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Atmospheric liquefaction technology has been used widely and is an 
effective way of biomass component utilization. In this paper, the liquefied 
products obtained from corn stalk using polyhydric alcohols 1,2-
propanediol (PG) mixed diethylene glycol (DEG) through acid catalysis 
under atmosphere pressure were characterized by various analytical 
technologies. The results indicated that 39 kinds of organic compounds 
were present in bio-oil, among which alcohols were the most, phenols 
were the second, and their relative contents were 70.7% and 25.6%, 
respectively. There were also some organic acids, ethers, esters, and 
ketones. More than 80% of these compounds had a carbon number less 
than 25. Carbon nuclear magnetic resonance spectra (13C-NMR) showed 
that different chemical shifts δ (ppm) corresponded to various carbon 
types. The chemical composition of the residue from liquefaction was 
complex and contained a certain amount of large molecular substances 
that were difficult to degrade. It required more severe pyrolysis conditions 
than those of corn stalk. Results from X-Ray Diffraction (XRD) indicated 
the destruction of crystalline structure of carbohydrates and the cellulose 
molecules were cracked, indicating that the cellulose was degraded and 
the degree of liquefaction was high. 
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INTRODUCTION 

 
Given the problems of scarcity and depletion in future availability of petrochemical 

resources, lignocellulosic biomass, as a renewable resource, has grasped increased 
attention globally (Lee et al. 2000). Abundant and widely distributed agricultural residue 
is an important part of lignocellulosic resources. However, if it is not reasonably handled 
and utilized, it will not only be a waste of resources, but will also cause serious pollution 
to the environment. Rational development and utilization of agricultural residue will 
contribute to the harmonious development for man and nature. Atmospheric pressure 
catalytic liquefaction technology is a thermochemical process that converts biomass into 
liquid products with wide molecular weight distribution through the interaction of 
liquefying agent and catalyst under atmospheric pressure and temperature below 200 °C. 
This is one of the effective ways of agricultural residue utilization that has been applied 
widely (Kormin and Rus 2017; Breunig et al. 2018).  
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Liquid products and residues from biomass transformation by liquefaction have a 
wide range of applications. The former can replace some petrochemical products (Jindal 
and Jha 2016) and can also be used as chemical raw materials to prepare other products 
(Bridgeman et al. 2007), such as ethanol (Poligenis et al. 2008) and biofuel, and as raw 
materials to produce polyurethane foaming materials (Schulzke et al. 2018), carbon fibers 
(Yoshida et al. 2005), phenolic resins (Yan et al. 2017), and adhesives (Li et al. 2017). 
Thus, biomass with lower energy density and grade is transformed into liquid product with 
higher energy density and grade. The liquefaction residue can be converted into activated 
carbon materials with low cost and high quality (Zhao et al. 2016). 

The liquefying agent plays an important role in atmospheric pressure catalytic 
liquefaction. Not only can it disperse biomass raw materials, but it also affects the 
liquefaction outcome and molecular weight distribution of biomass. The commonly used 
liquefying agents mainly include phenol, alcohols, and cyclic carbonates. In recent years, 
many researchers have explored low toxic alcohols as liquefaction solvents for 
lignocellulosic biomass.  

The advantages of using these alcohols are that it not only has a critical temperature 
and pressure lower than that of water that make the reaction conditions relatively mild, but 
also it can provide active hydrogen as a hydrogen donor. Meanwhile, it has a relatively low 
dielectric constant, which imparts easier dissolution of the polar products with higher 
molecular weight derived from the biomass components and can effectively prevent the re-
polymerization of liquefied products (Yip et al. 2009). 

To better use liquefied products, it is necessary to understand their structural 
characteristics. When bagasse powder is liquefied by polyethylene glycol/glycerol (Gly) 
catalyzed with sulfuric acid (SA) at 140 to 180 °C under ambient pressure, hemicellulose 
is the most active component of the cell wall, followed by lignin and cellulose. 
Liquefaction is a highly endothermic reaction (Zhang et al. 2020). Domingos et al. (2019) 
obtained high liquefaction yield when orange peel waste is liquefied with ethylene glycol 
(EG)/Gly (1:1) catalyzed using SA (liquefying agent/biomass material 9:1) at 180 °C for 1 
h, and can efficiently be transformed into excellent polyurethane foam. The effect of 
liquefying agents, such as PG, DEG, 1,4-butanediol, and EG during 130 to 190 °C for 1 h 
using corn stalk as raw material and H3PO4 as catalyst was investigated by Zhang et al. 
(2018). Tests revealed that at the optimum temperature of 180 °C, liquefaction yield is the 
highest, up to 99.2% with PG as liquefying agent. 

