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1. INTRODUCTION 

Owing to the depletion of fossil fuels and the pro-
blems associated with their use, such as carbon dioxide 
emissions and global warming, biomass resources as 

renewable energy sources are becoming important alter-
natives to fossil fuels (Bang et al., 2022; Pari et al., 
2023). Lignocellulosic biomass has attracted significant 
attention as a potentially sustainable resource because it 
can be used to produce a variety of chemicals and fuels 

Conversion Characteristics of Chemical Constituents in 
Liriodendron tulipifera and Their Influences on 

Biomass Recalcitrance during Acid-Catalyzed Organosolv 
Pretreatment

Ki-Seob GWAK1⋅JunHo SHIN2⋅Chae-Hwi YOON2⋅In-Gyu CHOI2,3,†

ABSTRACT

The conversion characteristics of the major components of Liriodendron tulipifera were investigated during acid-catalyzed 
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hydrolysis and degradation of xylan and lignin occurred; however, after complete hydrolysis of xylan at higher temperatures, 
lignin remained and was not completely degraded or solubilized. These conversion characteristics influence the structural 
properties of glucan in L. tulipifera. Critical hydrolysis of the crystalline regions in glucan occurred along with rapid hydrolysis 
of the amorphous regions in xylan and lignin. Breakdown of internal lignin and xylan bonds, along with solubilization of 
lignin, causes destruction of the lignin-carbohydrate complex. Over a temperature of 160℃, the lignin that remained was 
coalesced, migrated, and re-deposited on the surface of pretreated solid residue, resulting in a drastic increase in the number 
and content of lignin droplets. From the results, the characteristic conversions of each constituent and the changes in the 
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Keywords: conversion characteristic, wood constituent, structural property, enzymatic accessibility, organosolv pretreatment, 
biomass recalcitrance

Date Received November 20, 2023; Date Revised December 15, 2023; Date Accepted January 24, 2024; Published March 25, 2024
1 Advanced Materials R&D Team, R&D Institute, Moorim P&P Co., Ltd., Ulsan 45011, Korea
2 Department of Agriculture, Forestry, and Bioresources, College of Agriculture and Life Sciences, Seoul National University, 

Seoul 08826, Korea
3 Research Institution of Agriculture and Life Sciences, College of Agriculture and Life Sciences, Seoul National University, Seoul 

08826, Korea
† Corresponding author: In-Gyu CHOI (e-mail: cingyu@snu.ac.kr, https://orcid.org/0000-0001-5604-6823)
© Copyright 2024 The Korean Society of Wood Science & Technology. This is an Open-Access article distributed under the terms 
of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/) which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://crossmark.crossref.org/dialog/?doi=10.5658/WOOD.2024.52.2.101&domain=pdf&date_stamp=2024-3-25


Ki-Seob GWAK et al.

- 102 -

(Hwang et al., 2021; Iswanto et al., 2021).
However, it is very difficult to effectively utilize 

lignocellulosic biomass because it is composed of com-
plex structures, including cellulose, hemicellulose, and 
lignin (Fatriasari et al., 2020). Therefore, pretreatment is 
essential for the biochemical conversion processing for 
bioethanol production and biorefinery from lignocellu-
losic biomass (Maulana et al., 2021; Zendrato et al., 
2021). The main purpose is to analyze, understand, and 
overcome lignocellulosic biomass recalcitrance, which 
restricts the degradation of biomass by chemicals and 
catalysts, as well as the accessibility of enzymes for 
effective pretreatment (Himmel, 2008; United States 
Department of Energy, 2006).

Recalcitrance is a natural and unique property of 
lignocellulosic biomass, including the lignin-carbohydrate 
complex, cellulose crystallinity, content and acetylation 
of hemicellulose, content and distribution of lignin, 
available pore volume distribution, and surface area 
(United States Department of Energy, 2006). Therefore, 
to effectively overcome biomass recalcitrance, the con-
version characteristics of each component of lignocellu-
losic biomass during pretreatment should be investigated.

Various pretreatments have been studied for ligno-
cellulosic bioethanol production and biorefineries (da 
Costa Sousa et al., 2009; Mosier et al., 2005; Sun and 
Cheng, 2002). Among them, organosolv pretreatment is 
considered an effective pretreatment method for ligno-
cellulosic biomass containing high lignin content to pro-
duce glucose, organosolv lignin, and other useful chemi-
cals, because an organic solvent and an acid catalyst 
effectively break down internal lignin and hemicellulose 
bonds (Holtzapple and Humphrey, 1984). In this study, 
organosolv pretreatment was adopted, and ethanol was 
used as an organic solvent to enhance softwood impreg-
nation by transferring the catalyst or reagent to lignin. 
Sulfuric acid was used as a catalyst to promote the 
enzymatic conversion of biomass into reducing sugar.

The severity factor [Log (Ro)] was developed to 

account for the effects of temperature and residence time 
on non-catalyzed aqueous media (Jung et al., 2022; 
Overend and Chornet, 1987). However, owing to the 
addition of acid catalysts during the pretreatment proce-
sses, the effects of pH were considered. Therefore, the 
severity depending on temperature and residence time, 
in addition to pH, was described using the combined 
severity factor (CSF).

