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Liquefaction of Fir Sawdust in Supercritical Ethanol with
Dissolved Phosphotungstic Acid

Changwei Zeng, Huaiyu Zheng, Jianhua Lv, Xuerong Chen, and Biao Huang *

An environmentally benign approach is put forward with the focus on
directly liqguefying and depolymerizing Cunninghamia lanceolata (Lamb.)
Hook. (Chinese fir) sawdust into ethyl levulinate (EL) under supercritical
ethanol (scEtOH) conditions by using phosphotungstic acid (PTA) as a
catalyst. The effects of parameters such as catalyst dosage,
temperature, and reaction time on alcoholysis yield were investigated.
The experimental results show that the biomass alcoholysis yield
reached 95.35% with 0.5 g PTA as a catalyst at 260 °C for 30 min.
Alcoholysis yield and quantitative content of EL depended on the
catalyst. The light bio-oil was primarily composed of phenols, aldehydes,
ketones, and esters. A high quantitative content of EL up to 20.82% (Ar,
Relative abundance) was achieved, compared to 0.73% Ar when PTA
was not added. Hence, scEtOH with dissolved PTA may offer novel
media for both chemical reactions and biomass conversion technology
as a replacement for environmentally undesirable organic solvents.
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INTRODUCTION

Developing new methods to convert biomass into fuels and high-value-added
chemicals can reduce our dependence on fossil fuels. In recent years there has been much
research on thermo-chemical conversion of biomass into bio-fuels by catalytic hydrolysis
technology. This effort has been motivated by the socio-economic advantages of the
process as well as the fact that it is an efficient conversion method compared to other
conversion technologies. However, some drawbacks also arise, which involve oxidation,
corrosion, environmental contamination, and high costs. Therefore, exploring an efficient
and environmentally-friendly method and catalyst has been imperative.

With the development of supercritical fluid technology, much work has been
devoted to discovering its potential advantages for biomass conversion. In addition to
supercritical water (Sawai et al. 2013), supercritical organic solvents including methanol
(Saka and Kusdiana 2001; Imahara et al. 2009), ethanol (Warabi et al. 2004; Yamazaki et
al. 2006), acetone (Jin et al. 2014) and phenol (Mishra and Saka 2011) have been applied
to the liquefaction of biomass. In particular, compared with other liquefaction solvents,
ethanol is regarded as the most promising for liquefaction, not only because of its high
efficiency, but also because of its renewability and the fact that there are numerous
sources (Xu and Etcheverry 2008).

Ethyl levulinate (EL), a food additive approved by the Food and Drug
Administration, is common in perfumes and candles. EL has greater miscibility with
petrochemical fuels than either soy diesel or ethanol. EL can be used as a platform
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chemical for the production of a wide range of value-added products. In general, EL can
be obtained by esterification of levulinic acid and alcohols (Fernandes et al. 2012;
Pasquale et al. 2012).

Heteropolyacids (HPAs) are some of the most attractive catalysts because they are
commercially available, easy to handle, and environmentally-friendly with remarkably
low toxicity and economy. Phosphotungstic acid (PTA), the strongest heteropolyacid, is
known as a highly efficient green catalyst (Ninomiya et al. 2011). Some literature has
reported the esterification of fatty acids into biodiesel by using PTA-supported carriers
such as activated carbon, SBA-15 (Tropecélo et al. 2010; Brahmkhatri and Patel 2012),
mesoporous silica (Patel and Brahmkhatri 2013), and zirconia (Oliveira et al. 2010).

It is well known that the thermo-chemical conversion of biomass by catalytic
hydrolysis is a heterogeneous reaction because of the solid particle form of the biomass
raw material. If the form of the catalyst is also solid, with both the raw material and the
catalyst in the solid phase, then the diffusivity, heat transfer, selectivity, and active site of
the catalyst might be a problem for the reaction system.

However, PTA can be dissolved in alcohols and can be easily separated by
organic solvents such as diethyl ether. Therefore, in combination with the advantages of
SCEtOH and PTA, the application of scEtOH with dissolved PTA as an enhanced medium
and catalyst could lead to many benefits for lignocellulosic biomass liquefaction.