In this article, corn stalk was liquefied in PG/DEG mixture using an acid catalyst 
at 170 °C for 45 min, and the obtained liquefied products (both the residue and bio-oil) 
were characterized systematically. The main chemical components, functional groups, 
chemical structure, and fiber properties of the liquefied products were examined by various 
anlytical techniques. Moreover, the physicochemical properties of the produced bio-oil 
were tested and compared with that of crude oil. The findings here contribute to providing 
a theoretical foundation and technical support for the utilization of lignocellulosic biomass 
liquefied products, while also developing more potential applications in diverse fields, and 
promoting the efficient utilization of biomass resources and the development of biomass-
based products. 
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EXPERIMENTAL 
 
Materials 

Crushed corn stalks were collected from farms near Tianjin, China. Corn stalk 
powders of 20- to 80-mesh size were screened through the standard sieve, and part of 
powders that can pass the 0.830 mm sieve (20 mesh) but cannot pass the 0.177 mm sieve 
(80 mesh) was retained. After the substrate moisture was balanced, it was stored for 
standby. Chemical compositions of corn stalk are summarized in Table 1. The contents of 
cellulose, hemicellulose, lignin and alcohol extract were determined by NREL method. 
And the contents of moisture and ash were tested by GB/T2677.2-1993. 

 
Table 1. Chemical Compositions of the Corn Stalk Material 

 
The primary chemicals used were of analytical purity (e.g., concentrated 

phosphoric acid, PG, DEG, 1,4-dioxane, NaOH, and pyridine). Acetone-d6, KBr, and 
silane reagent (BSTFA 90%, TMCS 10%) were of chromatographic purity. These solvents 
were purchased from the Sinopharm Chemical in Shanghai (China).  

 
Liquefaction of the Corn Stalk 

The corn stalk was liquefied using 10% catalytic amount of H3PO4 and liquefying 
agent (PG:DEG = 1:2) with liquid to solid ratio of 5:1 in the PARR 4848 high-pressure 
reactor (PARR, Champaign, IL, USA) at 338 r/min. Timing was started when the 
liquefaction temperature reached 170 °C, and cooling water was used to reduce the reactor 
temperature to about 25 °C after 45 min. 

Products after the liquefaction were washed and dissolved with 80% 1,4-dioxane, 
stirred magnetically for 30 min, and then centrifuged for 15 min at 10 °C (10000 r/min). 
After centrifugation, concentrate (bio-oil) was obtained after 1,4-dioxane was removed 
from supernatant with rotary evaporation at 40 °C. Liquefaction residue was obtained by 
washing the centrifuged solid with deionized water and recycled 1,4-dioxane until the 
filtrate was colorless, followed by drying at 105 °C for 24 h (Zhang et al. 2018). At this 
time, the yields of bio-oil and liquefaction residue were 99.38% and 0.62%, respectively. 
 
Analysis Methods 
Fourier transform infrared (FTIR) analysis 

KBr films made by dry sample and KBr (1:100, W/W) were analyzed using a Bruker 
650 FTIR spectrometer (Karlsruhe, Germany) in the 4000 to 400 cm-1 range of 
wavenumber, and with a frequency of 16 scans (Zhang et al. 2021). 