Liriodendron tulipifera, one of the most attractive 
hardwoods as a renewable and sustainable resource for 
bioethanol production and biorefineries, was used as the 
starting material. It is fast-growing, adaptable to a 
variety of climates and soil conditions, and tolerant to 
damage caused by harmful insects (Kim et al., 2023). L. 
tulipifera is a major afforestation tree recommended by 
the Korea Forest Service, and its application is currently 
being studied.

In this study, during acid-catalyzed organosolv pre-
treatment of L. tulipifera, the conversion characteristics 
of monosaccharides (glucose and xylose) and polysac-
charides (cellulose and hemicellulose) were pretreatment 
of L. tulipifera. Furthermore, its effect on the recalci-
trance of lignocellulosic biomass was evaluated.

2. MATERIALS and METHODS

2.1. Materials

Stems of 20-year-old L. tulipifera (Gangjin, Korea) 
were pulverized into powder and sieved through a 
40-mesh sieve. The materials were stored at 4℃ until 
organosolv pretreatment, and the moisture content was 
less than 5.0%. Ethanol and sulfuric acid for the organo-
solv pretreatment were purchased from Samchun Chemi-
cal (Pyeongtaek, Korea). Acetic acid and sodium acetate 
in a sodium acetate buffer were purchased from Samchun 
Chemical and Duksan Reagent (Seoul, Korea), respecti-
vely. Avicel PH-101 as cellulose standard was purchased 
from Sigma-Aldrich (Yongin, Korea).
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2.2. Organosolv pretreatment process

Organosolv pretreatment was conducted in a reactor 
composed of a vessel, an electric band heater, a magne-
tic drive with a paddle-type impeller, and a control box 
(HR-8300, Hanwoul Engineering, Gunpo, Korea). The 
vessel was made of stainless steel (SUS 316) and had 
a capacity of 1,000 mL. A Teflon gasket was used to 
maintain the inner pressure. A thermocouple and pre-
ssure gauge were located inside the reactor to measure 
the internal temperature and pressure, respectively, during 
pretreatment. A Teflon impeller was placed inside the 
reactor under regular stirring. The control box controlled 
the temperature of the vessel and heater and the stirring 
rate of the impeller.

The ratio of the material to solvent was 1:10 (50 g: 
500 mL). Ethanol [50% (v/v)] was used as an organic 
solvent, and sulfuric acid [1.0% (w/w)] was added as a 
catalyst. The pretreatment was performed with consistent 
output of the electric band heater until the internal tem-
perature reached the target (120℃, 130℃, 140℃, 15
0℃, 160℃, 170℃, or 180℃). After the organosolv 
pretreatment, the vessel was quenched in an ice 
chamber, and cooled to room temperature.

After being cooled to room temperature, the pre-
treated materials were filtered through a filter paper 
(Advantec, Tokyo, Japan) and divided into solid residue 
and liquid hydrolysate. The solid residue was washed 
using 1,000 mL of distilled water to remove the consti-
tuents that remained in the solid residue. The washed 
solid residue was lyophilized for structural analyses, and 
the washed water (hereafter termed washed filtrate) was 
separately stored to prevent precipitation by mixing with 
the liquid hydrolysate. A precipitate was formed by 
mixing the liquid hydrolysate and washed filtrate and 
was subsequently collected by centrifugation and lyophi-
lization. Finally, the pretreated materials were divided 
into three fractions: the solid residue, liquid hydrolysate, 
and washed filtrate.

To compare different pretreatment conditions in a 
normalized manner, the severity factor was calculated 
using Equation (1) (Overend et al., 1987):

   ∙exp

  (1)

where t is the residence time in minutes, T is the 
reaction temperature (℃), and 14.75 is the convention 
activation energy assuming that the overall reaction is 
hydrolytic reaction and the overall conversion is first- 
order reaction (Montane et al., 1998; Silverstein et al., 
2007; Viridiana et al., 2010).

The severity factor evolved into a CSF to account for 
the addition of catalysts (Chum et al., 1990). Therefore, 
the CSF [Log(′ )] described the severity of the pre-

treatment as factors of residence time, reaction tempera-
ture and pH, and was defined as follows Equations (2) 
and (3) (Pedersen and Meyer, 2010).


′   ∙    (2)

  
′   ∙     (3)

where the effect of an acid catalyst is taken into 
account by adding the final proton concentration in the 
pretreatment.

2.3. Enzymatic hydrolysis

Enzymatic hydrolysis (EH) was performed to evaluate 
the efficiency of the organosolv pretreatment depending 
on temperature. The cellulase complex of NS 50013 
(700 EGU/g, 1.2 g/mL) and β-glucosidase of NS 50010 
(250 CBU/g, 1.2 g/mL) was kindly provided by 
Novozymes Korea (Seoul, Korea).

The solid residue, which was not lyophilized, was 
prepared at 1% (w/w) solid loading by mixing 1.0 g of 
dry weight with 100 mL of 50 mM sodium acetate 
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buffer (pH 5.0) in a 250 mL Erlenmeyer flask. To the 
flask, 300 EGU/g dry biomass of NS 50013 was added 
and NS 50010 was supplemented at 30% of the weight 
of NS 50013. EH was performed at 50℃ and 150 rpm 
for 72 h.

