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Abstract
In this paper, the influence of physicochemical pretreatment methods on the chemi-
cal composition, enzymatic hydrolysis efficiency and porosity of fast-growing Popu-
lus trichocarpa wood was compared. Among the pretreatment methods, the liquid 
hot water (LHW) and steam explosion (SE) were used, which were performed at 
three different temperatures (160 °C, 175 °C and 190 °C) and two residence times 
(15  min and 1  h). The chemical composition, enzymatic hydrolysis and porosity 
analysis were done for native wood and solid fraction obtained after LHW and SE 
pretreatments. The porosity analysis was performed by inverse size exclusion chro-
matography method. Additionally, inhibitors of hydrolysis and fermentation pro-
cesses in the liquid and solid fractions obtained after pretreatments were examined. 
Based on the results, it was found that the tested pretreatments caused the great-
est changes in the chemical content of hemicelluloses. It was found that after LHW 
and SE pretreatments up to 99.1% or 94.0%, respectively, of hemicelluloses were 
removed from the obtained solid fraction. Moreover, the LHW and SE processes 
greatly enhanced the enzymatic digestibility of fast-growing poplar wood. The 
highest glucose yield was achieved after 15 min of SE pretreatment at 190 °C and 
was 676.4 mg/g pretreated biomass, while in the case of xylose the highest value 
(119.3 mg/g pretreated biomass) was obtained after 15 min of LHW pretreatment 
at 160 °C. Generally, after SE pretreatment process, more inhibitors were formed, 
and a greater effect of porous structure development was noticed than after LHW 
pretreatment. Despite this difference, the average glucose contents and yields after 
enzymatic hydrolysis of pretreated biomass were generally similar regardless of the 
pretreatment used.
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Introduction

Alternative energy sources are experiencing great interest worldwide. One of 
them is biofuels produced from agricultural raw materials (Fay and Golomb 
2002; Drapcho et al. 2008; Brethauer and Studer 2015). Currently, the most com-
monly used biofuels are biodiesel and bioethanol. Biodiesel is produced mainly 
from edible oils: rapeseed, palm, soybean or peanut. However, bioethanol is 
obtained mainly from sugar cane (Brazil) and maize (USA) (Drapcho et al. 2008). 
The most important advantages of using biofuels from renewable sources include 
reduction in greenhouse gas emissions, biodegradability, independence of the 
world economy from oil suppliers, and development of the agricultural products 
market. Lignocellulosic biomass is one of the raw materials for the production of 
high potential biofuels. It can be used as a solid biofuel (combustion) or gas bio-
fuel (biogas—mainly biomethane), but it can also be processed to obtain liquid 
biofuel (e.g., bioethanol).

Wood biomass, as a renewable raw material, may become an important alterna-
tive to shrinking fossil fuel resources (crude oil, coal and natural gas). Currently, 
due to the intensive felling of trees, the forest area has drastically decreased, which 
contributes to the increase in global warming. Therefore, in the last 20 years, espe-
cially in the West, there has been a great interest in tree biotechnology. Poplars 
belong to species whose genome has been fully sequenced, characterized by a high 
and rapid biomass growth, usually from 6 to 12  t/ha·year, and for special species 
from 13 t/ha·year to even 18 t/ha·year (Labrecque and Teodorescu 2005; Sannigrahi 
et al. 2010). In addition, they are able to adapt to adverse environmental conditions, 
are a species that is suitable for plantation and can be used for phytoremediation of 
polluted industrial areas. Worldwide scientific research includes both the search for 
a new fast-growing poplar species and hybrids, as well as genetically modified lines 
with changed chemical composition (Dinus 2001; Kačik et al. 2012; Zamora et al. 
2013; Guo et al. 2014; Stanton et al. 2019). It is worth emphasizing that tree genetic 
modifications, which can be developed in the future, are much more easily accepted 
by the public than in the case of such modifications for food plants. Poplars can be 
successfully planted and cultivated because the cutting takes place long before the 
tree reaches maturity with the capacity to produce seeds. It takes from 15 to 20 years 
depending on the species and the individual tree, while logging is carried out after 
the period of the fastest biomass growth, usually not longer than 3–7 years. Another 
important aspect in bioethanol production technology is the chemical composition 
of biomass. In this case, the young fast-growing wood (2.5-year-old to 5-year-old) 
of Populus trichocarpa has favorable chemical composition, because it is made 
of high cellulose content (52.0–53.0%), low lignin (19.1–20.1%) and extractives 
(1.2–1.7%) content (Antczak et al. 2018a, 2019). Additionally, the young wood of 
P. trichocarpa is a rich source of simple sugars (glucose and xylose), which can 
be produced in acid or enzymatic hydrolysis reactions and turned into bioethanol 
through fermentation.

Biomass processing into bioethanol consists of several stages: raw material 
pretreatment, enzymatic hydrolysis, fermentation and purification of bioethanol 
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(usually by distillation) (Verardi et  al. 2012). Pretreatment of raw material and 
hydrolysis of polysaccharides are the most important stages, because the yield of 
ethanol obtained and the cost-effectiveness of the entire process depend on these 
stages. The goal of most of the research on the use of lignocellulosic biomass 
for the production of bioethanol is to develop a technology that will allow the 
comprehensive use of all lignocellulosic raw material (both cellulose and hemi-
celluloses, as well as lignin), which will increase the efficiency of bioethanol pro-
duction. Pretreatment methods are divided into physical (milling or irradiation), 
physicochemical (steam explosion—SE, liquid hot water—LHW or supercritical 
carbon dioxide explosion), chemical (ozonolysis, acid, or alkaline hydrolysis) and 
biological (microbiological or enzymatic) (Taherzadeh and Karimi 2007; Kumar 
et al. 2009; Zheng et al. 2009; Alvira et al. 2010).