 
Pyrolysis gas chromatography mass spectrometric (Py-GC/MS) analysis 

0.1 g sample was taken in a single-shot PY-2020iS pyrolyzer (Frontier LRB, 
Fukushima, Japan) and reacted at 600 ℃ for 12 s. Pyrolyzer was interfaced with a GC-MS 
analyzer (7890A-5975C, Agilent Technologies, Palo Alto, CA, USA). Cracking gas 

Constituent Moist Ash Alcohol 
Extract 

Cellu- 
lose 

Hemi- 
cellulose 

Acid Insoluble 
Lignin 

Acid Soluble 
Lignin 

Content (%) 7.17 
±0.14 

2.38 
±0.08 

13.83 
±0.13 

36.91 
±0.11 

20.37 
±0.15 

16.11 
±0.09 

1.27 
±0.21 
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entered GC-MS system at a high purity He purge, with a total flow rate of 14 mL/min, split 
ratio of 10:1, split flow rate of 10 mL/min, and injection temperature of 280 ℃. 

Column box program: The initial column temperature of 40 ℃ was retained for 5 
min before being heated to 280 °C at a rate of 10 °C/min for 3 min. The GC-MS interface 
temperature was 280 °C; ion source was 230 °C; and MS four-stage rod was 150 °C. In EI 
scanning mode, mass number scanning range of mass spectrum was 50 to 800 amu. 

 
GC-MS analysis 

Silylation method: Initially, 20 mg bio-oil was dried in a vacuum drying oven at 40 
°C for 30 min. Then, 80 and 150 μL of BSTFA and TMCS reagents were respectively 
added to it and the silanization reaction was allowed to proceed for 45 min at 70 °C. A 
0.22-μm microporous membrane was used to filter the fluids (organic component) for GC-
MS analysis. 

GC conditions: HP-5MS column (30 m × 250 μm × 0.25 μm) was used with high 
purity helium gas as carrier gas, and the gas flow rate was set at 1.0 mL/min (shunt ratio 
of 10:1, inlet temperature of 300 ℃, injection volume of 0.2 μL, solvent delay of 3 min). 
The heating program was an initial temperature of 80.0 ℃, which was retained for 3 min. 
Then the heating reached 150 ℃ at 5 ℃/min and was retained for 0 min. Lastly, the heating 
rose to 300 ℃ at 10 ℃/min and was retained for 5 min. Total running time was 37 min. 

MS conditions: The ion source temperature was set at 230 ℃, four-stage rod 
temperature was 150 ℃, and full scan range of 40 to 1000 amu, in EI ionization mode. 

 
Thermogravimetric analysis (TGA) 

5 to 10 mg sample was recorded on a thermogravimetric analyzer (TGA-Q50, 
Shimadzu, Kyoto, Japan) under N2 from 30 to 600 °C at a heating rate of 10 °C/min. 

 
13C-NMR analysis 

Corn stalk was analyzed with cross-polarization/magic angle spinning carbon-13 
nuclear magnetic resonance spectra (CP/MAS 13C-NMR) (Infinityplus 300, Varian, Palo 
Alto, CA, USA). Approximately 100 mg bio-oil was dissolved in 0.5 mL of acetone-d6, 
and 13C-NMR was performed by an AVANCE III 400M NMR spectrometer (Bruker, 
Karlsruhe, Germany) using 10,000 scan numbers. 

 
XRD analysis 

The crystal morphology of the samples was measured using a Shimadzu Lab XRD-
6100 diffractometer (Kyoto, Japan). Cu-Kα rays (λ = 1.54 A) were used to radiate the 
samples at a scanning angle of 2θ = 5 to 40° at scanning speed of 4°/min. 

 
Bio-oil Physicochemical Properties  
Determination of dynamic viscosity (μγ) 

A rotary viscometer (DV2TLY, Brookfield, Stoughton, Middleboro, USA) was 
used to determine the bio-oil viscosity at 24 ± 1 ℃ by means of an appropriate rotor. 
 
Determination of acid value 

0.15 to 0.20 g of bio-oil (m, g) was dissolved in 25 mL 80% 1,4-dioxane solution, 
and titrated with N mol/L of NaOH (V1, mL). The consumed volume (V2, mL) was recorded 
after balancing. Acid value (X, mgKOH/g) was calculated by Eq. 1: 
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X = (V1 - V2) × N × 56.1
m

         (1) 

 
Determination of density 

The density of bio-oil was measured using a liquid densitometer (ET-03L, 
ETNALN, Beijing, China) at 15 ℃. 

