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ABSTRACT

The effect of steam explosion on enzymatic hydrolysis of various parts of poplar tree
(heartwood, sapwood and 1-year coppice) was investigated. These parts were milled, the
obtained sawdust was chemically analysed and then steam explosion of 0.7 mm poplar particles
at temperature of 205°C was performed. Concentration of monomers obtained after enzymatic
hydrolysis was considered as the main indicator for cellulose accessibility. Analysis of high
performance liquid chromatography showed that non-treated poplar sawdust does not enable
sufficient cellulose accessibility, while excessively high temperature and rapid pressure release
resulted in substantial breakdown of polysaccharides and lignin and formation of inhibitors. The
concentration of monomers increased gradually in the order of coppice, sapwood and heartwood.
Steam exploded heartwood gave the maximum monosaccharides concentration of 90.0 gL-1
after 72 hours of enzymatic hydrolysis. However, glucose concentration culminated after
48 hours of this hydrolysis. This corresponds to the best holocellulose accessibility for enzymes.
The maximum concentration of inhibitors (9.3 gL "l) was determined for poplar coppice after
24 hours of enzymatic hydrolysis.

KEYWORDS: Coppice, heartwood, Populus alba, sapwood, second generation bioethanol, steam

explosion, pretreatment.
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INTRODUCTION

The white poplar (Populus alba L.), also known as silver poplar or silverleaf poplar (Webb
et al. 1988), is a species most closely related to the aspens. Poplars are traditionally grown on
formerly agricultural land but forest land holds great potential for poplar production due to
available large area for possible growth of such woody plants (Bohlenius et al. 2020). In many
parts of the world, fast-growing trees of the genus Popu/us are the most appropriate, and are often
used in plantation forestry, eventually, poplar plantations are considered intensively for their
conversion into bioenergy, especially bioethanol (DeBell and Harrington 1997, Tullus et al. 2007,
Christersson 2008, Mao et al. 2010, Tullus et al. 2012, Kac¢ik et al. 2012, Dimitriou and Mola-
Yudego 2017, Béhlenius et al. 2020). Although some fast-growing plants such as several species
of Miscanthus have been experimentally grown in Slovak Republic (Préik and Kotrla 2016), soft
fast-growing trees (such as poplars) are a good alternative for second generation bioethanol
production due to their better land availability and relatively high holocellulose content (Krutul et
al. 2019). The fast-growing trees (also include willows, alders and acacias or wooden bushes) are
usually cut younger and the period between their planting and harvesting is significantly shorter
compared to the standard trees which are woody perennial plants with single, well-defined
stem and grow among forest vegetation. The period between fast-growing trees planting and
harvesting ranges between 2 years and 5 years and planting is usually renewed between twentieth
and thirtieth year of their age. It is also known that the fast-growing woody plants are able to
produce a larger volume of biomass in the same area every year when compared to standard
perennial trees. Some fast-growing tree species could also counteract growth losses owing slash
and stump harvest (Jong et al. 2017). The crucial parameters in the selection of fast-growing
trees include their availability, suitability for the given soil type, climatic conditions and potential
annual yields per hectare. In our geographical region, the growth of dry matter can reach 4.67
tonnes-halyear! for poplars and 5.09 tonnes-halyear? for willows, respectively (Stolarski et al.
2013).