In recent years, the attention has been focused on the SE pretreatment, as it is an 
efficient method with low environmental impact (Langan et  al. 2014; Singh et  al. 
2015). Additionally, the energy consumption during this process is relatively moder-
ate (lower than in the LHW pretreatment), there is a possibility of using large bio-
mass particles as a feedstock and the process was even developed on an industrial 
scale. Many studies have been carried out on this subject for different kinds of lig-
nocellulosic material, which proves that the process is well known and documented 
(Brownell et al. 1986; Brownell and Saddler 1987; Nunes and Pourquie 1996; Bal-
lesteros et al. 2006; Fang et al. 2011; Martín-Sampedro et al. 2011; Liu et al. 2013; 
Li et al. 2015; Pielhop et al. 2016; Simangunsong et al. 2018; Balan et al. 2020). 
Biomass during the steam explosion process is treated with high-pressure steam 
typically at a temperature of 160–260 °C. Subsequently, after several seconds to a 
few minutes, pressure is suddenly reduced, and the biomass undergoes an explosive 
decompression. As a result of the steam explosion, a major part of the hemicellu-
loses is removed from the solid material, the lignin is transformed, and the cellulose 
becomes more susceptible to enzymatic hydrolysis.

The LHW method is the second process which has often been used for the pre-
treatment of various lignocellulosic raw materials (Wyman et al. 2005; Ragauskas 
et al. 2006; Hu and Ragauskas 2012; Li et al. 2014, 2017; Michelin and Teixeira 
2016; Antczak et  al. 2018a; Imman et  al. 2018). The pretreatment is generally 
conducted at elevated temperatures (160–240 °C) for a few minutes to an hour, 
under pressure, without addition of chemicals other than water. The LHW process 
significantly enhances enzymatic hydrolysis of the lignocellulosic biomass. Dur-
ing the process, the accessible and susceptible surface area of the polysaccharides 
increases. Moreover, nearly all of the hemicelluloses are transferred to the liquid 
fraction, separated from the solid fraction and the lignin structure changes. In 
this way, the solid and liquid fractions contain less inhibitors (than in the SE pre-
treatment), which could reduce enzymatic hydrolysis and yeast fermentation pro-
cesses. The most important inhibitors of hydrolysis and fermentation processes 
formed during SE and LHW pretreatment include furfural, 5-hydroxymethylfur-
fural (HMF), acetic acid, levulinic acid, formic acid and lignin (Olsson and Hahn-
Hӓgerdal 1996; Sreenath and Jeffries 2000; Cantarella et  al. 2004; Kim et  al. 
2011; Arora et al. 2013; Rahikainen et al. 2013; Vermaas et al. 2015; Zawadzki 
et  al. 2015). The main directions of the formation of inhibitors were presented 



90	 Wood Science and Technology (2022) 56:87–109

1 3

and discussed by Jӧnsson et  al. (2013). Furfural and HMF are furan aldehydes, 
which are formed as a result of the dehydration reaction of pentoses and hexoses, 
respectively. Acetic acid is a product of the hydrolysis reaction of acetic groups 
of hemicelluloses. On the other hand, formic and levulinic acid are products of 
thermochemical degradation of polysaccharides. Formic acid is formed as a result 
of furfural and HMF degradation, while levulinic acid is formed as a result of 
HMF degradation. Still another substance with inhibitory properties, especially 
the enzymatic hydrolysis process, is lignin. Moreover, many phenolic compounds, 
which inhibit the hydrolysis and fermentation process, may be formed from lignin 
during pretreatment of lignocellulosic raw material. In addition, some extractives 
found in lignocellulosic biomass are phenolic compounds. The process of forma-
tion of the above inhibitors (their quantity and quality) largely depends on the 
type of biomass used, the pretreatment method and the conditions of the pretreat-
ment used.

Another very important factor, which affects the efficiency of the hydrolysis 
process, is porosity. According to the literature findings, only the pores with size 
larger than 5 nm can accommodate the cellulase enzymes and start the hydrolysis 
process (Zhao et  al. 2012). To measure the biomass porosity, different methods 
are used: Simons’ stain, Congo red, nitrogen porosimetry or NMR (nuclear mag-
netic resonance) (Meng et al. 2013; Dougherty et al. 2014; Karimi and Taherzadeh 
2016; Alam et  al. 2019). Other methods: DSC (differential scanning calorimetry) 
and ISEC (inverse size exclusion chromatography) are also used, but most often for 
porosity analysis of silica, naphthalene, soil or hydrogels (Brun et al. 1977; Jerabek 
et al 1993; Guan and Guiochon 1996; Strange et al. 2003; Yao and Lenhoff 2004; 
Kozłowski et al. 2010; Charmas and Skubiszewska-Zięba 2017; Pfeifer et al. 2021) 
and pulps, nitrocellulose or thermally modified wood (Berthold and Salmén 1997; 
Książczak et al 2003; Fahlén and Salmén 2005; Park et al. 2006; Zauer et al. 2014; 
Szadkowski and Szadkowska 2020). In the available literature, there is scarce infor-
mation about using ISEC method for porosity analysis of wood, especially wood of 
the fast-growing poplars in a context of bioethanol production. Hence, in this respect 
the use of the above method to study the porosity of the fast-growing poplar wood 
is innovative and can be interesting. The pore size of biomass, can be increased by 
pretreatment processes like LHW or SE. In these processes, mainly the removal of 
hemicelluloses causes the increase in average pore size. Similarly, the removal of 
lignin gives the same effect.

