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ABSTRACT

  Organosolv pretreatments which utilized sulfuric acid, sodium hydroxide and ammonia as catalysts were 

conducted to screen the effective catalyst for organosolv pretreatment of Liriodendron tulipifera. The enzy-

matic hydrolysis was achieved effectively with sulfuric acid (74.2%) and sodium hydroxide (63.7%). They 

were thus considered as effective catalysts for organosolv pretreatment of L. tulipifera. The organosolv pre-

treatments with sulfuric acid and sodium hydroxide showed a different behavior on the reaction 

mechanism. The pretreatment with sulfuric acid increased the biomass roughness and pore numbers. On 

the other hand, the pretreatment with sodium hydroxide enhanced the surface area due to the size reduction 

and minor defiberization which were caused by hemicellulose degradation at an initial stage and more de-

fiberization by lignin degradation at a later stage. The organosolv pretreatment with sodium hydroxide was 

performed at several different conditions to evaluate effectiveness of sodium hydroxide as a catalyst for 

organosolv pretreatment. According to the results of enzymatic digestibility, the changes of chemical com-

position and the morphological analysis of pretreated biomass, it was suggested that the pretreatment time 

impacted primarily on enzymatic hydrolysis. Increase in surface area during the pretreatment was a major 

cause for improvement in enzymatic digestibility when sodium hydroxide was used as a catalyst.  

  Keywords : Liriodendron tulipifera, organosolv pretreatment, sulfuric acid catalyst, sodium hydroxide cat-

alyst, enzymatic hydrolysis

1. INTRODUCTION

Current corn-based ethanol has many prob-

lems such as technical maturity [1], a limitation 

in feedstock supply [2] and low environmental 

effect by only 20 to 40% of carbon dioxide re-

duction [3]. Also, it would compete with food 

and feed market and using a synthesized fertil-

izer for improving the yield of corn production 

can contribute to global warming. 
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For these reasons, many alternative resources 

for bioethanol production have been studied, 

and lignocellulosic biomass which consists of 

abundant carbohydrates has been interested as a 

new resource for bioethanol production [4,5].

However, a complex structure of lignocellulo-

sic biomass causes difficulties in converting bi-

omass to fermentable sugar. Therefore, an effec-

tive pretreatment process which facilitates bio-

mass conversion is required for efficient cellulo-

sic ethanol production [6].

The development of effective pretreatment 

technology is the primary challenge for the 

commercialization of cellulosic ethanol [7-9]. 

Various pretreatment methods have been studied 

to improve fermentable sugar yield in cellulosic 

ethanol production process [9,10]. However, 

most researches were focused on low-lignin 

containing lignocellulosic biomass such as corn 

stover and switch grass, therefore, the effective 

and customized pretreatment method must be 

developed for high-lignin containing lignocellu-

losic biomass. 

At present, organosolv pretreatment based on 

ethanol is being evaluated as an efficient tech-

nology for woody biomass [11-13] because it 

was investigated as a pulping process for woods 

[14-16]. Additionally, several researchers have 

investigated on lignin fraction during the pre-

treatment [17], and the generation of potentially 

valuable co-products such as high-quality lignin 

and their possible contributions to cost-effective 

biorefinery schemes for cellulosic bioethanol 

production [18]. However, the organosolv proc-

ess has not been extensively studied as a pre-

treatment process for producing cellulosic etha-

nol [19].

In organosolv pretreatment, an aqueous or-

ganic solvent and an inorganic acid catalyst are 

usually used to break down internal lignin and 

hemicellulose bonds [20]. Hydrochloric acid and 

sulfuric acid have been utilized as inorganic cat-

alysts, and they are effective for the pretreat-

ment of lignocellulosic biomass. However, they 

are very toxic and hazardous, thus resulting in 

certain environmental problems. Further, using 

the acid catalyst requires neutralization of pre-

treated biomass for downstream biological proc-

esses because of the formation of inhibitory 

compounds such as acetic acid and furfural in 

the hydrolysate [5]. Alkalis such as sodium hy-

droxide, ammonia and lime have been used as 

well for the pretreatment of lignocellulosic bio-

mass since they can effectively remove lignin 

[10,21].

In this study, sulfuric acid and sodium hy-

droxide were applied as the inorganic acid and 

alkali catalyst, and ammonia which has been 

used as a chemical for pretreatment as well was 

also applied to screen the effective catalyst. 

Pretreated biomass was enzymatic hydrolyzed 

and the organosolv pretreatment process de-

pending on catalysts was evaluated by determi-

nation of enzymatic digestibility. 