The cellulose and lignin content in wood increases gradually in parallel with age, while
content of hemicelluloses (pentosans) decreases (Prosiriski 1984). Thus, the lower lignin content
in fast-growing trees can be advantageous because lignin is one of the inhibitors of 2G bioethanol
production processes. With regard to these processes, lignin is not a desirable component in
plant cell, as it is particularly difficult to biodegrade. Its recalcitrant nature makes this three-
dimensional polymer molecule a physical obstacle to the action of enzymes during enzymatic
hydrolysis (Robak and Balcerek 2018, Xu et al. 2019). Cellulose accessibility is also influenced
by the presence of covalent bonds between lignin and carbohydrates that hinder the selective
removal of lignin (Kontturi et al. 2008, Russ et al. 2016, Jablonsky et al. 2018a). It is also known
that lignin is most likely attached to carbohydrates by the notorious lignin—carbohydrate complex
(LCC) linkages (Fu and Lucia 2003). Various authors have assumed that LCC ester/ether
linkages between lignin and hemicelluloses that are a part of carbohydrates in lignocellulosic
materials are thought to be the major impediments to enzymatic accessibility (Hatfield et al.
1999, Chundawat et al. 2010, Chundawat et al. 2011, Thian Hong 2013). However, lignin as
a substantial part of biomass may be a source of aromatic compounds and has the greatest
potential to become an essential substance in the future, because in some ways it can substitute
fossil fuels as a source of chemicals with added value (Jablonsky et al. 2018b). On the other hand,
woody biomass generally has a lower content of pentoses than agricultural biomass waste, which
is favourable for conversion to second generation bioethanol. Pentose decomposition to furfurals
(in particular 5-(hydroxymethyl) furfural and furfural) during thermo-hydro-mechanical
pretreatments leads to low yield of monosaccharides and fermentation of pentoses is relatively
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difficult as well (Zhu and Pan 2010). Wood of deciduous trees, including poplar, show a relatively
higher lignin content which is more compact than in the typical herbaceous residues. It enhances
their high recalcitrance to release monosaccharides during enzymatic hydrolysis (Pazitny et al.
2019a). Nevertheless, poplar wood can provide much higher biofuel amount calculated from
certain biomass weight compared to agricultural biomass plants and it is comparable to some grass
species (Feng et al. 2017).

Since the structure of poplar wood includes low accessible holocellulose with relatively
high cellulose content, correspondingly, harsher pretreatment conditions are required for poplar
wood, leading to an increased consumption of thermal energy and to a higher formation of toxic
enzymatic hydrolysis and fermentation inhibitors. The amounts of these soluble inhibitors and
their distribution depend on the type and severity of pretreatment, concentration of lignocellulosic
solids during pretreatment and hydrolysis, and biomass type. (Kim et al. 2011). The toxic
enzymatic hydrolysis and fermentation inhibitors become more pronounced as the biomass
concentration in the hydrolysis slurry increases (Palmqvist et al. 1996, Tengborg et al. 2001,
Jorgensen et al. 2007, Hodge et al. 2008). Therefore, many promising pretreatment methods
have been developed to disintegrate the compact woody structure. Steam explosion pretreatment
belong to the group of physicochemical pretreatment methods. Continuous variations of steam
explosion pretreatment include steam extrusion pretreatment, however, for effective enhancement
of cellulose conversion to monosaccharides the use of chemicals such as alkali is required in such
pretreatment (Gigac et al. 2017, Stankovskd et al. 2018) or they can be combined with batch
pretreatments in order to reach higher holocellulose accessibility level (Pazitny et al. 2019b).
Steam explosion is a thermo-mechanico-chemical pretreatment which induces a breakdown of
lignocellulosic material by chemical modification from in situ generated acids which principally
cause the depolymerization of hemicelluloses and by mechanical action due to high shearing
forces applied to the lignocellulosic material during the explosive release. The process enhances
the recovery of monosaccharides and makes biopolymers such as cellulose and hemicelluloses
more accessible for subsequent processes such as enzymatic hydrolysis, fermentation or
densification (Pazitny et al. 2019a). The steam explosion process has been extensively studied to
improve the enzymatic hydrolysis process of various cellulosic pulp types including agricultural
biomass wastes that are produced to a large extent (Jiang and Guo 2016, Pazitny et al. 2019a).

MATERIAL AND METHODS

Materials

The parts of white poplar (Populus alba L.) trees — heartwood and sapwood, and coppice,
which grew from the roots of the same trees, were obtained from Bratislava region (Slovak
Republic). Cellic CTec3 was used as a ready-to-use stabilized enzyme complex supplied by
Novozymes A/S (Bagsverd, Denmark) for degradation of lignocellulosic raw material to
fermentable monosaccharides. The enzyme activity was measured to be 1.700 BHU (Biomass
Hydrolysis Units)/g product in laboratory.