The aim of the study was to compare the effectiveness of the two most commonly 
used physicochemical pretreatment methods (LHW and SE) of fast-growing poplar 
wood (Populus trichocarpa). Such a comparison is innovative and also very interest-
ing, as the available literature lacks this type of research carried out on one mate-
rial, in particular fast-growing poplar species. The chemical composition, enzymatic 
hydrolysis efficiency and biomass porosity were studied in this work. The poros-
ity of the fast-growing poplar wood was analyzed by ISEC method. In addition, the 
presence of inhibitors in the liquid and solid fractions obtained after pretreatments 
was examined. The authors decided to verify two hypotheses: (1) LHW and SE are 
effective pretreatment methods and greatly enhance the enzymatic digestibility of 
fast-growing poplar wood; (2) ISEC method is a good tool for porosity analysis 
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of native fast-growing poplar wood and solid fraction obtained after LHW and SE 
pretreatments.

Materials and methods

Materials

In this study, debarked wood of 5-year-old fast-growing poplar (Populus trichocarpa 
Torr. and A. Gray ex Hook) was used. The material was obtained from the experi-
mental field at Wolica, Institute of Biology, Department of Genetics, Plant Breeding 
and Biotechnology at Warsaw University of Life Sciences.

At the beginning, the wood was finely ground into the form of sawdust. In this 
study, the fraction between 0.43 and 1.02 mm was used. This fraction was pretreated 
using LHW and SE processes. After that, the feedstock was subjected to enzy-
matic hydrolysis. All of the chemical substances were of analytical grade and pur-
chased from Chempur (Piekary Śląskie, Poland) and Sigma-Aldrich (Taufkirchen, 
Germany).

Methods

LHW and SE pretreatment processes

The LHW and SE pretreatment processes were done in a stainless-steel reactor with 
a volume of 250  mL. At the beginning, the air-dried feedstock (about 20  g) was 
placed in a 400  mL beaker and saturated with 220  mL of distilled water using a 
magnetic stirrer at 90 °C for 20 min. This treatment causes a swelling of the wood 
and facilitates the pretreatment process. Next, the beaker content was quantitatively 
transferred to the reactor and supplemented with distilled water to a volume of 
250 mL. The proportion of the wood to distilled water was 1:12.5. The LHW and 
SE pretreatment processes were conducted at three different temperatures: 160 °C, 
175 °C and 190 °C. Two different residence times (15 min and 1 h) of the wood in 
the reactor were used at each temperature.

Finally, after reaching the set parameters (temperature and time), to stop the 
LHW pretreatment process, the reactor was cooled in a bath filled with ice and 
sodium chloride. The next day, the solid fraction was separated from the liquid frac-
tion using a Büchner funnel. The solid fraction was washed with distilled water until 
the pH between 5 and 6 was achieved. The washed solid fraction was placed in a 
sealed polyethylene bag and stored in the refrigerator at 6 °C. In turn, the liquid frac-
tion was placed in a volumetric flask, supplemented with distilled water to a volume 
of 1 L and also stored in the refrigerator at 6 °C. Two experiments were performed 
for each LHW pretreatment under given temperature and time conditions.

In case of the SE pretreatment process, after reaching the set parameters (temper-
ature and time), the pneumatic drain valve was opened to bring about sudden decom-
pression in the system. Afterward, the solid and liquid fractions were transferred 
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from the receiver to a Büchner funnel to separate them. The unwashed solid frac-
tion was placed in a sealed polyethylene bag and stored in the refrigerator at 6 °C. 
In turn, the liquid fraction was placed in a measuring cylinder, supplemented with 
distilled water to a volume of 3.8 L and also stored in the refrigerator at 6 °C. Two 
experiments were performed for each SE pretreatment under given temperature and 
time conditions.

Chemical composition analysis

The chemical composition analysis was determined for native wood and solid frac-
tion obtained after LHW and SE pretreatments. At the beginning, the material was 
dried at 105 °C until the constant weight was achieved. Afterward, the material was 
extracted in a Soxhlet apparatus according to the procedure by Sluiter et al. (2008) 
using a mixture of chloroform and 96% ethanol (93:7 w/w) for 15 h. This mixture 
is a very good solvent of polar and nonpolar low molecular substances present in 
poplar wood, such as tannins, sterols or fatty acids. Antczak et al. (2006) found that 
azeotropic chloroform-ethanol mixture can be used as a substitute for the previously 
used mixture of benzene and ethanol. A small part of the extract was collected for 
gas chromatography–mass spectrometry (GC–MS) analysis to identify inhibitors. 
The extracted material was used for chemical composition analysis. The following 
analyses were done:

•	 acid insoluble lignin (Klason lignin) content determination according to TAPPI 
T222 om-02 (2006);

•	 acid soluble lignin content determination by spectrophotometric method accord-
ing to TAPPI UM 250 (1985);

•	 cellulose content determination by Kürschner–Hoffer method (Saeman et  al. 
1954; Krutul 2002);

•	 holocellulose content determination by sodium chlorite method (Wise et  al. 
1946);

•	 hemicelluloses content determination, calculated as the difference between the 
holocellulose and cellulose contents.

Enzymatic hydrolysis and HPLC sugars analysis

The enzymatic hydrolysis was carried out on native wood and solid fraction obtained 
after LHW and SE pretreatments. In this process, the Cellic CTec2 enzyme (Novo-
zymes, Bagsvaerd, Denmark) was used. The activity of enzyme was 148 FPU/mL. 
Whatman no.1 filter paper was used to measure the enzyme activity by the NREL 
method (Adney and Baker 1996). The enzymatic hydrolysis was done according 
to the procedure described by Antczak et  al. (2018a). The cellulose concentration 
was 1% w/w. The enzymatic hydrolysis process was carried out in sealed screw-
capped test tubes and the total volume of the mixture was 10 mL. After 72 h of the 
enzymatic hydrolysis process, the contents of glucose and xylose in the supernatant 
were determined by high-performance liquid chromatography (HPLC). The HPLC 
system (LC-20AD, Shimadzu, Kyoto, Japan) was equipped with refractometric 
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detector (RID-10A, Shimadzu, Kyoto, Japan). The HPLC sugars analysis was done 
using RHM-Monosaccharide column (300 mm × 7.80 mm, Rezex, Torrance, USA) 
at 80 °C and redistilled water as a mobile phase flowing with 0.6 mL/min. All of 
the enzymatic hydrolysis tests were done in triplicate and single standard deviations 
were calculated.