For the materials, Liriodendron tulipifera was 

utilized. It can easily adjust to a variety of cli-

mates and soil conditions, and is tolerant to 

damages by harmful insects. It has a short 

cut-down period and grows straight and thick, 

so it might be valuable as a lignocellulosic bio-

mass in Korea. Furthermore, it also has an ex-

ceptional sequestration capacity for carbon dioxide. 

Thus, it has been officially recommended for 

afforestation in Korea, and an amount of bio-

mass production is being expected at present.

2. MATERIALS and METHODS

2.1. Materials

Logs of L. tulipifera (20 years old) were col-

lected at the Forest Human Resources Develop- 

ment Institute, Korea Forest Services. The logs 

were ground and sieved through a 40-mesh 
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screen. The ground woods were air-dried, and 

the moisture content was reduced less than 

10%. The initial composition of L. tulipifera 

was determined as 41.1% of glucan, 21.2% of 

xylan, 2.5% of arabinan, 0.2% of mannan, 0.9% 

of galactan, 21.4% of Klason lignin, 2.1% of 

acid soluble lignin, 0.3% of ash and 4.2% of 

extractives.

2.2. Organosolv Pretreatment

The reactor consisted of a minibomb (Bolted 

closure Vessels, Ilshin Autoclave Co. Ltd., 

Korea) which was manufactured with stainless 

steel (STS316). Its diameter and height were 10 

cm and 30 cm, respectively, and an internal re-

actor was made of Teflon with a 500 ㎖ capacity. 

Teflon-sealed closure system was applied to 

maintain the reaction pressure during pretreat-

ment, and the pretreatment temperature was 

controlled by an external controller.

The ratio of materials and aqueous ethanol 

(50%) was set at 1 : 20 (10 g/200 ㎖) and cata-

lysts were added to the mixture. The mixture of 

aqueous ethanol and materials without catalyst 

was also tried to investigate the effect of solvent. 

1% (w/w) of sulfuric acid and 1% (w/w) of so-

dium hydroxide were applied as catalysts and 

5% of ammonia (w/w) was used for the catalyst. 

Pretreatment time was recorded after inserting 

the reactor in the heating mantle which was 

preheated at the target temperature. After pre-

treatment, the reactor was immediately trans-

ferred into ice chamber to cool down at room 

temperature. Pretreatments were conducted at 

180°C and 200°C for 30 and 60 min. Pretreated 

mixtures were washed with distilled water suffi-

ciently and filtrated by using a fritted glass fil-

tering crucible (2G2 Iwaki, Japan). Finally, pre-

treated mixtures were divided into the pretreated 

biomass (wet solid fractions) and liquid fraction 

(water soluble and water insoluble fractions). 

Used ethanol was recovered by a rotary eva- 

porator. 

After screening of the effective catalyst, pre-

treatments with sodium hydroxide were con-

ducted at various conditions to evaluate the ef-

fectiveness of alkaline catalyst for organosolv 

pretreatment. Concentrations of sodium hydrox-

ide were 0.5, 1 and 2% (w/w), and the pretreat-

ments were conducted at 140˚C, 160˚C, 180˚C 

and 200°C for 60 or 90 min.

2.3. Enzymatic Hydrolysis

A commercial cellulase from Tricoderma vir-

ide, Meicelase (Meiji Seika Co., Ltd., Tokyo, 

Japan) was used for the enzymatic hydrolysis. 

Enzymatic hydrolysis was performed with 1 g 

of pretreated biomass in 100 ㎖ of 50 mM ace-

tate buffer (pH 5.0) containing 40 mg of the en-

zyme powder which had 9 FPU of cellulase ac-

tivity and 11 IU of β-glucosidase activity. The 

mixtures were incubated at 45°C in a rotary 

shaker at 250 rpm and the same procedure was 

also applied to the control (untreated raw bio-

mass) [22]. The enzymatic digestibility was de-

termined in duplicate, and it was defined as the 

percentage of enzymatically hydrolyzed biomass 

based on dried-pretreated biomass after 48 hr of 

incubation.