The hydrolysate was filtered through a 0.45-um 
hydrophilic PTFE syringe filter (Advantec). The glucose 
content in the hydrolysate was determined using high- 
performance liquid chromatography (HPLC; HP 1100 
series, Agilent Technologies, Santa Clara, CA, USA) at 
the National Instrumentation Center for Environmental 
Management (NICEM, Seoul, Korea), using an Aminex 
HPX-87P column (300 mm × 7.8 mm ID × 9 um, 
Bio-Rad Laboratories, Richmond, CA, USA) and refrac-
tive index detector (RID). The efficiency of EH was 
calculated using Equations (4) and (5):

     

    

    
×  (4)

   

    

   
×  (5)

where the glucose content before EH was measured 
in the solid residue and the glucose content after EH 
was determined via HPLC.

2.4. Analysis of pretreated solid residue, 
liquid hydrolysate, and precipitate

The structural carbohydrates, lignin, total sugar (mo-
nomeric and oligomeric sugars), degradation products 
[5-hydroxymethylfurfural (5-HMF), furfural, and others], 
organic acids (levulinic acid, formic acid, and others), 
and other constituents were determined according to the 
NREL Laboratory Analytical Procedure (Sluiter et al., 
2008a, 2008b). 

The lyophilized solid (0.3 g) residue and 3.0 mL of 
72% (w/w) sulfuric acid in an Erlenmeyer flask were 

hydrolyzed at 30℃ for 60 min by stirring. The hy-
drolysate was diluted to a 4% concentration by adding 
84.0 mL of distilled water and then autoclaved for 1 h 
at 121℃. The hydrolysate was cooled to room tempe-
rature and filtered through a previously weighed filter 
crucible (1G4, Iwaki, Tokyo, Japan). The residue was 
used for Klason lignin analysis and the filtrate was used 
for acid-soluble lignin (ASL) and structural carbohydrate 
analyses.

For Klason lignin analysis, the residue in the filtering 
crucible was dried at 105℃ and then weighed. For ASL 
analysis, the absorbance of the filtrate was measured at 
205 nm using a UV-visible spectrophotometer (UV- 
1601PC, Shimadzu, Kyoto, Japan). The ASL content 
was calculated using Equation (6):

 

 ×  

 ×  ×
× 

(6)

where ε is absorptivity, equals to 110 L/g cm.
Liquid hydrolysate was filtered through a 0.45-um 

hydrophilic PTFE syringe filter and then analyzed via 
HPLC. The HPLC was equipped with an Aminex 
HPX-87H column and was operated at a column tem-
perature of 40℃ with a 0.5 mL/min flow of 0.01 N 
sulfuric acid as the mobile phase. The detectors used 
were an RID and a diode array detector at 210 and 284 
nm, respectively. RID was used for quantitative analysis. 
Peaks were identified by comparing the peak retention 
times and UV absorbance patterns of the samples and 
standards. Calibration curves of the peaks were obtained 
using standard compounds at various concentrations and 
were used to determine the linear relationship between 
the peak area and concentration.

For the total sugar (monomeric and oligomeric sugars) 
content analysis, based on pH of the liquid hydrolysate, 
the amount of 72% (w/w) sulfuric acid required to bring 
the acid concentration of each aliquot to 4% was added 
into the liquid hydrolysate, and then the sealed sample 
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was autoclaved for 1 h at 121℃. The autoclaved sample 
was neutralized to a pH of 5–6 by adding calcium car-
bonate. 

For structural carbohydrate analysis, the filtrate was 
neutralized to a pH of 5–6 by adding calcium carbonate. 
After reaching pH 5–6, the autoclaved sample and filtrate 
were allowed to settle, and the clear liquid was decan-
ted.

The clear liquid obtained from the autoclaved sample 
and filtrate, respectively, were filtered through a 0.45 
um hydrophilic PTFE syringe filter and then analyzed 
via HPLC using an Aminex HPX-87P column. The 
HPLC was operated at a column temperature of 75℃ 

with a 0.5 mL/min flow of HPLC-grade water as the 
mobile phase. A RID was also used.

2.5. Crystallinity index

The crystallinity index of the solid residue subjected 
to organosolv pretreatment and using Avicel PH-101 as 
a cellulose standard was measured using X-ray diffr-
action (XRD). XRD was performed on a powder XRD 
(D5005, Bruker, Karlsruhe, Germany) operated at 40 kV 
and 40 mA using CuKα (λ = 1.5406Å) radiation. The 
diffraction spectra were collected using θ–2θ method 
(Segal et al., 1954, 1959). The samples were scanned in 
duplicate at 1°/min from 2θ = 10°–30°, with a step size 
of 0.01°. The crystallinity index was calculated as the 
ratio of the area of crystalline contribution to the total 
area using the amorphous subtraction method (Park et 
al., 2010; Ruland, 1961).

2.6. Morphological changes on the surface 
of lignocellulosic biomass

Morphological changes on the surface of the lyophi-
lized solid residue during organosolv pretreatment were 
analyzed using field-emission scanning electron micro-
scopy (FE-SEM, SUPRA 55VP, Carl Zeiss, Oberkochen, 
Germany). The lyophilized solid residue was mounted 
on an aluminum stub using carbon tape with conductive 
silver paint applied to the sides to reduce sample charg-
ing and then sputter-coated with Pt-Pd using a sputter 
coater. The images were acquired at a beam voltage of 
3 kV (Donohoe et al., 2008).