Analysis of released sugars and inhibitors

The contents and yields of released sugars (cellobiose, glucose and xylose), furan 
aldehydes (furfural and 5-hydroxymethylfurfural) and organic acids (formic, acetic 
and levulinic) in liquid fractions obtained after LHW and SE pretreatments were 
analyzed using HPLC system under the same conditions as was earlier presented.

Furthermore, the qualitative analysis of lignin derived phenolic compounds 
was done using GC–MS technique. In this analysis, chloroform—96% etha-
nol (93:7)w/w extracts of solid fraction obtained after LHW and SE pretreatments 
were used. The analysis of phenolic compounds was carried out on the gas chro-
matograph (GC-2010, Shimadzu, Kyoto, Japan) connected to the mass spectrom-
eter (GCMS-QP2010, Shimadzu, Kyoto, Japan). In the analysis, a Zebron ZB-5 ms 
(30 m × 0.25 mm × 0.25 µm) capillary column (Phenomenex, Torrance, CA, USA) 
was used. Samples were introduced to the column with the AOC-20i autosampler. 
To support the work of the chromatograph and for data collection, GCMSsolution 
Version 2.72 software was used. The individual peaks were identified by compar-
ing the spectrometric spectrum with spectral libraries NIST11 and NIST11b. The 
results with a correlation of less than 80% were not considered when identifying 
compounds in the NIST libraries. Each series of samples was analyzed on the data 
for the current tuning, made immediately before analysis. In GC–MS analysis, the 
following program was used: temperature 50 °C maintained for 7 min, increase of 
10 °C/min to 320 °C maintained for 12 min; flow 0.8 mL/min; the temperature of 
the injection 250 °C; the detector voltage 1.1 kV; carrier gas helium 5.0. All of the 
released sugars and inhibitors analyses were done in duplicate or triplicate and sin-
gle standard deviations were calculated.

Porosity analysis

The porosity analysis of native wood and solid fraction obtained after LHW and 
SE pretreatments was done by ISEC method. Porosity determination was carried 
out using HPLC system (LC-20AD, Shimadzu, Kyoto, Japan). The HPLC system 
was equipped with an oven (CTO-10A, Shimadzu, Kyoto, Japan) with space for two 
20  μL dosing loops and two columns, two pumps (LC-20AD, Shimadzu, Kyoto, 
Japan), degasser (DGU-20A, Shimadzu, Kyoto, Japan), refractometric detector 
(RID-10A, Shimadzu, Kyoto, Japan) and controller (CBM-10A, Shimadzu, Kyoto, 
Japan). In the ISEC method, to determine the distribution of pores available in the 
analyzed material, the following standards were used: dextrans (1080–401,300 Da, 
Fluka-Honeywell, North Carolina, USA), polyethylene glycols (62–430 Da, Sigma-
Aldrich, Taufkirchen, Germany), maltose (342  Da, Chempur, Piekary Śląskie, 
Poland), glucose (180 Da, Chempur, Piekary Śląskie, Poland) and methanol (32 Da, 



94	 Wood Science and Technology (2022) 56:87–109

1 3

Chempur, Piekary Śląskie, Poland). The porosity analysis by ISEC method was 
based on earlier studies (Szadkowski et al. 2015; Radomski 2015; Zawadzki et al. 
2016). In the ISEC method, blank stainless-steel columns (250 mm × 4.0 mm, Mach-
erey–Nagel, Dueren, Germany) were filled with native poplar wood and pretreated 
solid fraction obtained after LHW and SE. The lignocellulosic material tested was 
in a moist state. The columns on both sides were equipped with metal filters (1/4", 
4.6 mm 5 μm, Macherey–Nagel, Dueren, Germany) in order to prevent the detector 
damage by fine particles of lignocellulosic material. In this way, prepared columns 
were used for chromatographic analysis of above standards, which were dissolved 
in redistilled water. The conditions of ISEC analysis were as follows: 35  °C and 
redistilled water as a mobile phase. Prior to the ISEC analysis, the columns filled 
with wood material were stabilized in the flow of mobile phase. The initial flow 
was 0.02  mL/min for 12  h, and then the flow was increased by 0.02  mL/min for 
every 0.5 h. When the flow rate reached 0.5 mL/min, the refractometric detector was 
activated. The ISEC method was started from standard analysis, which had the high-
est molar masses (401,300–66,700 Da) at a flow rate of 0.5 mL/min. For standards 
(43,500–4440  Da), the eluent flow was 0.7  mL/min and for standards with a low 
molar mass (below 4440  Da), the mobile phase was 1.0  mL/min. The change of 
the mobile phase flow was associated with an improvement in the separation of the 
standards according to size during analysis.

Results and discussion

Chemical composition analysis

The chemical composition analysis was determined for native Populus trichocarpa 
wood and solid fraction obtained after LHW and SE pretreatments. The results are 
presented in Tables 1 and 2.