2.4. Chemical Composition

Contents of holocellulose, α-cellulose and 

Klason lignin were determined. The content of 

holocellulose was determined as the delignified 

residue by NaClO2, and that of α-cellulose was 

determined as the insoluble residue in 17.5% of 

NaOH solution. These analyses were performed 

according to the TAPPI test methods. Klason 

lignin was analyzed according to the standard 

NREL procedures [23] and its content was de-

fined as the amount of retained residue after 
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Fig. 1. Enzymatic digestibility depending on catalysts and pretreatment conditions. E: Ethanol only; Am: Ammonia

catalyst; SH: Sodium hydroxide catalyst; SA: Sulfuric acid catalyst.

following two step sulfuric acid hydrolysis (72% 

and 4%). 0.3 g of biomass was hydrolyzed in 

25 ㎖ flasks with 3 ㎖ of 72% sulfuric acid at 

30°C for 1 hr. The hydrolysate was then trans-

ferred to 100 ㎖ flask and diluted to 4% of sul-

furic acid by adding 84 ㎖ of deionized water. 

The flasks were sealed and autoclaved for 1 hr 

at 121°C. The solution was then filtrated by us-

ing a fritted glass filtering crucible (1G4 Iwaki, 

Japan). The filtrated residue was dried at 105 ± 

1°C and then weighed. 

2.5. Cellulose Crystallinity

Cellulose crystallinity was measured by the 

X-ray diffractometer (Bruker D5005, Germany) 

operated at 40 Kv and 40 mA. The diffraction 

spectra were taken by θ-2θ method and du-

plicate samples were scanned at 1°/min from 2

θ= 10°∼30° with a step of 0.01°. Relative 

crystalline index was calculated according to the 

Segal’s method [24]. 

2.6. Morphological Analysis

Microscopic analysis was performed to inves-

tigate the morphological changes of biomass by 

the pretreatment. The morphology of pretreated 

biomass was examined by field-emission scan-

ning electron microscopy (FE-SEM, SUPRA 

55VP, Carl Zeiss, Germany). Pretreated biomass 

was prepared for imaging by freeze-drying. For 

the analysis of FE-SEM, the samples were 

mounted on aluminum stubs using carbon tape 

with conductive silver paint applied to the sides 

to reduce sample charging and then sputter- 

coated with Pt-Pd by sputter coater. Imaging 

was performed at 3 kV of beam voltages [25].
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3. RESULTS and DISCUSSION

3.1. Enzymatic Digestibility Depending 

on Catalyst

All pretreatments using catalyst improved the 

enzymatic digestibility compared to the digesti-

bility of untreated biomass (9.0%). However, 

pretreatment using ethanol only without catalyst 

could not improve the digestibility regardless of 

pretreatment conditions. When 1% of sulfuric 

acid, a typical catalyst for organosolv pretreat-

ment, was utilized, enzymatic digestibility ranged 

from 4.6% to 74.2% based on pretreated bio-

mass (Fig. 1). The highest digestibility was ob-

tained from the pretreated biomass at 200°C for 

60 min and it was higher than the digestibility 

by dilute acid pretreatment without organic sol-

vent [26]. Wyman and co-worker reported that 

83% of sugar was recovered totally after enzy-

matic hydrolysis from poplar wood pretreated 

by dilute acid however we could recover 95% 

of total sugar based on carbohydrates in pre-

treated biomass. Therefore, it was speculated that 

organo-solvent facilitate the catalyst reaction on 

biomass during the pretreatment. Enzymatic di-

gestibility of the pretreated biomass with 1% of 

sodium hydroxide improved significantly com-

pared to the control. It ranged from 38.5% to 

63.7% based on pretreated biomass, with the 

highest obtained at 200°C for 60 min. The high-

est digestibility could be calculated at 84% of 

total sugar recovery based on carbohydrates in 

pretreated biomass. It was higher than Huffman 

and co-worker’s resulting 72% sugar recovery 

with 4% sodium hydroxide [27]. Both sulfuric 

acid and sodium hydroxide significantly im-

proved digestibility; consequently, they could be 

used as the effective catalysts for organosolv 

pretreatment. Ammonia has been also recognized 

as an effective chemical for delignification, and 

many studies on ammonia pretreatment were 

conducted [28-33]. When 5% (w/w) of ammo-

nia was used as a catalyst for organosolv pre-

treatment in this study, the highest enzymatic 

digestibility was just 28.2% (200°C for 60 min). 

It was less than the result of the ammonia pre-

treatment without an organo-solvent [31]. 

Therefore, ammonia was not considered as an 

effective catalyst for organic pretreatment of L. 

tulipifera. Organosolv pretreatment without any 

catalyst could not improve digestibility; con-

sequently, the catalyst must be applied to im-

prove digestibility. 

Based on the results, 1% of sulfuric acid and 

sodium hydroxide were determined as effective 

catalysts for organosolv pretreatment, therefore 

both of them were applied for further study. 