 
Determination of solid content 

Bio-oil (m, g) was dissolved in 100 mL ethanol and filtered with 1.0 μm 
microporous membrane. The filtrate was washed until it was clear and colorless. After 15 
min of air drying, the filtrate was transferred to an oven for drying (150 ℃, 30 min), cooled, 
and weighed (m0, g). The solid content of bio-oil was the mass ratio of m0 to m. 

 
Determination of char yield 

The char yield was calculated by the mass ratio of remaining substance to bio-oil 
after carbonization of bio-oil in an aerobic environment for 20 min and then combustion at 
775 ℃ for 8 h. 
 
 
RESULTS AND DISCUSSION 
 
FTIR Analysis 

The FTIR spectra of corn stalk and its liquefied products are shown in Fig. 1. As a 
control sample, the distinctive peaks for three-component can be observed in corn stalk 
spectrum. In the liquefaction residue spectrum, except for the lignin with C=O stretching 
vibration appeared at 1623 cm-1, the intensities of most distinctive peaks were diminished 
or entirely vanished, suggesting that lignin was almost totally liquefied and the residue 
contained mainly its derivatives. The C1-H bending vibration of β-glycosidic bond at 891 
cm-1 was clearly attenuated, showing that bond was partially disrupted during liquefaction. 
At 1721 cm-1, there were characteristic peaks of aldehydes, ketones or esters linked to 
benzene rings, and carbohydrate compounds from corn stalk. In the residue this peak was 
substantially higher in intensity, which was due to degrading carbohydrate molecules to 
generate more carbonyl compounds during liquefaction. It may also be that aldehyde group 
formed was linked to lignin basic unit to produce a relatively stable structure. Three-
component peaks were diminished or vanished, implying that they were degraded, and 
cellulose was more difficult to liquefy than lignin and hemicellulose. Residue consisted 
mostly of incompletely liquefied cellulose and polymers produced by the reaction of tiny 
molecules produced by the three components degradation. 

Due to the polymerization of O-H groups in the liquefied corn stalk with acid 
catalysts and alcoholic groups in the liquefying agents, there was evidence of the 
generation of water or other small molecules. Thus, the O-H stretching peak intensity in 
bio-oil at 3411 cm-1 was weakened when compared to that in the corn stalk spectrum. Bio-
oil peaks weakened or disappeared in the ranges of 1721 to 1377 and 1250 to 1049 cm-1, 
while a strong peak appeared at 1007 cm-1, due to the degradation of lignin macromolecules 
into new substances and the gradual reduction of liquefying agent in the late liquefaction 
stage. 
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Fig. 1. FTIR spectra of corn stalk and liquefied products 
 

Py-GC/MS or GC-MS Analysis 
Figure 2 represented the total ion chromatogram (TIC) of corn stalk and its liquefied 

products. The distribution of peaks including the relative peak heights and spectral patterns 
in the three curves were more complex, indicating that their compounds types and relative 
contents were much complicated. 

 

 
 

Fig. 2. TIC of corn stalk and its liquefied products 
 
The main components of corn stalk and its liquefied products were identified using 

the mass spectra of each absorption peak in the TIC diagram, and the relative contents of 
these components were determined by the area normalization technique (Table S1). As 
shown in Fig. 3, furans (39.6%), phenols (16.6%), ketones (6.18%), hydrocarbons (5.23%), 
alcohols (2.16%), aldehydes (1.75%), esters (1.80%), and organic acids (0.049%) were 
identified in the pyrolysis products of corn stalk. Also detected were heteroatom (S- or N-
based) organic compounds with a content of 26.6%. The pyrolysis products of liquefaction 
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residue contained complex compounds, such as furans (10.6%), ketones (3.73%), 
hydrocarbons (35.2%), phenols (18.9%), alcohols (4.17%), aldehydes (4.31%), ethers 
(1.25%), organic acids (4.79%), and 17.0% hetero-atomic compounds. 