Based on the combined advantages of scEtOH and PTA, the application of
scEtOH with dissolved PTA as an enhanced medium and catalyst is adopted in this study.
To the best of our knowledge, few studies have been carried out to directly liquefy and
depolymerize lignocellulosic biomass into value-added chemicals such as EL by this
method. To understand the role of liquefaction factors and PTA in the direct liquefaction
of sawdust, the effects of reaction parameters including reaction time, temperature, and
dosage of catalyst were investigated. In addition, the compositions of liquefaction
products were analyzed by various characterization methods.

EXPERIMENTAL

Materials

Fir sawdust (Fuzhou, China) was ground to the range 0.25 to 0.42 mm. The
sample was dried in an oven at 105 °C until it reached a constant weight. Typical biomass
constituents of the dried fir sawdust, in terms of cellulose, hemi-cellulose and lignin,
were analyzed according to the Chinese GB/T 2677 standard (Comprehensive Business
Department of China Light Industry Council 2010) with the following results: cellulose
content of 41.01%, hemicellulose content of 27.09%, and acid-insoluble lignin content of
30.24%. Chemical reagents such as ethanol, PTA, and n-hexane were of analytic grade
and purchased from the Sinopharm Chemical Reagent Company (Shanghai, China).
High-purity nitrogen (99.99% purity) was purchased from the Huaxinda Industrial Gas
Company (Fuzhou, China).

Methods

The liquefaction of fir sawdust was performed in a 300-mL stainless-steel,
magnetically stirred autoclave, into which a 1-g fir sawdust sample, 150 g of ethanol, and
the desired amount of catalyst (PTA) were added. First, the autoclave was sealed and
purged three times using high-purity nitrogen to replace the air within the reactor. Then,
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the reactor was heated to the desired temperature at a heating rate of 5 °C/min and kept at
that temperature for 10 to 50 min. After the reaction, the autoclave was quenched with a
cooling pipe using external cool water and an industrial fan.

The experimental procedure is illustrated in Fig. 1. The gaseous fraction was
evacuated after the reactor had been cooled to room temperature. The liquid and solid
fractions were poured out from the autoclave, and the wall of the autoclave was rinsed
several times with ethanol; then the liquid and solid products were filtrated through a
Buchner funnel with a pre-weighed filter paper. The filter cake (solid residue, SR) was
repeatedly rinsed with ethanol until the filtrate was transparent and colorless. The SR was
extracted using water via a Soxhlet extractor for 24 h to remove residual PTA, dried at
105 °C in an oven until a constant weight was obtained, and then weighed to obtain the
yield of SR. The filtrate was distilled with a rotary evaporator to remove the ethanol
under vacuum at 70 °C. The resulting liquid phase product after the distillation was
designated as bio-oil (BO). The SR yield, biomass alcoholysis yield, HBO ratio and LBO
ratio were calculated according to Egs. 1 and 2 as follows:

SR yield (%) = weight of SR/ weight of the dried fir sawdust X 100 1)
Biomass alcoholysis yield (%) = 100 % - SR yield (2)
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Fig. 1. The schematic diagram of (a) the autoclave and (b) procedure chart of the supercritical
liquefaction of fir sawdust

The surface morphology analyses for SR obtained from liquefaction with and
without PTA catalyst were performed by using a microscope (JEOL Model JSM-7500F,
Japan). Thermogravimetric experiments of SR and sawdust were achieved using a
NETZSCH STA 449 F3 Jupiter® (Germany) simultaneous thermal analyzer. The
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temperature was increased from 25 to 800 °C at a rate of 10 °C/min with a 30 mL/min
flow of N2 as a carrier gas.

The fir sawdust and SR without Soxhlet extraction were completely mixed with
potassium bromide at a mass ratio of 1:150. After this, they were ground in an agate
mortar and compacted into a sheet by a hydraulic press at a pressure of approximately 20
MPa. The functional group information of the sample was characterized by FT-IR
spectroscopy using a Nicolet 380 FT-IR spectrophotometer (Thermo Fisher Scientific,
USA). FT-IR spectra were obtained in the 4000 to 400 cm™ region, with a total of 32
replicate scans and a resolution of 4 cm™ using OMNIC software (Thermo Fisher
Scientific, USA) (Christensen et al. 2014; Lu et al. 2013).