3.2. Change of Chemical Composi- 

tions

Both organosolv pretreatments decreased amor-

phous cellulose and lignin contents regardless of 

catalyst, and little difference in chemical com-

position depending on catalyst was determined. 

The α-cellulose (crystalline cellulose) ratio sig-

nificantly increased and a minor decrease in lig-

nin content compared to the untreated biomass 

was confirmed (Fig. 2). The contents of hol-

ocellulose, α-cellulose, and lignin in pretreated 

biomass were determined as 78.0, 54.5, and 16.5 

wt%, respectively, when using sulfuric acid cat-

alyst, and 75.6, 53.3, and 17.2 wt%, respectively, 

when using sodium hydroxide.

Although a large amount of lignin degrada-

tion was expected during pretreatment due to 

the alkaline catalyst and high temperature at 

200°C [34,35], lignin content in pretreated bio-

mass with sodium hydroxide was similar with 

sulfuric acid. It was considered that the in-

soluble was formed by the linkage of short-

er-chained form lignin fragment released during 

the pretreatment with alkaline catalyst and hem-
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Fig. 2. Chemical compositions of L. tulipifera. All 

pretreatments were performed at 200°C for 

60 min with 1% catalyst concentration.

Fig. 3. Cellulose crystallinity of L. tulipifera. All pre-

treatments were performed at 200°C for 60 

min with 1% catalyst concentration.

Fig. 4. FE-SEM images of L. tulipifera. a, b: control; 

c, d: pretreated with sulfuric acid; e, f: pre-

treated with sodium hydroxide. Allpretreatments

were performed at 200°C for 60 min with 1%

catalyst concentration.

icellulose oligomer and monomer and this in-

soluble content was determined for lignin con-

tent [36].

3.3. Cellulose Crystallinity

Although the chemical compositions of pre-

treated biomass achieved by means of sulfuric 

acid and sodium hydroxide were similar, cellu-

lose crystallinity varied depending on the cata-

lyst (Fig. 3). The crystallinity of pretreated bio-

mass with sulfuric acid (60.4%) increased com-

pared to the control (54.5%) due to the prefer-

ential degradation of the amorphous region dur-

ing the pretreatment with sulfuric acid. However, 

the crystallinity of pretreated biomass with so-

dium hydroxide (53.6%) was not increased be-

cause pretreatment with sodium hydroxide de-

graded not only the amorphous region but other 

components such as lignin as well [10]. Many 

researchers reported that crystallinity correlated 

inversely with enzymatic digestibility [37-39], 

but a number of reports claimed that crystal-

linity did not correlate with enzymatic digesti-

bility [40-42]. The conflicting results is caused 

by relative value which is determined by the 

XRD.

3.4. Morphological Analysis (FE-SEM)

Fig. 4 illustrates the morphological surface 

structure of the control and pretreated biomasses 

determined by FE-SEM. As the surface of un-
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Fig. 5. Enzymatic digestibility of L. tulipifera by or-

ganosolv pretreatment with sodium hydroxide.

treated biomass was very sleek and solid (a, b), 

which might be inaccessible to cellulase, there-

fore the enzymatic hydrolysis was not improved 

[43]. However, the surface structures of both 

pretreated biomass were not sleek and solid. 

The increase in the surface roughness and pores 

by hemicellulose degradation was observed on 

the surface of pretreated biomass with sulfuric 

acid (c, d). This could possibly improve the ac-

cessibility of cellulase to cellulose. Pretreated 

biomass with sodium hydroxide showed the de-

fiberization and formation of small pieces due 

to lignin and hemicellulose degradation (e, f), 

otherwise the formation of pores was not 

observed. Consequently, it was considered that 

pretreatment with sodium hydroxide improved 

enzymatic digestibility by increasing surface 

area through defiberization and breaking into 

small pieces.

3.5. Organosolv Pretreatment with 

Sodium Hydroxide at Various 

Conditions

3.5.1. Enzymatic Digestibility

It was determined that sulfuric acid and so-

dium hydroxide were effective catalysts for the 

organosolv pretreatment of L. tulipifera. However, 

sulfuric acid has been used as a common cata-

lyst for organosolv pretreatment while sodium 

hydroxide did not; therefore, organosolv pre-

treatment with sodium hydroxide was performed 

under various conditions to evaluate the effec-

tiveness of sodium hydroxide as a catalyst. 

Pretreatments were conducted at 140°C, 160°C, 

180°C, and 200°C for 60 or 90 min and 0.5%, 

1% and 2% of sodium hydroxide (w/w) were 

used as catalyst, respectively. 