Bio-oil was made up of 39 different chemical compounds, practically all of which 
included element O, indicating that it contained a lot of oxygen and was unstable. The 
percentage of alcohols in bio-oil was the highest at 70.7%. It also contained 10.6% PG and 
30.6% DEG, some of which were formed by degradation and others would have formed 
from non-reacting liquefying agents. Phenols made up 25.6% of the bio-oil. Some ether 
bonds in lignin were broken, specifically the β-O-4 bond, and degraded into phenolic 
compounds, which were mostly derived from cracking of phenylpropane-based 
fundamental structure of lignin. Acids (2.80%) and ethers (0.644%) formed from the 
degradation of carbohydrates were also found in the bio-oil, making it acidic and caustic. 
In addition, 0.097% esters and 0.129% ketones were included in the bio-oil. 

 

 
 
Fig. 3. Relative contents and distribution of compounds in corn stalk and its liquefied products 

 
TGA Study 

TGA of corn stalk and its liquefied products are depicted in Fig. 4. The pyrolysis 
stages of corn stalk were separated into three periods. The first stage was the heating step 
(from 30 to 150 ℃), which was mostly associated with the escape of water and small 
molecules, and the mass loss rate of corn stalk at this step was 6.3%. The second stage 
(rapid mass loss stage) was from 150 to 385 °C, with mass loss of roughly 65.8%. 
Hemicellulose pyrolysis produced a shoulder peak at 256 °C. Pyrolysis process of cellulose 
caused the largest mass loss at 337 °C, and mass loss rate at that step was 64.7%. At 385 
°C, residual mass was 27.5%. The third stage (slow mass loss stage) was 385 to 600 °C. 
With the increase of temperature, the mass loss rate decreased, and residual mass at 600 ℃ 
was 20.5%. 

Compared with the pyrolysis of corn stalk, the initial pyrolysis temperature (267 
℃), shoulder peak (310 ℃), maximum mass loss peak temperature (398 ℃), and reaction 
termination temperature (490 ℃) of liquefaction residue all moved backward, indicating 
that these four temperatures were increased, while the final and maximum mass loss rate 
decreased remarkably. This demonstrated that pyrolysis conditions of residue were more 
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severe than those of corn stalk (Zhang et al. 2019b). Liquefaction residue mainly came 
from the insoluble substances produced by the reaction between the degradation products 
of the three components or the reaction with PG/DEG. 

The different carbon number in bio-oil resulted in different boiling points and 
corresponding mass loss peaks. There were two peaks with different intensities on the 
derivative thermogravimetric (DTG) curve between 30 and 150 ℃, and mass loss rate of 
bio-oil was approximately 40%, which was explained by the volatilization of water or light 
oils carbon number with less than 10, such as light naphtha and refining gas. The mass loss 
was roughly 40% at 150 to 350 °C, and multiple peaks on the DTG curve were caused by 
pyrolysis of heavy oil, kerosene, diesel, and other compounds, indicating that the bio-oil 
contained some compounds with carbon numbers between 10 and 25. From 350 to 450 °C, 
there was no clear peak, and the mass loss was approximately 2%, which was attributed to 
the fact that the bio-oil contained less lubricating oil or heavy fuel oil and other substances 
with carbon number between 25 and 35. However, a small peak appeared from 450 to 600 
°C, with mass loss rate of approximately 3%, which was primarily due to thermal 
decomposition of waxes, colloid, and bitumen with carbon numbers greater than 35 in bio-
oil. The residual weight percentage of bio-oil was around 15%. At 107 °C, the peak 
maximum was reached, with mass loss of 0.66%/℃. This was because the distillation 
reaction of bio-oil mainly took place at low temperature and contained a large number of 
compounds with carbon number less than 10. In conclusion, the bio-oil contained more 
than 80% compounds with carbon number less than 25, indicating that the bio-oil was 
comparable to gasoline, kerosene, diesel oil, and other petroleum-based products. This was 
well consistent with GC-MS detection results. 