Based on the results presented in Tables 1 and 2, it was observed that LHW and 
SE pretreatments caused major changes in the chemical composition of the tested 
materials. The greatest changes were noticed in the hemicelluloses content. The 
hemicelluloses content decreased from 33.4 to 0.3% and 2.0%, with increasing tem-
perature and time of LHW and SE pretreatments. On the other hand, a large increase 
(from 1.5 to 17.0%) in extractives content was observed. Analogical relationships 
were obtained by other researchers, who tested different biomass, like poplar wood 
(Li et al. 2017; Antczak et al. 2018a, b), pine wood (Negro et al. 2003), eucalyptus 
wood (Martín-Sampedro et al. 2011) or corn stover (Li et al. 2014; Lu et al. 2016; 
Akus-Szylberg et al. 2018) using above pretreatment methods. The increasing con-
tents of soluble low molecular substances are certainly products of the breakdown of 
structural substances such as cellulose, lignin and, above all, hemicelluloses. Some 
volatile substances were identified by the GC–MS analysis. The GC–MS analysis 
confirmed the presence of vanillin and syringaldehyde in the chloroform-ethanol 
extract, which are known products of lignin decomposition during biomass pretreat-
ment (Jӧnsson and Martín 2016; Brethauer et al. 2020). The results of GC–MS anal-
ysis are presented in Table 3 and discussed later in this paper. 
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In the case of cellulose and lignin, minor changes were observed. The cel-
lulose content apparently increased with increasing temperature and time of pre-
treatment. The apparent increase was due to the drastic loss of hemicelluloses, 
whereas the Klason lignin content remained almost constant at about 18–19%. 
Only in the case of SE pretreatment at 190  °C (15  min and 1  h), a few per-
cent (about 2%) reduction in Klason lignin content was noticed. Similarly, the 
acid soluble lignin was more prone to the degrading effects of pretreatment, the 
contents of which decreased from 2.4% to as much as 0.3%. Other researchers 
also did not observe a large effect of LHW and SE pretreatments on the removal 
of lignin from biomass (Martín-Sampedro et al. 2011; Ko et al. 2015; Li et al. 
2017; Antczak et  al. 2018b). However, a slight loss of lignin content may be 
caused by its softening under the influence of heat and slow depolymerization 
causing dissolution of its small fragments (Excoffier et al. 1991).

Table 1   Chemical composition of native P. trichocarpa wood and washed solid fraction obtained from 
the P. trichocarpa wood after the LHW pretreatment

a Results should be treated only in an approximate and comparative way, as the methods used did not 
allow for completely pure substances to be obtained; the errors (±) refer to standard deviations—at least 
three replications were done to obtain the average

Chemical compo-
sition (%)

Populus trichocarpa

Native wood Solid fraction after LHW pretreatment

160 °C 175 °C 190 °C

15 min 1 h 15 min 1 h 15 min 1 h

Extractives 
(mixture of chlo-
roform and 96% 
ethanol (93:7 
w/w)

1.5 ± 0.3 6.5 ± 0.1 8.2 ± 0.0 11.7 ± 0.0 12.9 ± 0.1 15.6 ± 0.1 16.6 ± 0.1

Acid insoluble 
lignin (Klason 
lignin)

18.4 ± 0.1 18.3 ± 0.1 19.0 ± 0.3 18.2 ± 0.1 18.7 ± 0.2 18.7 ± 0.4 19.3 ± 0.3

Acid soluble lignin 
(spectrophoto-
metric method)

2.4 ± 0.1 0.3 ± 0.1 0.8 ± 0.0 0.6 ± 0.1 0.3 ± 0.0 0.5 ± 0.1 0.4 ± 0.0

Cellulosea (Kür-
schner–Hoffer 
method)

53.0 ± 0.2 68.8 ± 0.4 72.8 ± 0.5 73.7 ± 0.3 75.2 ± 0.1 77.8 ± 0.5 79.7 ± 0.4

Holocellulosea 
(sodium chlorite 
method)

86.4 ± 0.5 75.1 ± 0.4 76.9 ± 0.3 76.7 ± 0.5 77.7 ± 0.4 79.6 ± 0.4 80.0 ± 0.3

Hemicellulosesa 
(calculated as 
the difference 
between the 
holocellulose 
and cellulose 
contents)

33.4 6.3 4.1 3.0 2.5 1.8 0.3
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Enzymatic hydrolysis and HPLC sugars analysis

The enzymatic hydrolysis and HPLC analysis of released simple sugars (xylose and 
glucose) content and yield were done for native wood and solid fraction obtained 
after LHW and SE pretreatments. The results are presented in Fig. 1. Based on the 
results, it can be observed, that the applied pretreatments caused a large increase in 
the efficiency of enzymatic hydrolysis, and these findings are consistent with stud-
ies of other researchers (Li et al. 2014; Pielhop et al. 2016; Michelin and Teixeira 
2016; Imman et al. 2018; Balan et al. 2020). The average glucose yield after enzy-
matic hydrolysis was 46.0 mg/g native biomass, whereas the average xylose yield 
was 23.1  mg/g native biomass. After LHW and SE pretreatments, much higher 
sugar yields were obtained. The average glucose yield was between 387.7 and 
676.4  mg/g pretreated biomass, while the average xylose yield was between 48.5 
and 119.3 mg/g pretreated biomass. If we compare the results presented in Fig. 1, it 
can be concluded that the glucose content increased with increasing time and tem-
perature of pretreatment. The inverse relationship occurred in the case of xylose, the 

Table 2   Chemical composition of native P. trichocarpa wood and unwashed solid fraction obtained from 
the P. trichocarpa wood after the SE pretreatment

a Results should be treated only in an approximate and comparative way, as the methods used did not 
allow for completely pure substances to be obtained; the errors (±) refer to standard deviations—at least 
three replications were done to obtain the average

Chemical composi-
tion (%)

Populus trichocarpa

Native 
wood

Solid fraction after SE pretreatment

160 °C 175 °C 190 °C

15 min 1 h 15 min 1 h 15 min 1 h

Extractives (mixture 
of chloroform and 
96% ethanol (93:7 
w/w)

1.5 ± 0.3 3.4 ± 0.1 6.2 ± 0.0 7.2 ± 0.1 10.9 ± 0.2 13.7 ± 0.0 17.0 ± 0.3

Acid insoluble lignin 
(Klason lignin)