3. RESULTS and DISCUSSION

3.1. Conversion characteristics of 
cellulose, hemicellulose, and lignin

L. tulipifera contains 42.1% glucan, 20.7% xylan, 
21.7% Klason lignin, 3.6% ASL, and other components 
(Table 1). The conversion characteristics of the major 
components in L. tulipifera were investigated depending 
on the temperature during the acid-catalyzed organosolv 
pretreatment. Pretreated L. tulipifera could be divided 
into three parts: solid residue, liquid hydrolysate, and 
precipitate [ethanol organosolv lignin (EOL)], as shown 
in Fig. 1.

The CSF during the acid-catalyzed organosolv pre-
treatment is shown in Table 2. Because the pH was 
constant owing to the use of only 1.0% (w/w) sulfuric 

Table 1. Mass balance (g) of the unpretreated from Liriodendron tulipifera (on the basis of 100 g of initial 
oven-dried raw materials)

Temp. 
(℃)

Structural sugars (g) Lignins (g) Others (g)

Total (g)
Glucan Xylan Total Klason 

lignin

Acid 
soluble 
lignin

Total Extractives Ash

Unpret. 42.1 ± 0.3 20.7 ± 0.7 62.8 ± 1.0 21.7 ± 0.1 3.6 ± 0.1 25.3 ± 0.0 4.2 ± 0.1 0.3 ± 0.0 92.6 ± 1.0
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acid, the CSF varied depending on the temperature and 
residence time. As the temperature and residence time 
increased, the CSF increased continuously; however, a 
drastic increase in the CSF was not observed. 

3.1.1. Chemical compositions of solid residue
As shown in Fig. 2, as the temperature increased 

from 120℃ to 180℃, the contents of xylan, Klason, 
and ASLs decreased; therefore, the content of glucan in 
the pretreated solid residue increased from 46.1% to 
88.6%. At 180℃, xylan was completely hydrolyzed and 
converted, and only 10.4% of the Klason lignin and 
1.0% of the acid soluble lignin remained in the 

pretreated solid residue.
The residual ratio of each component in the pre-

treated L. tulipifera, depending on the temperature, was 

Fig. 1. Procedure for obtaining the solid residue, 
liquid hydrolysate, precipitate (EOL) during orga-
nosolv pretreatment of Liriodendron tulipifera. EOL: 
ethanol organosolv lignin.

Table 2. Combined severity factor (CSF) calculated from pretreatment conditions

T (℃)1) 120 130 140 150 160 170 180

t (min)2) 23.9 25.8 27.6 29.2 31.5 34.3 38.0

Log (R0)3) 0.99 1.32 1.61 1.87 2.23 2.61 3.00

pH 1.25 1.25 1.25 1.25 1.25 1.25 1.25

CSF4) –0.26 0.07 0.36 0.62 0.98 1.36 1.75

1) Reaction temperature in ℃.
2) Residence time in minutes.
3) R0 = t exp [(T – 100) / 14.75].
4) CSF = Log (R0) – pH.

Fig. 2. Temperature-dependent chemical composition 
(%) of the solid residue pretreated with Liriodendron 
tulipifera. (a) Structural sugars, (b) lignins.
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determined based on the initial content of each consti-
tuent in the non-pretreated L. tulipifera (Table 3). As the 
temperature increased, the water-insoluble solid residue 
of L. tulipifera decreased, indicating that the major com-
ponents were hydrolyzed and converted. The hydrolysis 
ratio of glucan was the lowest among the major compo-
nents after organosolv pretreatment. As the temperature 
increased, glucan was slowly hydrolyzed and converted, 
and then at 180℃, 84.1% of the glucan remained.

However, the hydrolysis and conversion of xylan pro-
gressed rapidly and the xylan was completely hydroly-
zed and converted at 180℃. Furthermore, Klason and 
ASLs were rapidly degraded, and at 180℃, only 19.1% 
of the Klason lignin and 11.4% of the ASL remained. 
Interestingly, in the temperature range of 140℃–150℃, 
xylan, Klason, and acid soluble lignin were drastically 
hydrolyzed and degraded, except for glucan. Because 
hemicellulose (xylan) and lignin in lignocellulosic bio-
mass comprise the lignin-carbohydrate complex via ether 
and ester bonds, both xylan and lignin in L. tulipifera 
are simultaneously hydrolyzed and degraded in the same 
manner (Salvi et al., 2010). As xylan hydrolysis increa-
sed rapidly, lignin degradation increased simultaneously. 
However, as the temperature increased up to 180℃, 

xylose was completely hydrolyzed, while lignin that re-
mained was not completely degraded after the complete 
hydrolysis of xylan. This means that although organo-
solv pretreatment was more effective for the pretreat-
ment of lignocellulosic biomass with high lignin content, 
owing to the solubilization of lignin and the breakdown 
of internal lignin and hemicellulose bonds, solubilization 
was difficult when only lignin remained in the solid 
residue without the cleavage of xylan and lignin bonds.