 

 
 
Fig. 4. TG (Left) and DTG (Right) curves of corn stalk and its liquefied products 
 
NMR Analysis 

Figure 5 displays 13C-NMR spectra of corn stalk and bio-oil. In Fig. 5, their signals 
were mainly concentrated in the range of δ 20 to 180 ppm. Signals at different δ–values 
corresponded to different types of carbon, such as carbon in alkyl, methoxy, alkoxy, aryl 
and carboxyl corresponding to in the ranges of δ 10 to 46, 54 to 57, 60 to 110, 110 to 160 
and 160 to 180 ppm, respectively. The δ 174.25 and 20.84 ppm in the spectrum of corn 
stalk were respectively derived from carbonyl and methyl carbons on the acetyl group of 
hemicellulose. The signal at 60 to 110 ppm was mostly due to cellulose. For example, 
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signals at 105.20, 74.82, and 72.69 ppm correspond to C-1/2/3/5, respectively. The δ 88.11, 
64.48, and 84.27 ppm came from crystalline region of C-4/6 and amorphous region C-4 in 
cellulose. The δ-value at 134.41 ppm increased due to etherified and unetherified C-1 on 
G-type, and etherified and unetherified C-1/4 on S-type lignin units. The signal at 137.03 
ppm was consistent with its etherified structure. The signal at 115.21 ppm was derived 
from C-5 of G-type lignin. The signal at 56.20 ppm was assigned to -OCH3 in lignin. In 
the bio-oil spectrum, the signal near 29.28 and 206.59 ppm was reflected by acetone-d6 
(Zhang et al. 2019a). There was no signal near 56.3 ppm, indicating that methoxyl group 
was removed in the liquefaction system. 
 

 
 

 
 

Fig. 5. NMR spectra of corn stalk and bio-oil 
 
XRD Analysis 

The XRD patterns of corn stalk and its liquefaction residue are displayed in Fig. 6. 
Figure 6 reveals that the corn stalk diffraction chart had three diffraction peaks, among 
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which peaks at 2θ = 15.68° (110), 21.92° (200) and 34.52° (004) planes (Zhai et al. 2018) 
were ascribed to cellulose type I (Golbaghi et al. 2017). Moreover, the main and secondary 
peaks of the liquefaction residue vanished in the ball-milled cellulose sample (Boissou et 
al. 2014). This can be attributed to the destruction of the crystalline structure of cellulose 
and hemicellulose under high temperature, acid catalyzed liquefaction, and inorganic 
elements and minerals contained in the corn stalk, resulting in the disappearance of the 
lattice structure of cellulose I. This means that corn stalk was simultaneously decrystallized 
and degraded at this time. 

 

 
 
Fig. 6. X-ray diffraction patterns of corn stalk and liquefaction residue 
 
Analysis of Bio-oil Physicochemical Properties  

Bio-oil presented an opaque, brownish black, viscous liquid with some fluidity and 
a pungent smell, which was similar to crude oil in appearance. If the bio-oil was placed for 
a period of time, a specific quantity of solid particles were seen at the bottom. If the storage 
time was prolonged, large viscous substances appeared on the upper layer. Its 
physicochemical properties were intimately linked to this phenomenon. 

Physicochemical properties of bio-oil are shown in Table 2. The solid content, char 
yield, and acid value of bio-oil were much higher than those of crude oil, up to 20 to 100 
times higher. The quality of bio-oil was lowered as a result of these variables. Solid 
particles in bio-oil gradually deposited to the bottom and adsorbed some lignin degradation 
products. Even if some larger solid particles can be removed by filtration and other 
methods, the smaller particles will still be absorbed during storage, leading to greater 
particulate matter over time. The presence of these solid particles, char, and high acidity 
will cause a series of adverse effects, such as increase in the apparent viscosity of bio-oil 
and corrosion of the equipment used. When the air supply was insufficient, the carbon 
material obtained by volatilizing the volatile components included in the oil was referred 
to as the char yield. The char yield may represent the possibility of oil products coking and 
carbon deposition. The char yield of bio-oil was more than 100 times that of the highest 
crude oil, signifying that bio-oil will produce certain coking and carbon deposition, 
resulting in wear and blockage of burner. 
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Table 2. Physicochemical Properties of Bio-oil and Crude Oil 

Properties Color Viscosity 
(mPa·s) 

Acid Value 
(mgKOH/g) 

Density 
(15 ºC) 
(g·mL) 

Volatile 
Degradability 

 

Solid 
Content 

(%) 

Char 
Yield  
(%) 

Crude Oil 
Yellow 

to 
Black 

1.0 to 100 1.0 to 5.0 0.75 to 
1.0 Stability < 0.5 

0.02 
to 

0.07 

Bio-oil Brown/ 
Black 

20.5 
±0.12 

55.41 
±0.24 

1.074 
±0.18 Instability 10.12 

±0.23 
8.32 
±0.10 

 
 