18.4 ± 0.1 19.7 ± 0.2 18.6 ± 0.0 19.3 ± 0.2 18.1 ± 0.1 16.1 ± 0.0 16.1 ± 0.1

Acid soluble lignin 
(spectrophotometric 
method)

2.4 ± 0.1 1.5 ± 0.1 1.1 ± 0.0 0.9 ± 0.3 0.6 ± 0.2 0.5 ± 0.0 0.3 ± 0.1

Cellulosea (Kürsch-
ner–Hoffer method)

53.0 ± 0.2 64.7 ± 0.3 69.9 ± 0.3 71.7 ± 0.2 75.5 ± 0.4 76.3 ± 0.1 78.3 ± 0.3

Holocellulosea 
(sodium chlorite 
method)

86.4 ± 0.5 75.5 ± 0.2 75.5 ± 0.3 76.1 ± 0.4 78.2 ± 0.4 78.8 ± 0.1 80.3 ± 0.4

Hemicellulosesa (cal-
culated as the dif-
ference between the 
holocellulose and 
cellulose contents)

33.4 10.8 5.6 4.4 2.7 2.5 2.0
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content of which decreased with increasing time and temperature of the LHW and 
SE pretreatments. The highest glucose yield (676.4 mg/g pretreated biomass) was 
obtained after 15 min of SE pretreatment at 190 °C, while the highest xylose yield 
(119.3 mg/g pretreated biomass) was obtained after 15 min of LHW pretreatment at 
160 °C. Generally, the sugar yields after enzymatic hydrolysis of pretreated biomass 
in specific conditions were similar regardless of the pretreatment used.

In an earlier publication, Antczak et  al. (2018a) also studied the 5-year-old 
P. trichocarpa wood in the context of enzymatic hydrolysis. The average glucose 
yield after enzymatic hydrolysis of LHW pretreated wood was between 431.4 and 
602.0 mg/g pretreated biomass, whereas the average xylose yield was between 20.1 
and 65.4  mg/g pretreated biomass. In both cases, the previously obtained results 
were lower than the results presented in this paper. This is probably connected to 
the particle size of the wood used in the pretreatment process. Previously, a fraction 
below 0.43  mm was studied. The use of finer particle size of the material makes 
lignin more susceptible to condensation (Shevchenko et al. 1999; Cullis et al. 2004). 

Table 3   Phenolic compounds identified in chloroform—96% ethanol (93:7)w/w extracts of solid fraction 
obtained after LHW and SE pretreatments of the P. trichocarpa wood determined by GC–MS technique

Retention time of analyzed compound (min) Extract of solid fraction obtained after LHW pretreatment

160 °C 175 °C 190 °C

15 min 1 h 15 min 1 h 15 min 1 h

Vanillin – 18.749 – 18.819 18.462 –
Syringaldehyde – 21.865 – – 21.088 21.875
Isoeugenol 19.300 – – – – –
Eugenol – 21.098 22.303 21.094 – –
3,5-Dimetoxy-4-hydroxyphenylacetic acid (a 

derivative of syringic acid)
– 23.065 – 23.065 – –

3-Hydroxy-4-metoxybenzaldehyde (a deriva-
tive of vanillin)

– – 18.793 – – –

Vanillic acid – – 19.328 – – –
Isovanillin – – – – – 18.739
Acetosyringone – – – – – 23.665

Extract of solid fraction obtained after SE pretreatment

160 °C 175 °C 190 °C

15 min 1 h 15 min 1 h 15 min 1 h

Vanillin – – – – – 18.598
Syringaldehyde – 21.877 21.857 – 21.838 21.088
Isoeugenol 19.315 – 19.278 – 19.136 –
Eugenol – – 22.298 21.109 – –
Coniferyl aldehyde – – – – 22.786 –
Acetosyringone – – – – 23.626 –
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The obtained results indicated that the lignin-cellulose condensation reactions 
occurred during the LHW pretreatment, which was earlier discussed. The condensed 
lignin reduces the rate and yield of enzymatic hydrolysis reaction as it impedes the 
accessibility of the enzymes to the cellulose, decreases the swelling of the substrate 
and inactivates the enzymes (enzymes can irreversibly bind to the lignin). In another 
publication, Akus-Szylberg et  al. (2020a) studied the 7-year-old P. trichocarpa 
wood, which was used in the LHW pretreatment process. The pretreatment process 
enhanced the efficiency of enzymatic hydrolysis, but the resulting simple sugar con-
tents were lower than in this paper and ranged for glucose from 44.6 to 47.1% and 
for xylose from 2.5 to 6.3%.

Analysis of released sugars and inhibitors

The analysis of released sugars and inhibitors content or yield in liquid fraction 
obtained after LHW and SE pretreatments by HPLC method was performed. The 
results are presented in Figs. 2 and 3.

Based on the results shown in Fig. 2 it was found that the sum of released sugars 
increased with increasing temperature and time of pretreatment. The highest value 
of total sugar content (7.6% and 15.0%) was achieved after 1  h of LHW and SE 
pretreatments at 175 °C, whereas LHW and SE pretreatments at 190 °C (15 min and 
1 h) caused a gradual decrease in total released sugars content. Under these severe 
conditions (190  °C, 15  min and 1  h), an intensive formation of inhibitors from 
released sugars took place, as presented in Fig. 3. Similar relationship was obtained 
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Fig. 1   Sugars content and yield after enzymatic hydrolysis of the native P. trichocarpa wood or LHW 
and SE pretreated P. trichocarpa wood under different conditions
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in studies by Akus-Szylberg et  al. (2020a). In this work, after LHW pretreatment 
of 7-year-old P. trichocarpa wood at 205 °C (20 min of residence time), a drastic 
decrease in total released sugars content was observed (from 6.5% at 190 °C to 2.8% 
at 205  °C). Moreover, based on the results presented in Fig.  2, it was found that 
xylose was the main simple sugar in the liquid fraction obtained after the pretreat-
ments (LHW and SE). Its yield ranged from 12.8 to 128.3  mg/g native biomass. 
In turn, the glucose content ranged from 3.7 to 23.2 mg/g native biomass and cel-
lobiose from 2.1 to 9.8 mg/g native biomass. According to the results obtained by 
Brethauer et al. (2020), the xylose also was a dominant sugar released to a liquid 
fraction. As a result of SE pretreatment, the maximal yield of 30 mg/g beech wood 
was reached at 180 °C.