 
3.1.2. Chemical compositions and total sugar 

content of liquid hydrolysate
Based on the initial glucan and xylan contents in 

non-pretreated L. tulipifera, the yields of each cons-
tituent in the liquid hydrolysate pretreated with L. 
tulipifera are shown as a function of temperature in 
Figs. 3 and 4, respectively. The glucan in L. tulipifera 
was hydrolyzed and converted into monomeric and 
oligomeric forms of glucose and 5-HMF, respectively 
(Fig. 3). As the temperature increased, the yield of the 
oligomeric form of glucose slowly decreased, whereas 
those of the monomeric form and total glucose increased. 
Over 170℃, the total glucose yields rapidly increased as 
a result of the rapid hydrolysis of glucan in L. tulipifera 

Table 3. Water-insoluble solid residue (WIS) and residual ratio of each component pretreated with Liriodendron 
tulipifera depending on the temperature (based on each initial content in unpretreated L. tulipifera)

Temp. (℃) WIS (%)
Structural sugars (%) Lignins (%)

Total (g)
Glucan Xylan Total Klason 

lignin
Acid soluble 

lignin Total

Unpret. 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

120 92.1 ± 0.1 100.0 ± 0.2 100.0 ± 1.0 100.0 ± 0.7 87.1 ± 0.4 89.8 ± 0.4 87.4 ± 0.3 97.8 ± 0.5

130 83.1 ± 1.0 96.6 ± 0.7  78.7 ± 0.2  90.7 ± 1.2 77.0 ± 0.6 78.8 ± 0.2 77.2 ± 0.2 86.8 ± 0.6

140 75.6 ± 1.5 97.3 ± 0.3  58.1 ± 0.5  84.4 ± 0.6 69.1 ± 0.3 64.4 ± 0.6 68.4 ± 0.5 79.8 ± 0.6

150 60.0 ± 1.2 94.9 ± 0.5  28.3 ± 0.1  72.9 ± 0.5 43.8 ± 0.4 33.0 ± 0.3 42.3 ± 0.1 64.1 ± 0.3

160 51.9 ± 1.9 94.0 ± 0.5  16.6 ± 0.3  68.5 ± 0.2 31.4 ± 0.1 17.2 ± 0.2 29.4 ± 0.4 57.2 ± 0.3

170 44.1 ± 1.6 90.2 ± 0.7   5.0 ± 0.2  62.1 ± 0.4 20.4 ± 0.2 10.8 ± 0.4 19.0 ± 0.2 49.7 ± 0.3

180 40.0 ± 0.6 84.1 ± 0.4   0.0 ± 0.0  56.4 ± 0.3 19.1 ± 0.5 11.4 ± 0.1 18.0 ± 0.5 45.3 ± 0.4
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(Table 3). To understand the conversion characteristics 
of glucan and xylan, comparisons were made with the 
hydrolysis and conversion of cellulose and xylan stan-
dards (Gwak et al., 2022).

5-HMF was the major product produced from glu-
cose, which began to be formed at 150℃. As the tempe-
rature increased, the yield of 5-HMF slightly increased, 
but at 180℃, its yield was no more than 0.4%. This 
value was similar to the yield of 5-HMF from the cellu-
lose standards at 180℃ and it was supposed that the 
yield of 5-HMF was affected by the temperature.

In this study, levulinic and formic acids were not 
formed during organosolv pretreatment of L. tulipifera 
(Fig. 3) in the range of 120℃–180℃. In cellulose 
standards, levulinic acid and formic acid began to be 
formed at 190℃; therefore, it seemed that levulinic and 
formic acids were formed at higher temperature and 
affected by the temperature.

As shown in Fig. 4, the xylan in L. tulipifera was 
hydrolyzed and converted into monomeric and oligo-
meric forms of xylose, acetic acid, and furfural. Acetic 

acid and furfural were the major decomposition products 
of xylan in L. tulipifera. As the temperature increased 
from 120℃ to 140℃, the yield of xylooligomer was 
higher than that of the monomeric form of xylose, but 
the formation of the xylose monomer was accelerated in 
the range of 140℃–150℃, and consequently, the total 
xylose yield rapidly increased due to the drastic hydro-
lysis of xylan in L. tulipifera, as mentioned in section 
3.1.1. Around 170℃, the yield of the monomeric form 
of xylose decreased, and this trend was the same as that 
of the xylose standard. 

Xylan in lignocellulosic biomass contains approxima-
tely seven O-acetyl groups per ten xylose units; there-
fore, during acid hydrolysis, acetyl groups are hydroly-
zed into acetic acid (Sjöström, 1993). In this study, 
acetic acid was formed at a lower temperature (120℃) 
than furfural. As the temperature increased, the yield of 
acetic acid increased, but over 160℃, its content re-
mained at 6.5%–6.6%. It seemed that because most 
xylan was completely hydrolyzed over 160℃, no more 
acetic acid was formed in the range of 160℃–180℃. In 
the case of the xylose and xylan standards, acetic acid 

Fig. 3. Profile of glucan conversion in liquid hydro-
lysate and yields of glucose and 5-HMF depending 
on temperature. Based on the initial glucan content 
in unpretreated Liriodendron tulipifera. mono G.: 
monomeric form of glucose, oligo G.: oligomeric 
form of glucose, total G.: total glucose, 5-HMF: 
5-hydroxymethylfurfural.

Fig. 4. Profile of xylan conversion in liquid hydro-
lysate and yields of xylose and other products de-
pending on temperature. Based on the initial xylan 
content in unpretreated Liriodendron tulipifera. 
mono X.: monomeric form of xylose, oligo X.: 
oligomeric form of xylose, total X.: total xylose. 
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was not formed because of the absence of acetyl resi-
dues.

Furfural began to be formed at 160℃, and as the 
temperature increased up to 180℃, its yield increased to 
12.1%. Although over 180℃, furfural was formed from 
the cellulose standards, its yield was very low. There-
fore, it can be inferred that furfural was formed from 
xylan during the organosolv pretreatment of L. tulipifera. 
Additionally, furfural from the xylan standard began to 
be formed at 140℃, while furfural from xylan in L. 
tulipifera began to be formed at 160℃.