The BO sample, after the ethanol removal process, was reprocessed by means of
extraction with hexane and centrifuged at a desired rotating speed with a high-speed
centrifuge. Subsequently, the BO sample was separated into a black viscous substance,
which was specified as heavy bio-oil (HBO), and a dark brown immiscible liquid, which
was designated as light bio-oil (LBO). HBO was analyzed by FT-IR spectra. The GC-MS
analysis of LBO was performed using an Agilent 7890/5975C gas chromatography-mass
spectrometer (USA) equipped with a neutral polar DB-17 m capillary column (30 m x
0.25 mm x 0.25 pm), utilizing helium as a carrier gas at a constant flow rate of 25
mL/min. The LBO sample of 1 uL was injected at a split ratio of 15:1 at 280 °C.

RESULTS AND DISCUSSION

The Effect of Main Process Parameters on Biomass Alcoholysis Yield

Temperature is an important parameter in supercritical ethanol liquefaction
reactions. Figure 2(a) shows the effect of reaction temperature on biomass alcoholysis
yield, in which the alcoholysis yield increased continuously from 78.70% to 95.35% as
the reaction temperature increased from 180 to 260 °C, whereas alcoholysis yield rose
slightly from 95.35% to 95.83% as the reaction temperature was extended beyond
260 °C. At low reaction temperature (from 180 to 200 °C), the alcoholysis yield
increased slowly from 78.70% to 82.24%. This could be due to the fact that the fir
sawdust did not fully react under subcritical ethanol conditions (Xu et al. 2014).
However, the alcoholysis yield dramatically increased to 95.35% as the temperature
approached 260 °C, beyond the critical conditions of ethanol, whose critical temperature
and pressure are 242.8 °C and 6.36 MPa, respectively. The results indicated that the high
diffusivity and solubility of ethanol favored the liquefaction of wood. In addition,
compared with 260 °C, the conversion yield did not change noticeably when the
temperature reached 280 °C, as raising the temperature could promote the decomposition
of sawdust and the recondensation of the liquefaction intermediates simultaneously (Jin
et al. 2011). Furthermore, the high conversion yield of 95.35% also suggested that the
three major components, namely cellulose, hemicellulose, and lignin, were basically
liquefied when compared to their total content of 98.34%. With economic benefits and
energy consumption taken into consideration, 260 °C was selected as the optimal reaction
temperature for fir sawdust.

The effect of the reaction time on biomass alcoholysis yield is shown in Fig. 2(b),
in which the change of biomass alcoholysis yield over reaction time was investigated at a
reaction temperature of 260 °C and catalyst dosage of 0.5 g. At first, the biomass
alcoholysis yield increased from 92.52% with the reaction time of 10 min to 95.35% with
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a reaction time of 30 min. However, the alcoholysis yield increased only slightly when
the reaction time was extended beyond 30 min (95.38% with the reaction time of 40
min), which may be due to the saturation of the raw sawdust primary liquefaction when
the reaction time was longer than 30 min. In addition, an increase of resistance time in the
40 to 50 min range resulted in a decrease in the alcoholysis yield from 95.38% to 92.31%
because of the formation of residue caused by condensation and repolymerization (Li et
al. 2009; Zhao et al. 2013). Thus, all the supercritical liquefaction of fir sawdust
experiments were conducted with the reaction time of 30 min.

The effect of catalyst dosage on biomass alcoholysis yield is shown in Fig. 2(c),
which presents the results obtained from the supercritical liquefaction operations with
various catalyst dosages from 0 to 1.0 g at 260 °C for the resistance time of 30 min. The
biomass alcoholysis yield rose dramatically and then tended to stay steady with catalyst
dosage increasing. The increase in the biomass alcoholysis yield, from 58.89% without
catalyst to 79.42% with 0.1 g of catalyst, indicates that PTA could distinctly enhance the
biomass alcoholysis efficiency for supercritical liquefaction of fir sawdust. For a catalyst
dosage greater than 0.5 g, there was no obvious promoting effect on the biomass
alcoholysis yield, from 93.35% with 0.5 g of catalyst to 96.33% with 1.0 g of catalyst.
Given that the excess catalyst may have possibly not been consumed, the residual PTA
left in SR may result in the waste of the catalyst. Therefore, the most appropriate dosage
of PTA was determined to be 0.5 g.
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Fig. 2. Effect of (a) reaction temperature, (b) reaction time, and (c) dosage of catalyst on biomass
alcoholysis yield
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SEM Analysis

Figure 3 shows SEM images of SR obtained from liquefaction of fir sawdust with
and without PTA catalyst. The SEM images show distinct differences in the morphology
of SR. For the run without catalyst, the fiber cell wall of SR was not sufficiently cracked
and still maintained the fiber structure. The formation of carbon spheres with a diameter
of less than 1 um was observed from the run with catalyst. This phenomenon could be
explained by the increase in the biomass alcoholysis yield, from 58.89% without catalyst
to 95.35% with 0.5 g PTA. On the other hand, the results also indicate that PTA could
dramatically catalyze the formation of carbon spheres during the liquefaction process
(Tekin et al. 2012).