The results presented in Fig. 3 proved that after SE pretreatment process more 
inhibitors were formed than after LHW pretreatment. The sum of inhibitors after 
steam explosion process was between 5.5 and 28.2%, while after liquid hot water 
pretreatment it was between 4.0 and 14.6% only. Among the inhibitors of hydroly-
sis and fermentation processes, the following was analyzed: formic acid, furfural, 
HMF, acetic and levulinic acids. The formic acid yield in liquid fraction was gener-
ally high and ranged from 14.3 to 64.8 mg/g native biomass. The furfural yield was 
between 1.0 and 84.8 mg/g native biomass and the acetic and levulinic acid yield 
was also high and ranged from 16.5 to 132.7 mg/g native biomass. In turn, the yield 
of 5-hydroxymethylfurfural in liquid fraction obtained after LHW and SE pretreat-
ments was relatively low and ranged from 0.3 to 18.6 mg/g native biomass.

Brethauer et  al. (2020) obtained even lower amounts of inhibitors in a study 
on steam explosion pretreatment of beech wood. The yield of formic acid formed 
during SE pretreatment in the range from 160 to 200  °C was low and did not 
exceed 5.6  mg/g beech wood. In case of furfural, the maximal yield (9.2  mg/g 
beech wood) was detected at 200  °C of SE pretreatment, while for HMF the 
maximal yield was 8.3 mg/g beech wood in a 230 °C steam explosion pretreat-
ment. The main conclusion, which can be made is that the total inhibitors content 
increased with increasing temperature and pretreatment time. The lowest total 
inhibitors content (4.0%) was formed at 160 °C (15 min of LHW pretreatment), 
while the highest (28.2%) at 190 °C (1 h of SE pretreatment). Analogical relation-
ships were observed in previous studies, in which 7-year-old P. trichocarpa wood 
was used (Akus-Szylberg et al. 2020a). In Akus-Szylberg et al. (2020a) studies, 
LHW pretreatment with 20 min of residence time was examined. As a result of 
the pretreatment, a rapid increase in the total inhibitors content (from 1.3% at 
160 °C to 13.4% at 205 °C) was observed.

The GC–MS analysis of chloroform—ethanol extracts of solid fraction 
obtained after LHW and SE pretreatments was done. The results are presented 
in Table  3. The identified compounds were mainly from degradation of lignin. 
Unfortunately, these compounds may be inhibitors of both hydrolysis and fermen-
tation of sugars toward bioethanol. Based on the obtained results it was observed 
that the number of inhibitors was greater in samples subjected to longer pre-
treatment or a higher temperature than in the first, the mildest variant (160  °C, 
15 min). This was assessed as a negative effect of the applied pretreatments. The 
identified lignin derived phenolic compounds were vanillin, syringaldehyde, 
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coniferyl aldehyde or eugenol. Vanillin and its derivatives are well-known inhibi-
tors (Luo et  al. 2002). Vanillin was identified in extracts after 1  h of LHW at 
160 °C and 175 °C, after 15 min of LHW at 190 °C and also in samples after 1 h 
of SE at 190 °C. Three vanillin derivatives were identified in the extract samples. 
The first one—isovanillin was identified in extracts after 1 h of LHW at 190 °C, 
the second one—3-hydroxy-4-metoxybenzaldehyde in extracts after 15  min of 
LHW pretreatment at 175 °C, and the last one—vanillic acid was found in extracts 
after 15 min of LHW at 175 °C, considered as a potential inhibitor of bioethanol 
fermentation (Luo et al. 2002; Zaldivar and Ingram 1999). Syringaldehyde is also 
considered as potential inhibitor of hydrolysis and fermentation processes. It was 
found in all samples after LHW and SE pretreatments at 190  °C, after 15  min 
of SE at 175  °C and after 1  h of LHW or SE at 160  °C. In a work by Cantar-
ella et al. (2004), no effect on enzymes was observed at a concentration of 0.5 g/
mol, but in another publication it was reported as an inhibitor (Liu and Blaschek 
2010). The derivative of syringaldehyde, such as syringic acid was not found in 
the tested samples, but the derivative 3,5-dimetoxy-4-hydroxyphenylacetic acid 
was found. It was identified in extracts after 1 h of LHW at 160 °C and 175 °C. 
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The acetosyringone was found in extracts after 1  h of LHW and 15  min of SE 
pretreatments at 190 °C. The coniferyl aldehyde was also found in extracts after 
15 min of SE pretreatments at 190 °C, whereas eugenol was identified in all sam-
ples after LHW or SE pretreatments at 175 °C and after 1 h of LHW at 160 °C. 
In turn, the isoeugenol was found in extracts after 15 min of SE at all tested tem-
peratures and after 15 min of LHW pretreatment at 160 °C.

Porosity analysis

The ISEC results of the changes in the available specific volume of pores (Vp) in 
poplar wood after 15 min and 1 h of LHW or SE pretreatment processes performed 
at 160 °C, 175 °C and 190 °C are presented in Figs. 4 and 5. Based on the results, an 
increase in the sum of available specific volume of pores was observed after pretreat-
ment processes compared to the native wood. The development of biomass poros-
ity increased with time and pretreatment temperature. Moreover, a greater effect of 
porous structure development was noticed for a steam explosion pretreatment than 
in case of liquid hot water treatment. The most significant increase in the sum of 
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available specific volume of poplar wood pores was observed after 15 min and 1 h 
of SE process at 190 °C (Fig. 5). The sum of Vp for native poplar wood was 1.04 
cm3/g, while after 15 min and 1 h of SE pretreatment at 190 °C this value increased 
to 2.18 cm3/g and 2.09 cm3/g, respectively.