CONCLUSIONS 
 
1. Liquefied products prepared from corn stalk in the presence of PG/DEG mixture with 

H3PO4 catalysis at 170 °C for 45 min under atmospheric pressure were characterized. 
Results showed that characteristics corresponding to the functional groups of cellulose, 
hemicellulose, and lignin from corn stalk disappeared. This indicated that it degraded 
to produce small molecular compounds and intermediates. Liquefaction residue 
generated mainly contained products from the reaction between these degradation 
products with each other or with liquefying agent. 

2. The physicochemical properties of bio-oil from corn stalk and crude oil were quite 
different. Bio-oil had high viscosity, acidity, solid content, and char yield, and 
contained more than 70% alcohols and more than 80% compounds with carbon 
number less than 25, which were the key factors affecting the quality of bio-oil. 

3. The composition of liquefaction residue was complex, including hydrocarbons, 
phenols, alcohols, furans, organic acids, aldehydes, ketones, ethers, and heteroatom-
containing compounds. The condition of pyrolysis was more intense than that of corn 
stalk. In addition, the crystalline structure of carbohydrate in corn stalk was completely 
destroyed during liquefaction, so that there was no Cellulose-I crystalline lattice in the 
produced residue, indicating that corn stalk was almost completely liquefied at 
liquefaction system used. 
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APPENDIX 
 
Supplementary Material 
 
Table S1. Comparison of Main Chemical Components of Corn Stalk and its 
Liquefied Products 

Compounds Molecular 
formula 

Relative peak area (%) 

Residue Corn 
stalk Bio-oil 

2-Propen-1-ol C3H6O 1.334 – – 
1-Hepten-3-ol C7H14O 0.355 – – 

3,5-Hexadien-2-ol C6H10O 0.627 – – 
1-Cyclohexene-1-methanol C7H12O 0.352 – – 

3-Nonyn-1-ol C9H16O 0.536 – – 
3-Phenyl-2-propyn-1-ol C9H8O 0.965 – – 

5-Hexyn-1-ol C6H10O – 1.161 – 
Dianhydromannitol C6H12O5 – 0.650 – 

Maltol C6H6O3 – 0.345 – 
2,4-hexadiene-1,6-diol C6H10O2 – – 0.081  

1,5-Hexadien-3-ol C6H10O – – 0.041  
Ethylene glycol C2H6O2 – – 3.200  
1,2-Propanediol C3H8O2 – – 10.635  

1-Cyclopentyl-ethanol C7H14O – – 0.031  
Diethylene glycol C4H10O3 – – 30.606  
triethylene glycol C6H14O4 – – 0.457  
2,3-Butanediol C4H10O2 – – 0.610  

3-(2-Hydroxy-ethoxy)-propan-1-ol C5H12O3 – – 1.691  
2-Butanol C4H10O – – 2.736  

2-[3-(2-Hydroxy-ethoxy)-propoxy]-ethanol C7H16O4 – – 1.655  
1,2-Hexadecanediol C16H34O2 – – 0.749  

14-methyl-1,2-Pentadecanediol C16H34O2 – – 0.624  
Hexadecanol C16H34O – – 0.090  
pent-1-en-4-ol C5H10O3 – – 0.361  
3-octen-2-ol C8H16O – – 0.056  

2-{2-[2-(2-Hydroxy-ethoxy)- 
ethoxy]-ethoxy}-ethanol C8H18O5 – – 1.382  

3-[2-(2-Hydroxy-ethoxy)-ethoxy]-propan-1-ol C7H16O4 – – 3.043  
2-[2-(2-{2-[2-(2-{2-[2-(2-Hydroxy- 

ethoxy)-ethoxy]-ethoxy}-ethoxy)-ethoxy]- 
ethoxy}-ethoxy)-ethoxy]-ethanol 

C18H38O10 – – 8.998  

2-(2-{2-[2-(2-Hydroxy-ethoxy)- 
ethoxy]-ethoxy}-ethoxy)-ethanol C10H22O6 – – 3.652  

