentration of inorganic elements. The semi-continuous leaching
process was mainly conducted to study effect of leaching conditions on concentration of remaining water-soluble
elements in biomass materials without analysis of the content of them in the leachates(Wang et al. 2023).

3.3 Leaching conditions

Efficiency for leaching water-soluble inorganic elements in biomass materials can be affected by several factors,
including leaching time, water temperature and solid-liquid mixing intensity. Effect of leaching time on
concentration of Norway spruce (Picea abies) bark has been studied by Singhal et al.(Singhal et al. 2023a).
Figure 1 shows the effect of leaching duration on the removal efficiencies of two abundant inorganic elements
in the studied bark. For both K and P, the continuous removal of them can be observed from Figure 1. A much
higher concentration reduction of K can be observed, which is ranged from 30% at 0 min to about 80% at 180
min. It was also reported that rather intensive and rapid removal of K was obtained till 10 min(Singhal et al.
2023a). On the other hand, removal of P by water leaching was not so evident, even after 180 min leaching
treatment. The continuous removal of inorganic elements in the biomass materials through batch water leaching
indicates that different leaching mechanisms govern the leaching process over an extended time. In the first
stage, inorganic elements with high solubility dissolve rapidly in the water(Liaw and Wu 2013a). With longer
leaching time, organics in the biomass will also be leached, including acid, propanoic, lactic acid and phenols.
The dissolving of these organics causes a change of pH in the leachates, which will facilitate the removal of
some ion-exchangeable and acid-soluble inorganic elements that have poor solubility in the water(Liaw and Wu
2013a; Singhal et al. 2023a). In addition to leaching time, an increase of water temperature can also promote
the dissolving of inorganic elements in the water(Fu et al. 2021). A combination of long leaching time and high-
water temperature (i.e., 50-75°C) has been proposed as an efficient way to reduce the content of ash and water-
soluble inorganic elements in biomass(Singhal et al. 2023a). Solid-liquid mixing intensity is the other factor that
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has been considered and studied for the batch water leaching process. As reported in previous studies, the
mixture of biomass and water was stirred or shaken along the leaching process(Giudicianni et al. 2021). It
enhances the penetration of water in the microstructures of biomass materials and contacts between water and
inorganic elements(Skoulou et al. 2009). The efficiency to leach out the water-soluble elements in the biomass
materials was increased consequently.
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Figure 1: Effect of leaching duration and agents on removal efficiencies of K and P in spruce bark(Singhal et al.
2023a)

4. Effect of leaching on properties of woody biomass

4.1 General properties

The main purpose of leaching woody biomass is normally to reduce the content of ash and unwanted inorganic
elements that play negative roles for further thermochemical conversion processes.
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Figure 2: Effect of leaching on fixed carbon and elemental carbon content of spruce bark

The water leaching can also impact general properties of woody biomasses to a certain extent. Singhal et al.
conducted intensive leaching studies on Norway spruce bark with detailed characterization of leached
bark(Singhal et al. 2023a). It was found that, in addition to ash content, the content of fixed carbon and elemental
carbon of the leached bark decreased as well(Singhal et al. 2023a). During the leaching process, part of the
organic substances in the woody biomass can be extracted with water. One example of such organic substances
is extractives in the woody biomass, which account for 5-30% of wood biomass on dry weight basis(Hérhammer
et al. 2018). The extractives are often hydrophilic with composition of for example polyphenols, terpenes and
fatty acids(Hérhammer et al. 2018). With long enough leaching time, the extractives can be either dissolved in
the water or mechanically detached from the parental woody biomass, which results in decrease of carbon
content in the leached materials.

4.2 Inorganic elements

The effect of water leaching on ash content of woody biomass is highly variable. Figure 3 shows selected results
reported in previous work dealing with water leaching of pine and spruce bark(Stefanidis et al. 2015; Singhal et
al. 2023a). The pine and spruce bark were both washed in a batch reactor at room temperature with different
durations. As shown in Figure 3, the ash removal efficiency can be considerably different upon leaching time
and size of sample particles. As reported by Stefanidis's work, the highest ash removal efficiency was obtained
from the ground pine bark with a smaller size and long leaching time of 72 hours, which is about 4 times higher
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than that of the value obtained from the same sample but with 24 hours duration(Stefanidis et al. 2015). In the
same study, evidently lower ash removal efficiencies were obtained from the sample with larger particle sizes.
In the other work, spruce bark, as small chips with size of 5 mm, was leached by water with different durations.
It is interesting to see that the efficiency for washing away the ash is about 7% with a leaching time of 0
minutes(Singhal et al. 2023a). It means the spruce bark sample was poured with water within 5-8 second and
the leachate was simultaneously collected from the bottom of the batch leaching reactor(Singhal et al. 2023a).
However, even with extending of leaching time to 3 h, the ash removal efficiency just increased to 11%(Singhal
et al. 2023a). The collected data indicate that efficiency to leach out ash in biomass materials can be related to
physio-chemical properties of biomass such as particle size and biomass species.
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Figure 3: Effect of water leaching duration on removal efficiencies of ash in pine and spruce bark. (a) data from
from (Stefanidis et al. 2015), (b) data from (Singhal et al. 2023a).
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Figure 4: Amount of total and leachable K and Ca in spruce wood, bark and twigs

Figure 4 displays concentration of water-soluble K and Ca in the spruce bark, twigs and wood against the
concentration of the two elements in three dried samples as reported by Werkelin et al.(Werkelin et al. 2010). It
clearly shows that there are significantly different concentrations of the two elements in the different parts of the
tree. Good correlations were found between concentrations of total K and water-soluble K in the studied woody
biomasses(Werkelin et al. 2010). On the contrary, the Ca has poor solubility in water, although the total
concentrations of Ca in the initial dried samples are much higher. It has been reported that over 80% of
monovalent ions of alkali metals can be leached out by water leaching even for a short time of about 10
minutes(Werkelin et al. 2010). On the other hand, divalent ions of earth alkali metals (Mg?* and Ca?*) are rather
difficult to remove only by water leaching but can be readily leached by acid(Werkelin et al. 2010; Singhal et al.
2023b). Therefore, the alkali earth metals have high tendency to remain in the water-washed woody biomass.

5. Conclusions

Water leaching is an efficient way to reduce the concentration of certain inorganic elements in woody biomass.
The efficiency for leaching away the inorganic elements are affected by several factors including leaching
condition and procedures and physio-chemical properties of initial biomass materials. It is important to conduct
detailed analyses of the biomass materials and take into account the specific chemical composition of each
biomass component before the water-leaching treatment. For the current published works reporting water
leaching of woody biomass, most of them started by using ground materials with small particle size. Further
work focusing on biomass materials with a wide range of sizes are needed, which gives more practical indication
for further industrial applications.
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