3.1.3. Chemical compositions of precipitate 
(ethanol organosolv lignin)

A precipitate, defined as EOL, can be obtained by 
mixing the liquid hydrolysate and washed water, pri-
marily containing soluble lignin and monomeric and 
oligomeric hemicelluloses (Hallac et al., 2010). During 
the organosolv pretreatment of L. tulipifera, the pre-
cipitate contained more than 90% Klason and ASLs. At 
certain temperatures, small amounts of glucose and 

xylose were also present (Table 4). 
Both xylan and lignin in L. tulipifera were hydroly-

zed and degraded in the temperature range of 120℃–
140℃, while the yield of the precipitate increased, and 
along with Klason and acid soluble lignins, a small 
amount of glucose and xylose were found in the preci-
pitate (Table 4). As the temperature increased from 14
0℃ to 150℃, the precipitate yield drastically increased 
because of the drastic hydrolysis and degradation of 
xylan and lignin into the liquid hydrolysate. In this 
range, it was assumed that the lignin was degraded into 
bulk size or small fractions, followed by self-conden-
sation. Above 150℃, the precipitate yield slowly in-
creased, and the xylose content in the precipitate 
disappeared at 170℃ (Table 5). It was theorized that the 
formation of an additional precipitate from lignin degra-
dation rapidly decreased, and the precipitate that had 
already formed from lignin began to rapidly and regu-
larly degrade into smaller fractions without condensation 
(Nair et al., 2023). As described in section 3.1.1., because 
of the lignin-carbohydrate complex of L. tulipifera, both 

Table 4. Yield and chemical composition of the precipitates (EOL) obtained by organosolv pretreatment of 
Liriodendron tulipifera at different temperatures

Temp. 
(℃)

Yield 
(%)1)

Yield 
(%)2)

Structural sugars (%)3) Lignins (%)3)

Total (%)3)

Glucose Xylose Total Klason 
lignin

Acid soluble 
lignin Total

120  0.9 ± 0.1  4.1 ± 0.3 2.6 ± 0.2 1.3 ± 0.1 3.8 ± 0.3 87.4 ± 0.9 1.6 ± 0.2  89.0 ± 0.9  92.8 ± 0.9

130  1.8 ± 0.2  8.5 ± 0.1 0.0 ± 0.0 1.8 ± 0.3 1.8 ± 0.3 88.8 ± 0.9 1.5 ± 0.3  90.3 ± 0.9  92.1 ± 0.9

140  3.0 ± 0.2 13.8 ± 0.5 0.0 ± 0.0 2.8 ± 0.2 2.8 ± 0.2 87.0 ± 1.3 1.8 ± 0.1  88.8 ± 1.3  91.6 ± 1.4

150  7.0 ± 0.1 32.3 ± 0.2 0.0 ± 0.0 2.2 ± 0.3 2.2 ± 0.3 86.7 ± 1.0 1.9 ± 0.4  88.7 ± 1.1  90.9 ± 1.1

160  9.0 ± 0.2 41.6 ± 0.2 0.0 ± 0.0 1.2 ± 0.1 1.2 ± 0.1 89.4 ± 1.7 1.7 ± 0.2  91.1 ± 1.7  92.3 ± 1.8

170  9.8 ± 0.2 45.3 ± 0.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 97.9 ± 1.6 2.1 ± 0.1 100.0 ± 1.6 100.0 ± 1.6

180 10.0 ± 0.1 46.0 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 96.7 ± 1.9 3.1 ± 0.3  99.8 ± 2.0  99.8 ± 2.0

1) Yield (%) of the precipitates on the basis of 100 g initial oven-dried raw materials.
2) Yield (%) of the precipitates on the basis of initial lignin content in unpretreated L. tulipifera.
3) Chemical compositions of the precipitate (EOL).
EOL: ethanol organosolv lignin.
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xylan and lignin were simultaneously hydrolyzed and 
degraded into liquid hydrolysate. However, after the 
complete hydrolysis of xylan, the degradation of lignin 
and its solubilization into the liquid hydrolysate almost 
did not progress, resulting in a constant yield of the 
precipitate at higher temperatures. Furthermore, during 
the simultaneous hydrolysis and degradation of xylan 
and lignin, the breakdown of internal lignin and xylan 
bonds and lignin solubilization occurred simultaneously, 
representing the characteristic conversions of organosolv 
pretreatment.

3.2. Structural and enzymatic accessibility 
properties of solid residue

During organosolv pretreatment, monosaccharides 
(glucose and xylose), polysaccharides (glucan and 
xylan), and lignins (Klason and ASLs) undergo charac-
teristic conversions in the solid residue, liquid hydroly-
sate, and precipitate states, depending on the tempera-
ture. Therefore, the influences on the structural and 
accessibility properties of the solid residue and the 
relationships between the characteristic conversions and 
structural and accessibility properties were investigated.

3.2.1. Structural properties of solid residue
The crystallinity index is affected not only by the 

crystalline region of cellulose, but also by the amor-

phous regions of cellulose, hemicellulose, and lignin. As 
shown in Fig. 5, as the temperature increased from 
120℃ to 180℃, the crystallinity index continuously 
increased. The increase in the crystallinity index resulted 
from the decrease in amorphous regions caused by the 
hydrolysis and degradation of xylan and lignin and the 
hydrolysis of amorphous regions in glucan. Interestingly, 
in the range of 140℃–150℃, the crystallinity index was 
constant, although amorphous regions were drastically 
hydrolyzed and degraded. These results suggest that, in 
this range, critical hydrolysis of the crystalline regions 
in glucan might also occur.