Fig. 3. SEM images of SR obtained from liquefaction of fir sawdust at 260 °C for 30 min (a)
without and (b) with PTA catalyst

FT-IR Analysis

Figure 4(a) shows the FT-IR spectra of fir sawdust. Generally, the characteristic
absorption peaks of cellulose are at 2907, 1369, 1023, and 896 cm™ (Schwanninger et al.
2004). Lignin shows distinct bands at 1599, 1506, 1422, and 814 cm™ (Lu et al. 2014).
The broad absorption peak near 3392 cm™* may be due to O-H stretching originating from
the presence of cellulose and/or polysaccharide compounds (hemicellulose) (Chen et al.
2012). The strong absorbance at 2915 cm™, attributed to the C-H stretching vibrations,
indicates the presence of methyl and methylene groups (Brand et al. 2013). The typical
carbonyl group (C=0) stretching vibrations at 1732 cm™ in the sample show the
characteristic absorption peak of hemicellulose (Meryemoglu et al. 2014). Aromatic
skeletal vibrations originating from lignin are confirmed by aromatic C=C stretching at
1614, 1510, and 1425 cm™ (Aysu and Kiciik 2013). In contrast, compared with the
spectrum of fir sawdust, there is a marked difference in the FT-IR spectra of SR.

As is shown in Fig. 4(b), the four characteristic bands for the Keggin structure of
PTA in SR appear at 1079, 984, 892, and 811 cm™ and are assigned to the vibrations of
asymmetric P-O at the central tetrahedral, terminal asymmetric oxygen (W = Oq), corner
shared asymmetric oxygen (W-Op-W), and edge-shared oxygen (W-Oc-W), respectively
(Gong et al. 2014). As for the SR sample, the four Keggin-structured bands in the spectra
indicate that the PTA in SR still retained the Keggin structure. This phenomenon can be
explained as being a result of the high thermal stability of PTA anions, which indicates
that PTA can be effectively reused for reprocessing SR.

The broad bands near 3392 and 2915 cm™ were noticeably reduced. In addition,
the disappearance of the absorption peak at 1732 cm™ suggests that the hemicellulose in
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fir sawdust was completely liquefied. Intensity peaks can be observed near 2860 cm™,
which is the characteristic absorption peak of methoxyl groups in lignin. From the above
results it can be inferred that cellulose and hemicellulose are easier to liquefy than lignin,
especially hemicellulose. Holocellulose depolymerization can be rationalized as a
combined effect of the much higher dielectric constant of supercritical ethanol (in
contrast with the dielectric constant of ethanol in the liquid state) and the ability of
ethanol to undergo autoprotolysis (Rataboul and Essayem 2011).

The band at 1700 cm™ can be attributed to aromatic conjugated C=0 stretching
vibrations. The skeletal vibration bands of benzene rings can be observed at 1600 and
1420 cm, while an absorption peak appears at 1510 cm™. These phenomena indicate
that compounds with benzene ring structures are present in SR. These compounds are
primarily the lignin derivatives obtained from liquefaction products, which are different
from the lignin structure of raw sawdust (Xu et al. 2012). As expected, the lignin
derivatives existing in SR show that the lignin in sawdust might not be entirely liquefied
and might generate the repolymerization derivatives of depolymerized lignin.

Figures 4(c) and (d) show the FT-IR spectra of HBO obtained from liquefaction
without catalyst and with PTA catalyst, respectively. The intense broad bands at 1079,
981, 894, and 813 cm™ in Fig. 4(d) can be assigned to the four characteristic bands for the
Keggin structure of PTA (Gong et al. 2014). The intense band at 1713 cm originating
from the presence of C=0 groups in HBO obtained with PTA catalyst, which are not
present in HBO obtained without catalyst, indicates that PTA can promote the formation
of ketones, aldehydes, and carboxylic acids. The peaks observed at 1599, 1452, and 1410
cm* can be attributed to aromatic rings, which are related to lignin (Lu et al. 2014). The
results indicate that HBO could be obtained from lignin by a certain type of destruction,
regardless of whether PTA is added as a catalyst or not.
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Fig. 4. FT-IR spectra of (a) fir sawdust; (b) solid residue (SR); (c) HBO obtained by liquefaction
without catalyst, and (d) with 0.5 g of PTA catalyst fixed at 260 °C for 30 min