Methods

Poplar tree parts such as heartwood, sapwood and coppice (Fig. 1) were purified from silt,
stripped of leaves, debarked, shaved and pretreated mechanically by dry milling in Brabender mill
(Brabender®, GmbH & Co. KG, Germany). A bottom sieve was used to obtain a finer fraction,
however, a 0.7 mm mesh screen was finally used for the laboratory experiment. For quantification
of components such as lignin, holocellulose and cellulose, the analytical methods were used —
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T 222 om-98 and Tappi UM 250 for Klason and acid soluble lignin determination, Wise's
method for holocellulose determination, and ISO 692 for cellulose determination, respectively.
Holocellulose includes a water-insoluble fibrous network which is formed by cellulose hydrolysable
to glucose and hemicelluloses hydrolysable to various hexoses and pentoses.

Fig. 1: Samples of poplar (Populus alba L.): (a) cross-section of poplar and mechanically treated parts
thereof — (b) heartwood shavings, (c) sapwood shavings, (d) chips of coppice.

The 0.7 mm poplar particles were impregnated with fresh water so that the final relative
humidity of the samples during the steam explosion was 85% w/w. The samples were soaked in
water at 20°C for at least 1 hour prior to steam explosion pretreatment. A quick determination of
dry matter in samples was performed on moisture analyser Denver IR35 that uses infrared sample
heating. Poplar wood samples (20 g 0.d. or 50 g 0.d.) were finally pretreated in a 2 L stainless steel
batch reactor for steam explosion pretreatment (Amar Equipments Pvt. Ltd., India). The reactor
was used for steam reactions of poplar samples at a temperature of 205°C. The retention time
of each thermo-hydro-mechanical experiment (steam explosion) with poplar wood was 10 min.

Enzymatic hydrolysis of the original and pretreated poplar wood particles with Cellic Ctec3
at an average dose of 0.86% w/w (g Cellic Ctec3/100 g suspension) was carried out in orbital
shaker-incubator ES-20/60 (BioSan Ltd., Republic of Latvia) at 50°C, pH = 5.0 for 72 hours and
12.5% w/w suspension of the poplar samples. The pH value was adjusted continuously during
the hydrolysis process using 0.1 N sulphuric acid or 0.1 N sodium hydroxide. The samples of
hydrolysed poplar particles were sampled after 24, 48 and 72 hours.

Concentration of monosaccharides and inhibitors was determined using the procedure of
National Renewable Energy Laboratory (Sluiter et al. 2008). Monosaccharides (glucose, xylose
and arabinose) and inhibitors (formic acid, acetic acid, 5-(hydroxymethyl)furfural and furfural)
were determined in hydrolysates by HPLC method with Rezex ROA (organic acid) H+ column.
The mobile phase was 0.005 N sulphuric acid at a flow rate of 0.5 mL-min"! and temperature

set to 30°C. Chromatography data processing was performed by the software Clarity version
5.3.0.180 (DataApex Ltd., Czech Republic).

RESULTS AND DISCUSSION

Poplar wood as a potential lignocellulosic material in 2G bioethanol production
Poplar is one of the most known fast-growing trees and is also one of the most utility
hardwoods in several countries. It is used for the production of pallets, crates, upholstered
furniture frames, paper (pulpwood) and plywood. Wastes obtained from treatment of this
hardwood type and from the wooden products made from poplar wood are potentially suitable
raw lignocellulosic materials in 2G bioethanol production. It has been predicted that the total
average yield of hybrid poplar (89 millions of tonnes) in Upper Mississippi River Basin, USA,
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covering 493,000 km?2, can provide 26 billion litres of biofuel (Tab. 1) which is comparable to
some grass species (switchgrass). However, average yields of corn or soybean were calculated
several times lower compared to average yield of hybrid poplar and that is why poplar is a more
promising lignocellulosic material for 2G bioethanol production compared to agricultural
resources (Feng et al. 2017). According to the predicted data, it is therefore possible to produce
more than 292 litres of biofuel from 1 tonne of hybrid poplar biomass on average.