Table 5. Molecular weight distributions of the precipitates (EOL) obtained by organosolv pretreatment of 
Liriodendron tulipifera at different temperatures

Temp. (℃) MWL 120 130 140 150 160 170 180

Mw

(daltons) 10,250 ± 52 5,050 ± 4 5,712 ± 56 6,780 ± 66 6,163 ± 84 4,356 ± 42 2,475 ± 24 1,953 ± 38

Mn

(daltons) 4,384 ± 27 2,933 ± 30 2,945 ± 41 2,967 ± 41 2,783 ± 34 1,935 ± 27 1,476 ± 21 1,287 ± 35

Polydispersity
(Mw / Mn)

2.34 ± 0.00 1.72 ± 0.02 1.94 ± 0.01 2.29 ± 0.01 2.21 ± 0.00 2.25 ± 0.01 1.68 ± 0.01 1.52 ± 0.01

EOL: ethanol organosolv lignin, MWL: milled wood lignin, Mw: weight-average molecular weight, Mn: number-average 
molecular weight.

Fig. 5. Crystallinity indices of solid residues pretrea-
ted with Liriodendron tulipifera at different tempe-
ratures.
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Compared with Avicel PH-101, as the temperature 
increased, the crystallinity index of Avicel PH-101 
decreased slightly from 67.9% to 61.9% (Fig. 6), but the 
crystallinity index of the pretreated solid residue conti-
nuously increased from 47.7% to 62.1% (Fig. 5). At 
180℃, the crystallinity index of the pretreated solid 
residue was similar to that of Avicel PH-101. Because 
Avicel PH-101 is mainly composed of microcrystalline 
cellulose, its crystalline regions were only hydrolyzed 
and degraded during organosolv pretreatment; therefore, 
its crystallinity index decreased. However, in the pre-
treated solid residue, glucan, which represents the main 
crystalline region, was slowly hydrolyzed, while the 
amorphous regions were rapidly hydrolyzed and degra-
ded. Therefore, the crystallinity index of the solid resi-
due increased.

FE-SEM was used to investigate the morphological 
changes on the surface of the pretreated solid residue 
during organosolv pretreatment. The unpretreated L. tuli-
pifera had a sleek, smooth surface; however, as the 
temperature increased, the surface became rough, and 
the formation of non-spherical or spherical droplets 
increased (Fig. 7). Over 160℃, the number of droplets 

drastically increased, and the droplets were coalesced 
into larger bodies (Fig. 8).

It has been reported that under various thermoche-
mical pretreatments above the temperature of the lignin 
phase transition, lignin coalesces into a larger size, mi-
grates within and out of the cell wall, and is redeposited 
on the surface of the cell wall. Therefore, lignin droplets 
were formed and observed during this process (Donohoe 
et al., 2008). The lignin droplets exhibited various mor-
phological differences in terms of size, shape, surface 
texture, and density. Furthermore, the lignin droplets 
formed by hot water pretreatment at 220℃ were predo-
minantly composed of lignin and not of the lignin- 
carbohydrate complex.

The droplets formed during organosolv pretreatment 
in this study were considered to be the lignin droplets 
reported in previous studies because their shape, distri-
bution, and surface were similar to those of the lignin 
droplets (Donohoe et al., 2008).

In the range of 120℃–150℃, both xylan and lignin 
in L. tulipifera were rapidly hydrolyzed and degraded 
into liquid hydrolysate (Table 3), but the drastic change 
related to lignin droplets was not observed. It is likely 
that in this temperature range, the non-spherical lignin 
droplets that formed and were deposited on the surface 
might contain not only lignin but also the lignin-carbo-
hydrate complex. However, the chemical composition of 
the droplets could not be determined. In the range of 
160℃–180℃, the xylan that remained was completely 
hydrolyzed and degraded into liquid hydrolysate, while 
the lignin that remained was not completely solubilized 
into liquid hydrolysate (Table 3). Therefore, lignin that 
was not solubilized, coalesced, migrated, and was rede-
posited on the surface of the solid residue (Fig. 8). 
Consequently, the formation and number of lignin dro-
plets significantly increased. It is likely that at 180℃, 
the lignin droplets were predominantly composed of 
lignin, owing to the complete hydrolysis of xylan.

Through FE-SEM, the characteristic morphological 

Fig. 6. Temperature dependence of the crystallinity 
index of solid residues pretreated with Avicel PH- 
101. 
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changes related to lignin droplets were investigated 
during the organosolv pretreatment of L. tulipifera. 
However, although the drastic hydrolysis and degrada-
tion of xylan and lignin in L. tulipifera occurred in the 

range of 140℃–150℃, drastic morphological changes 
on the pretreated solid residue were not observed. In this 
range, lignin removal is preferred over the coalescence, 
migration, and redeposition of lignin.

Fig. 7. FE-SEM images (× 10,000) of the solid residues pretreated with Liriodendron tulipifera at different 
temperatures. FE-SEM: field-emission scanning electron microscopy.
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3.2.2. Enzymatic hydrolysis of solid residue
EH was performed to evaluate the influence of the 

results obtained from the conversion characteristics of 
the major components and the structural properties of 
the solid residue on lignocellulosic biomass recalcitrance. 
The efficiency of EH was evaluated based on the cellu-
lose-to-glucose conversion yield and enzymatic digesti-
bility (Koo et al., 2011).