An important issue in the bioethanol production process, related to the poros-
ity of the biomass, is that only the pores with a size larger than 5 nm can accom-
modate the cellulase enzymes and start the hydrolysis process (Zhao et  al. 2012). 
Grous et al. (1986) obtained a very high efficiency of enzymatic hydrolysis (more 
than 90%) after steam explosion pretreatment, while this efficiency without pretreat-
ment was only about 15%. The porosity analysis showed a considerable increase in 
available volume of pores especially with sizes of 5–9 nm. According to the ISEC 
results obtained in this paper, for the pore size above 5 nm, a gradual increase in 
available specific volume was observed with increasing pretreatment time and tem-
perature (Figs. 4, 5). Larger changes of available specific volume of pores for this 
range were observed for steam explosion pretreatment than for liquid hot water pre-
treatment. After 15 min and 1 h of SE process at 190 °C, the Vp of pretreated bio-
mass was 0.23 cm3/g and 0.27 cm3/g, respectively, so it was over four and five times 
higher than for native wood (0.05 cm3/g). Szadkowski and Szadkowska (2020) also 
studied porosity by ISEC method and observed an increase in available specific vol-
ume of pulps obtained by Kraft method from the wood of 2.5-year-old fast-grow-
ing poplar species. The sum of Vp for poplar pulps ranged from about 1.7 cm3/g to 
about 2.9 cm3/g, whereas the Vp for the pores with a size larger than 5 nm was from 
about 0.2  cm3/g to about 0.9  cm3/g. Unfortunately, the differences in the porosity 
of the pretreated biomass shown did not translate into the glucose content obtained 
as a result of enzymatic hydrolysis. The glucose content after enzymatic hydrolysis 
of pretreated biomass in specific conditions was generally similar regardless of the 
pretreatment used (Fig. 1). Analogical observations about the not so strong impact 
of porous structure development on hydrolysis efficiency were also made by other 
researchers (Ishizawa et al. 2007; Akus-Szylberg et al. 2020b). Akus-Szylberg et al. 
(2020b) studied porosity of 7-year-old Populus trichocarpa wood subjected to LHW 
pretreatment process. The available specific volume for the pores with a size larger 
than 5 nm increased after 20 min of LHW pretreatment process at 190 °C from 0.11 

Fig. 4   Changes in the available specific volume of pores in poplar wood within the selected ranges of the 
standards radius after 15 min (figure on the left) and 1 h (figure on the right) of the LHW pretreatment 
process performed at different temperatures determined by ISEC method
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to 0.32 cm3/g. Unfortunately, despite about a threefold increase in Vp for pretreated 
biomass, a significant increase in glucose content obtained after enzymatic hydroly-
sis was not observed. Hence, it can be concluded that the mechanism of enzymatic 
hydrolysis is much more complicated and requires further studies.

Conclusion

In this paper, chemical composition, enzymatic hydrolysis efficiency, inhibitors 
presence and porosity analysis of fast-growing poplar (Populus trichocarpa) wood 
after LHW and SE pretreatments were compared. Based on this study, the following 
conclusions were drawn:

1.	 LHW and SE pretreatments caused major changes in the chemical composition of 
tested wood. The greatest changes were observed in the hemicelluloses content. 
After LHW and SE pretreatments, up to 99.1% or 94.0% of hemicelluloses were 
removed from the obtained solid fraction.

2.	 The applied pretreatments (LHW and SE) greatly enhanced the enzymatic digest-
ibility of fast-growing poplar wood. Generally, the sugar yields after enzymatic 
hydrolysis of pretreated biomass in specific conditions were similar regardless of 
the pretreatment used. The average glucose yield was up to 676.4 mg/g pretreated 
biomass (the highest after 15 min of SE pretreatment at 190 °C), while the average 
xylose yield was up to 119.3 mg/g pretreated biomass (the highest after 15 min 
of LHW pretreatment at 160 °C).

3.	 LHW and SE pretreatments of poplar wood caused polysaccharides degradation 
(mainly hemicelluloses) or partial decomposition of lignin. This led to formation 
of inhibitors of hydrolysis and fermentation processes. HPLC analysis of liquid 
fraction obtained after pretreatment processes proved the presence of released 
sugars (xylose, glucose and cellobiose) or inhibitors (furfural, HMF, formic acid, 
acetic acid and levulinic acid). Generally, after SE pretreatment process more 
inhibitors were formed than after LHW pretreatment. Additionally, GC–MS anal-

Fig. 5   Changes in the available specific volume of pores in poplar wood within the selected ranges of the 
standards radius after 15 min (figure on the left) and 1 h (figure on the right) of the SE pretreatment pro-
cess performed at different temperatures determined by ISEC method
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ysis of chloroform—ethanol extracts of solid fraction obtained after LHW and 
SE pretreatments identified other inhibitors, which were lignin derived phenolic 
compounds such as vanillin, syringaldehyde, coniferyl aldehyde or eugenol.

4.	 The ISEC method turned out to be a good tool for porosity analysis of native 
fast-growing poplar wood and solid fraction obtained after LHW and SE pretreat-
ments. The applied pretreatments caused development of poplar biomass porosity, 
which increased with time and pretreatment temperature. Pretreatment by steam 
explosion was found to have a greater effect on the development of the porous 
structure than treatment with liquid hot water. Despite this difference, the average 
glucose contents and yields after enzymatic hydrolysis of pretreated biomass were 
generally similar regardless of the pretreatment used.
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