TG and DTG Analysis

The thermal degradation behavior of fir sawdust and SR without Soxhlet
extraction was conducted using TG and DTG analysis (Fig. 5). The TG and DTG curves
of fir sawdust and SR are distinctly different because of their different compositions, as
determined by the FT-IR analysis. The main degradation temperature of fir sawdust was
from 214 to 526 °C and lower than 134 °C, while that of SR was from 318 to 521 °C and
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above 521 °C. In the range of 25 to 134 °C, the weight loss of fir sawdust was 9%, which
was attributed to the loss of hydroxyl bonded water.

Hemicellulose and cellulose decomposition peaks were observed between 214
and 370 °C (Chen and Kuo 2010). In Fig. 5(b), the broad peak of weight loss was
between 300 and 370 °C, with a maximum rate of weight loss occurring at 359 °C,
possibly contributed by the simultaneous thermal decomposition of hemicellulose and
cellulose (Chan et al. 2014). For the SR, a slight decrease in weight occurred between
318 and 521 °C, which corresponded to the decomposition of lignin and the crystal water
in the residual dystectic PTA (Ninomiya et al. 2011). At temperatures higher than
521 °C, the rate of weight loss increased, which is attributed to the decomposition of
lignin and the residual PTA (Idris et al. 2010; Ninomiya et al. 2011). These phenomena
indicate that the SR was composed of lignin and PTA, consistent with the results of the
FT-IR analysis.
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Fig. 5. Comparison of (a) TG and (b) DTG curves for fir sawdust and SR

GC-MS Analysis

The major compounds of LBO were analyzed using GC-MS to obtain more
detailed information on the components. The quantitative content of the main compounds
in LBO was determined using the area normalization method. GC-MS analysis results of
LBO obtained from liquefaction without catalyst but with PTA are shown in Tables 1 and
2. It should be noted that these findings represent only a part of the LBO compounds.
Other compounds are difficult to identify because of their much lower match degree with
the mass spectral library.

It is clear that the composition of LBO was prominently affected by the PTA
catalyst; 25 main compounds were identified in LBO without catalyst and only 17 kinds
were found in a PTA catalysis run. The distribution of the main composition in LBO is
illustrated in Fig. 6. It was found that LBO obtained without catalyst involved more
phenols, whereas there were more esters in LBO with a PTA catalyst. The quantitative
content of alkenes and phenols decreased as esters increased when PTA was added as a
catalyst, which indicated that PTA promoted the degradation and esterification of
macromolecules. With the addition of PTA in the reaction, the quantitative content of
aldehydes decreased, in contrast to the increased content of ketones, because of the
enhancement of oxidation in this reaction system.
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Fig. 6. The quantitative content distribution of compounds in LBO obtained from liquefaction
without catalyst and with PTA catalyst

As can be inferred from Tables 1 and 2, a high quantitative content of EL, up to
20.82% relative abundance (Ar), was achieved, compared to the 0.73% Ar achieved when
PTA was not used as catalyst.

Table 1. Major Compounds Identified in LBO Produced at 260 °C and 30 min
without Catalyst

FI)\Ieg( Retention time/min Compound Relative abundance */%
1 5.366 p-Xylene 1.21
2 8.834 Ethoxyacetaldehyde diethylacetal 6.63
3 12.497 2-hydroxy-3-metr;);:éZ—CycIopenten-l- 0.43
4 13.642 Ethyl levulinate 0.73
5 14.231 Guaiacol 1.13
6 17.04 2-Methoxy-5-methylphenol 0.67
7 19.844 a-Cedrene 4.38
8 20.314 B-Cedrene 0.64
9 20.827 2-Methoxy-4-vinylphenol 7.21
10 21.594 3-Allyl-6-methoxyphenol 3.5
11 23.171 Eugenol 1.07
12 24.343 trans-Isoeugenol 19.16
13 24.662 Vanillin 1.36
14 24.851 4-(Ethoxymethyl)-2-methoxyphenol, 1.15
15 26.726 Apocynin 1.1
16 28.346 Ethyl 4-hydroxy-3-methoxybenzoate 1.36