As the temperature increased, both the cellulose-to- 
glucose conversion yield and enzymatic digestibility 
continuously increased (Fig. 9). After EH of the solid 
residue that was pretreated over 150℃, the glucan that 
remained in the solid residue was almost completely 
hydrolyzed into glucose [Fig. 9(a)]. From 100 g of 
initial L. tulipifera, 43.8–44.0 g of glucose was obtained 
in the range of 150℃–160℃ after organosolv pretreat-
ment followed by EH (Table 6). Although the cellulose 
to glucose conversion yield reached 100% in the range 
of 170℃–180℃, the glucose content obtained from EH 

decreased due to the decrease in initial glucose content 
in the pretreated solid residue as a result of the in-
creasing temperature. As the temperature increased from 
140℃ to 150℃, both the cellulose to glucose conversion 
yield and enzymatic digestibility drastically increased. 
Therefore, this temperature range is considered the criti-
cal pretreatment condition for effective improvement of 
EH by overcoming biomass recalcitrance.

As a result of the conversion characteristics of the 
major components in L. tulipifera and their influence on 
the structural properties of the solid residue previously 
described in section 3.2.1., drastic characteristic changes 
were observed in the critical temperature range. These 
changes can be summarized as follows: a simultaneous 
decrease in xylan and lignin content, followed by the 
destruction of the lignin-carbohydrate complex, distribu-
tion of lignin, and deacetylation of hemicellulose. These 
characteristic changes resulted from the conversion of 
major components, such as glucose, xylose, glucan, 

Fig. 8. FE-SEM images (× 50,000) of solid residues pretreated with Liriodendron tulipifera at different 
temperatures. FE-SEM: field-emission scanning electron microscopy.
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xylan, and lignin, under specific conditions of organosolv 
pretreatment, and these conversion characteristics influ-
enced the structural properties of L. tulipifera. Conse-

quently, as mentioned in the introduction, these changes 
are considered very important factors in overcoming 
biomass recalcitrance during organosolv pretreatment, in 
addition to effectively improving the EH of lignocellu-
losic biomass.

4. CONCLUSIONS

During the organosolv pretreatment of L. tulipifera, 
glucan was slowly hydrolyzed, while other major com-
ponents, such as xylan and lignin, were rapidly hy-
drolyzed. As a result of these conversion characteristics 
of organosolv pretreatment, the hydrolysis and degrada-
tion of xylan and lignin occurred simultaneously; how-
ever, after complete hydrolysis of xylan, the remaining 
lignin was not completely degraded and solubilized into 
the liquid hydrolysate. The other decomposition products 
during the organosolv pretreatment of L. tulipifera were 
5-HMF formed from glucan, acetic acid, and furfural 
from xylan. Along with the solid residue and liquid 
hydrolysate, a precipitate containing more than 90% of 
lignin was formed.

In addition to the conversion characteristics of the 
major components of L. tulipifera, their influence of the 
conversion characteristics on the crystallinity and mor-
phology of the solid residue was investigated. XRD 
analysis of the solid residue revealed that glucan, the 
main crystalline region, was slowly hydrolyzed as the 
temperature increased, whereas the amorphous regions 
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Fig. 9. Cellulose-to-glucose conversion yield (a) and 
enzymatic digestibility (b) of solid residues pretrea-
ted with Liriodendron tulipifera at different tempera-
tures.

Table 6. Glucose content in solid residues determined using HPLC (g based on 100 g of initial oven-dried raw 
materials)

Temp. (℃) Unpret. 120 130 140 150 160 170 180

WIS (g) 100.0 92.1 ± 0.1 83.1 ± 1.0 75.6 ± 1.5 60.0 ± 1.2 51.9 ± 1.9 44.1 ± 1.6 40.0 ± 0.6

Glucose in WIS (g)1) 46.8 ± 0.3 47.2 ± 0.8 45.2 ± 1.0 45.6 ± 0.5 44.3 ± 0.2 44.0 ± 0.3 42.2 ± 0.2 39.3 ± 0.2

Glucose after EH (g)2) 8.4 ± 0.2  7.6 ± 0.1 15.1 ± 0.1 26.7 ± 0.3 43.8 ± 0.6 44.0 ± 0.0 42.2 ± 0.2 39.3 ± 0.4

1) Glucose content (g) of the solid residues before enzymatic hydrolysis.
2) Glucose content (g) determined using HPLC after enzymatic hydrolysis.
HPLC: high-performance liquid chromatography, WIS: water-insoluble solid residue, EH: enzymatic hydrolysis.
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were rapidly degraded; therefore, the crystallinity index 
increased. The presence and characteristic behavior of 
the lignin droplets were confirmed via FE-SEM analysis. 
These conversion characteristics considerably improve 
the efficiency of EH, such as the cellulose-to-glucose 
conversion yield and enzymatic accessibility.

The conversion characteristics of the major compo-
nents of L. tulipifera are closely linked to the structural 
properties of the materials subjected to organosolv 
pretreatment and lignocellulosic biomass recalcitrance. 
Therefore, the results of this study are expected to 
support the effective utilization of lignocellulosic bio-
mass in biorefinery processes using acid-catalyzed orga-
nosolv pretreatment.
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