Tab. 1: Biomass and biofuel yield prediction with average biomass yield for switchgrass, Miscanthus, and
hybrid poplar (Feng et al. 2017).

Biomass species Average yield of biomass Biofuel amount
(Millions of tonnes) (Billion of litres)
Switchgrass 101 30
Miscanthus 268 79
Hybrid poplar 89 26
Corn 34 11
Soybean 9 2

In Slovakia, areas forested with coppiced woods originating from stump and root shoots
including a higher quality coppice with standards can be used for fast-growing trees such as
poplar and also other fast-growing species. Currently they form 5.3 % of the total area of forest
stands. The most common among coppice species (including coppice with standards) are oak and
black locust. Of the introduced species, black locust is the most prevalent, followed by Austrian
pine (Pinus nigra) and cultivated poplars (Green report 2019, Ministry of Agriculture and Rural
Development of the Slovak Republic).

Chemical composition of poplar wood from different parts of tree

The highest holocellulose content was determined in poplar sapwood (75.3 % w/w o.d.) and
the lowest holocellulose content was in case of poplar heartwood (63.6 % w/w o.d.), however, in
this case the lowest total lignin content of 19.4% w/w o.d. was determined. As expected after
holocellulose determination, the highest cellulose content determined according to the ISO 692
was achieved in case of poplar sapwood (49.9% w/w o.d.). It was found that coppice and sapwood
(Fig. 1) had a similar chemical composition but other than heartwood (Tab. 2). Heartwood is the
oldest tree part and that is why the cellulose and lignin content was higher compared to sapwood
or coppice, while content of hemicelluloses was lower in line with the literature (Prosiriski 1984).

With respect to the fibrous network comprising total lignin and holocellulose, chemical
composition of coppice and sapwood is rather similar to bagasse or cotton stalks. These
lignocellulosic materials routinely utilized for papermaking contain comparable amount of oven-
dry holocellulose and total lignin (Pazitny et al. 2011). They are also expected to be suitable for
2G bioethanol production as they contain a high proportion of holocellulose. Additionally, the
cellulose contents of analysed samples were significantly higher compared to data published for
some grass species such as switchgrass or Miscanthus with cellulose content of 40% w/w (PazZitny

et al. 2013).
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Tab. 2: Chemical composition of poplar heartwood, sapwood and coppice.

Part of poplar tree Holocellulose | Cellulose | Total lignin
(% w/w o.d.)
Heartwood 63.6 42.8 19.4
Sapwood 75.3 49.9 21.5
Coppice shoots 74.9 44.7 21.6

As lignin causes inhibition of 2G bioethanol production processes, in terms of lignin content
the most suitable part of poplar tree is poplar heartwood. Compared to lignin content determined
for sapwood and coppice, the differences at the level of approximately 1% w/w o.d. are not very
significant. However, it should be emphasized that holocellulose and cellulose content in poplar
heartwood is much lower compared to poplar sapwood and coppice and they are therefore more
appropriate for use in 2G bioethanol production.

Enzymatic hydrolysis of the steam explosion pretreated poplar wood

The concentration of monosaccharides was determined in accordance with the procedure of
National Renewable Energy Laboratory (Sluiter et al. 2008). The polymeric carbohydrates were
hydrolysed into the soluble monomeric forms. They were then measured by the high performance
liquid chromatography (HPLC) method. The results showed that the concentrations of
monosaccharides were strongly affected by enzymatic hydrolysis time, however, oligomers
were not analysed due to their negligible concentration. In general, the concentration of
monosaccharides increased with enzymatic hydrolysis time. It was also found that the steam
explosion pretreatment of poplar particles at temperature of 205°C caused the sharp increase of
concentrations of monosaccharides in hydrolysates compared to non-pretreated poplar particles
which is consistent with our previous research in this field (Pazitny et al. 2019a, Pazitny 2019).
The maximum concentration of total monosaccharides at 90.0 gL (enzymatic hydrolysis time
of 72 hours) and the highest glucose concentration at 70.4 g-L.! (enzymatic hydrolysis time of
48 hours) were achieved in case of pretreated poplar heartwood (Fig. 2). Steam explosion and
subsequent enzymatic hydrolysis of poplar heartwood also provided concentration enhancement
of two pentoses — xylose with concentrations of 16.4 gL.-1, 16.5 g1, 18.5 g1, and arabinose
with concentrations of 3.3 g1, 2.9 ¢ L1, and 2.6 gL for sampling time 24, 48, and 72 hours,