Enzymatic digestibility improved by increas-

ing pretreatment time, temperature, and catalyst 

concentration (Fig. 5). However, a little differ-

ence in enzymatic digestibility was determined 

depending on sodium hydroxide concentration 

more than 1%, otherwise, the increase in pre-

treatment temperature and pretreatment time im-

proved the enzymatic digestibility dramatically, 

therefore they were considered as the major fac-

tor affecting the enzymatic hydrolysis. 

3.5.2. Analysis of Pretreated Biomass De- 

pending on Pretreatment Time

Chemical composition of pretreated biomass 

depending on pretreatment time was analyzed to 

investigate the behavior of organosolv pretreat-

ment with sodium hydroxide. Pretreatment tem-

perature and sodium hydroxide concentration 

were fixed at 200°C and 2%, respectively, and 

the pretreatments were performed for 30, 60, and 

90 min. 

Table 1 illustrates the chemical composition 

and enzymatic digestibility of pretreated bio-

mass depending on pretreatment time. Morpho- 

logical analysis using FE-SEM was shown in 

Fig. 6. Based on these results, breaking into 

small pieces and defiberization were preceded 

simultaneously at an initial stage (b, 30 min); it 

could improve enzymatic digestibility by in-

creasing surface area for enzyme adsorption. As 

pretreatment time increased, lignin degradation 

caused further defiberization and increase in 

surface area (d, 90 min). Therefore, it could be 

concluded that the organosolv pretreatment with 

sodium hydroxide improved the digestibility 
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Table 1. Chemical Compositionand Enzymatic Digestibility of L. tulipifera by the Organosolv 

Pretreatment with Sodium Hydroxide Dependingon Pretreatment Time

Pretreatment Time α-Cellulose (%) Hemicellulose (%) Lignin (%) Others (%) Digestibility* (%)

Control 40.3 ± 0.4 35.5 ± 0.4 23.4 ± 0.2 0.8 ± 0.6 9.0 ± 0.7

30 min 48.9 ± 0.3 23.6 ± 0.3 21.3 ± 0.1 6.2 ± 0.4 38.2 ± 0.1

60 min 56.2 ± 0.5 19.2 ± 0.5 18.7 ± 0.1 5.9 ± 0.6 70.4 ± 0.2

90 min 71.0 ± 2.5 17.7 ± 2.5 8.3 ± 0.3 2.9 ± 2.8 96.4 ± 0.5

* All pretreatments were performed at 200°C 

* All value were calculated onoven-dried pretreated biomass

Fig. 6. FE-SEM images of L. tulipifera by organo-

solv pretreatment with sodium hydroxide. a: 

control; b: pretreated for 30 min; c: pretreated

for 60 min; d: pretreated for 90 min.

through the increase in surface area by breaking 

into small pieces and defiberization, which were 

caused by hemicellulose degradation at an ini-

tial stage; and lignin degradation at a later 

stage. It also explained why the organosolv pre-

treatment with sodium hydroxide improved the 

digestibility regardless of pretreatment temper-

ature and time unlike sulfuric acid catalyst 

which improved the digestibility at specific con-

dition (Fig. 1).

4. CONCLUSIONS

In order to screen the effective catalyst for 

organosolv pretreatment of L. tulipifera, sulfuric 

acid, sodium hydroxide, and ammonia were ap-

plied as catalysts. Sulfuric acid and sodium hy-

droxide were considered as effective catalysts 

for the organosolv pretreatment of L. tulipifera. 

However, the pretreatment behaviors of each 

catalyst revealed a different aspect. The increase 

in roughness and pore numbers by hemicellulose 

degradation improved the enzymatic hydrolysis 

by the pretreatment with sulfuric acid. On the 

other hand, the pretreatment with sodium hy-

droxide improved the enzymatic hydrolysis by 

increasing surface area through breaking into 

small pieces and defiberization caused by hemi-

cellulose and lignin degradation.

As the result of organosolv pretreatment with 

sodium hydroxide under various conditions, pre-

treatment temperature and time were the major 

factors affecting enzymatic hydrolysis in orga-

nosolv pretreatment with sodium hydroxide. 

However, catalyst concentration scarcely affected 

enzymatic digestibility when it was above 1%. 

The analysis and enzymatic hydrolysis of pre-

treated biomass indicated that the organosolv 

pretreatment with sodium hydroxide increased 

the surface area by breaking into small pieces 

and defiberizing, which were caused by hemi-

cellulose degradation at an initial stage and lig-

nin degradation at a later stage. Finally, the in-

creased surface area improved enzymatic di- 

gestibility.
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