3,5-Di-tert-butyl-4-

L7 30.102 hydroxybenzaldehyde 0.82

Total 52.55

* This parameter is relative to the total abundance of all compositions detected by GC-MS
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Table 2. Major Compounds Identified in LBO Produced at 260 °C and 30 min
with 0.5 g PTA

Pﬁgk Retention time/min Compound Relative abundance */%
1 13.782 3-Methyl-1,2-cyclopentanedione 1.63
2 14.91 Ethyl levulinate 20.82
3 15.432 Ethyl valerate 0.69
4 15.563 Guaiacol 3.78
5 16.898 2-Ethoxyphenol 0.72
6 17.064 4,4-Dimethyl-1,3-cyclohexanedione 3.06
7 17.385 Tert butyl ethyl succinate 1.98
8 17.587 Diethyl succinate 0.75
9 18.335 2-Methoxy-4-methylphenol 0.51
10 18.946 1-Ethoxy-4-methoxy-benzene 0.96
11 19.534 Diisopentyl succinate 1.12
12 20.578 4-Ethyl-2-methoxyphenol 1.81
13 21.219 a-Cedrene 1.17
14 22.721 2-Methoxy-4-n-propylphenol 1.93
15 25.783 4’-Ethoxyacetophenone 1.16
16 26.033 Isovanilin 1.53
17 27.807 3,5-Di-tert-butylphenol 1.30
18 28.152 Methyl 4-hydroxy-3- 5.18

methoxyphenylacetate
19 29.713 Ethyl 4-hydroxy-3-methoxybenzoate 3.31
20 30.282 2-Pentyl-3-meth;(/)l-m—eZ—cyclopenten—l— 3.08
21 30.941 2,4,6-Triisopropylphenol 2.33
22 31.066 2,6-Di-tert-butyl-4-methylphenol 1.37
23 31.481 2,6-Di-tert-butyl-4-ethylphenol 3.01
24 33.743 Palmitic acid ethyl ester 0.45
25 45,53 Diisopentyl phthalate 1.15
Total 64.79

* This parameter is relative to the total abundance of all compositions detected by GC-MS

It is clear that EL was the major compound identified in LBO obtained with a
PTA catalyst, while trans-isoeugenol was the largest content compound in LBO obtained
without catalyst. EL represented the largest portion identified in LBO produced from the
esterification reactions of ethanol and levulinic acid obtained from the hydrolyzation of
5-hydroxymethul furfural in the decomposition products of cellulose or hemicellulose in
ethanol with PTA (Huang et al. 2013). Methyl 4-hydroxy-3-methoxyphenylacetate and
ethyl 4-hydroxy-3-methoxybenzoate can be obtained from the esterification of the
degradation fragments of lignin (Li et al. 2009). Phenols such as 2-methoxy-4-
vinylphenol, eugenol, guaiacol, 2-methoxy-4-n-propylphenol, 4-ethyl-2-methoxyphenol,
and 2-methoxy-4-methylphenol were undoubtedly derived from the degradation of
sawdust. This conforms to the conclusion that softwood lignin contains guaiacyl propane
units (Brand et al. 2013). In addition, the benzene ring structure of degradation products
may have the potential to be used in the synthesis of phenolic resin or other new
functional materials (Xu et al. 2012).
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CONCLUSIONS

1. The application of scEtOH with dissolved PTA as an enhanced medium and catalyst
was adopted for liquefaction and depolymerization of Chinese fir sawdust into value-
added chemicals. The results show that PTA had a remarkable effect on the
quantitative content of EL.

2. The optimum reaction conditions for catalytic liquefaction were 260 °C, with a
reaction time of 30 min and 150 g of ethanol as solvent, which could achieve the
highest alcoholysis yield of 95.35%.

3. Based on the FT-IR and TG analyses, the SR was primarily composed of PTA
catalyst and lignin derivatives. Meanwhile, GC-MS results show that the LBO was
primarily composed of phenols, esters, aldehydes, ketones, and alkenes. Additionally,
the phenols originated from the degradation of lignin in sawdust, while the increased
content of esters in the absence of added catalyst was attributed to the esterification of
acids obtained from decomposition of the main compounds in sawdust.

4. In particular, the high quantitative content of EL obtained by the esterification of
levulinic acid degraded from cellulose and hemicellulose in scEtOH with PTA as
catalyst suggests that PTA could play a key role in promoting the liquefaction of
biomass and producing EL from fir sawdust in scEtOH.
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