respectively.
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Fig. 2: Effect of steam explosion (STEX) at temperature of 205°C on concentration of monosaccharides
(glucose, xylose, and total monosaccharides) in bydrolysates obtained during enzymatic hydrolysis (EH) of
mechanically treated poplar heartwood.
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Steam explosion pretreatment and subsequent enzymatic hydrolysis of poplar sapwood
also gave high glucose and xylose concentrations. The maximum total concentration of
monosaccharides (84.9 g-L-1) was achieved after 48 hours of enzymatic hydrolysis. Xylose
concentration reached the maximum value (18.1 g-L-1) after 72 hours of enzymatic hydrolysis

(Fig. 3).

Concentration ofmonosaccharides (g.1:1)

Fig. 3: Effect of steam explosion (STEX) at temperature of 205°C on concentration of monosaccharides
(glucose, xylose, and total monosaccharides) in hydrolysates obtained during enzymatic bhydrolysis (EH) of
mechanically treated poplar sapwood.

In experiments with poplar heartwood or poplar sapwood it can be observed that the
arabinose concentration decreased with enzymatic hydrolysis time. In contrast, the xylose
concentration mildly increased in both enzymatic hydrolysis experiments. The different total
concentrations of pentoses in initial hydrolysates of non-pretreated samples might be caused
by various ratio of hemicelluloses in poplar heartwood (20.8% w/w 0.d.) and sapwood (25.4%
w/w o0.d.). Eventually, higher lignin content in poplar sapwood compared to poplar heartwood
can eventually cause more effective barrier blocking the interaction between enzymes and

carbohydrates (Xu et al. 2019).
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Fig. 4: Effect of steam explosion (STEX) at temperature of 205°C on concentration of monosaccharides
(glucose, xylose, and total monosaccharides) in hydrolysates obtained during enzymatic hydrolysis (EH) of
mechanically treated poplar coppice.
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Glucose and xylose concentrations significantly increased by applying the steam explosion
at temperature of 205°C to the mechanically treated poplar coppice too. The maximum total
concentration of monosaccharides (76.7 g-LL-1) was achieved after 72 hours of enzymatic hydrolysis
(Fig. 4). At this hydrolysis time, glucose and xylose concentration reached maximum (61.3 g-L.-1
and 15.4 g-L-1, respectively). Arabinose was not identified.

Inhibition compounds were also identified and quantified by the HPLC method. The
maximum concentration of inhibitors (9.3 g'L1) was determined for hydrolysed poplar coppice
with culmination after 24 hours of enzymatic hydrolysis. The main inhibitor for each hydrolysed
poplar sample was acetic acid acting as a slight hydrolysis inhibitor (Yang et al. 2011). Its
concentration ranged from 0.4 gL (heartwood) to 1.7 g1 (sapwood) for the non-pretreated
substrates and from 4.9 g-L-1 (sapwood) to 6.0 g-L-1 (coppice) for the steam-exploded substrates.
Other inhibitors such as formic acid were exclusively observed in the steam exploded substrates,
5-(hydroxymethyl)furfural and furfural were also identified, however, 5-(hydroxymethyl)
furfural and furfural were observed only in pretreated and hydrolysed poplar coppice shoots.
The maximum concentration of formic acid was determined for hydrolysate of steam explosion
pretreated coppice shoots (1.5 g'L1). This hydrolysed substrate contained 5-(hydroxymethyl)
furfural and furfural with maximum concentrations of 0.6 gLl and 1.6 gL-1, respectively,
culminating after 24 hours of enzymatic hydrolysis.

In general, among all poplar tree parts, poplar heartwood provided the maximum
concentration which corresponds to the highest accessibility of cellulose for enzyme reagents.
Concentrations of monosaccharides in enzymatic hydrolysates of individual poplar tree parts
subjected to mechanical treatment and steam explosion pretreatment at high temperature were
affected by several factors. Recalcitrance factor that impedes the efficient enzymatic hydrolysis
of cellulose is related to the cell wall heterogeneity and the polymer interaction forming a tightly
packed structure (Jiang et al. 2017). Such packing density also related to hemicelluloses diffused
into the inter-fibrillar space through fibre pores, which physically limits enzyme accessibility to
the cellulose molecules (Meng and Ragauskas 2014). The high basic density of the lignocellulosic
material in the hydrolysis reaction mixture also contributes to slow down the diffusion of the
enzyme within the cellulosic structure, even if the concentrations of additional reagents including
enzyme reagents are high. The mechanical treatment of such materials is difficult and energy
intensive as well. Soft deciduous species have the lowest basic density, followed by softwoods and
then hardwood deciduous species (Petrds et al. 2019). Since poplar wood has a lower basic density
at the level of 370 kg'm=3, which is comparable to some softwoods tree species or even lower, high
concentrations of monosaccharides in hydrolysates by using of steam explosion pretreatment are
expected and for this reason it is very appropriate to use poplar tree parts in enzymatic hydrolysis
and 2G bioethanol production. For comparison, Miscanthus in compressed form, which is also
the lignocellulosic substrate suitable in 2G bioethanol production, can reach the bulk density of
256 kg-m3 (Turner et al. 2018). Eventually, constructional and thermal insulating boards made
from some recycled lignocellulosic materials utilizable for 2G bioethanol production can have

density up to 200 kg-m3 (Russ et al. 2013).

CONCLUSIONS

This study demonstrated the potential suitability of the selected parts of poplar tree such
as heartwood, sapwood and coppice for enzymatic hydrolysis and 2G bioethanol production
processes. Concentration values were determined for individual monosaccharides in hydrolysates
obtained during enzymatic hydrolysis of mechanically treated particles made from poplar. The
effect of steam explosion (STEX) at temperature of 205°C on concentrations of monomers such as
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glucose, xylose and arabinose was monitored for the individual lignocellulosic samples to evaluate
holocellulose accessibility enhancement.

Among all poplar tree parts, heartwood gave the maximum monosaccharides concentration
of 90.0 gL-1, which corresponds to the highest cellulose and holocellulose accessibility for
enzymes. This may be due to the lowest lignin content determined at 19.4% w/w o.d. and
the lowest content of hemicelluloses (20.8% w/w o.d.) that can cause more effective barrier
blocking the interaction between enzymes and carbohydrates in the younger poplar tree parts.
Glucose concentration culminated at 70.4 g-LL ! after 48 hours of enzymatic hydrolysis of steam
exploded heartwood. Xylose and arabinose were also found in both non-pretreated and steam
exploded heartwood and sapwood, however, arabinose was not identified in any of hydrolysates
obtained from coppice shoots. The maximum concentration of inhibitors at the level at
9.3 gLl was determined for steam exploded and subsequently hydrolysed poplar coppice shoots.
The concentration of these products culminated after 24 hours of enzymatic hydrolysis. The
main inhibitor for each hydrolysed poplar sample was acetic acid which is a slight inhibitor. The
maximum concentration of formic acid was determined for hydrolysate of steam exploded coppice
(1.5 gL1). This lignocellulosic substrate also contained 5-(hydroxymethyl)furfural (0.6 gL 1) and
furfural (1.6 gL1).

The obtained results showed that poplar being a fast-growing tree and all selected wooden
parts are good lignocellulosic substrate and comparable alternative to some grass species such as
switchgrass and Miscanthus for 2G bioethanol production processes.
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