Butanoic acid C4H8O2 0.350 –  
Nonanoic acid C9H18O2 4.437 –  

Methylenecyclopropanecarboxylic acid C5H6O2 – 0.049  
Lactic acid C3H6O3 – – 0.084  

Glycolic acid C2H4O3 – – 0.048  
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Compounds Molecular 
formula Residue Corn 

stalk Bio-oil 

Levulinic acid C5H8O3 – – 1.205  
2,6-dihydroxybenzoic acid C7H6O4 – – 0.157  

(2R)-2-aminopentanoic acid C5H11NO2 – – 0.037  
2-Hydroxy-pentanoic acid C5H10O3 – – 0.047  

Pentadecanoic acid C15H30O2 – – 0.366  
2-Methyl-5-oxo-tetrahydro- 

furan-2-carboxylic acid C6H8O4 – – 0.158  

4-acetyloxybutanoic acid C6H10O4 – – 0.699  
2-Methylacrylic acid ethyl ester C6H10O2 – 1.803 – 

2-Hydroxy-hexadecanoic acid methyl ester C21H42O3 – – 0.065  
3,4,5-Trihydroxy-benzoic acid ethyl ester C9H10O5 – – 0.032  

2-Ethoxyethanol C4H10O2 – – 0.023  
2-Butoxyethanol C6H14O2 – – 0.029  

2-(2-Methoxy-ethoxy)-ethanol C5H12O3 – – 0.032  
diethylene glycol monoethyl ether C6H14O3 – – 0.122  

Butyldiglycol C8H18O3 – – 0.438  
3,5-Dimethylphenol C8H10O 0.150 – – 

Phenol C6H6O 2.941 2.076 – 
2-Methylphenol C7H8O 1.860 0.592 – 
4-Methylphenol C7H8O 5.619 1.493 – 

2,4-Dimethylphenol C8H10O 2.261 0.814 – 
3-Ethylphenol C8H10O 3.473 – – 

2-Methoxy-4-methylphenol C8H10O2 0.887 – – 
2-Ethyl-6-methylphenol C9H12O 1.697 – – 

2-tert-butyl-6-methyl-phenol C11H16O – – 0.390  
4-[1-(4-Methoxy-phenyl)- 

1-methyl-ethyl]-phenol C16H18O2 – – 25.241  

Mequinol C7H8O2 – 1.311 – 
4-Ethylphenol C8H10O – 1.162 – 

2-Methoxy-4-vinylphenol C9H10O2 – 6.229 – 
2,6-Dimethoxypheno C8H10O3 – 1.704 – 

2-Methoxy-4-(1-propenyl)phenol C10H12O2 – 1.200 – 
1-Hexen-3-one C6H10O 0.498 – – 

3-Hexanone C6H12O 0.502 – – 
2-Cyclopenten-1-one C5H6O 0.343 – – 

2-methylcyclopentenone C6H8O 0.432 – – 
2,3-Dimethyl-2-cyclopentene-1-one C7H10O 0.525 – – 
2,3,4-Trimethyl-2-cyclopenten-1-one C8H12O 0.182 – – 

3-Ethenylcyclohexanone C8H12O 0.200 – – 
1H-Inden-1-one, 2,3- 
dihydro-3,3-dimethyl- C11H12O 1.044 – – 

2-methyl-2-Cyclopenten-1-one C6H8O – 0.252 – 
2(5H)-Furanone C4H4O2 – 0.686 – 

1,2-Cyclopentanedione C5H6O2 – 2.928 – 
2-Hydroxy-3-methyl-2-cyclopentene-1-one C6H8O2 – 1.229 – 



 

PEER-REVIEWED ARTICLE  bioresources.com 
 

 
Zhang et al. (2022). “Corn stalk liquefaction oil,” BioResources 17(3), 4262-4279.  4277 

Compounds Molecular 
formula Residue Corn 

stalk Bio-oil 

Levoglucosenone C6H6O3 – 0.257 – 
3-Methyl-2,4(3H,5H)-furandione C5H6O3 – 0.825 – 

1-(2,6-Dihydroxy-phenyl)-ethanone C8H8O3 – – 0.129 
2,4-Dimethylanisole C9H12O 1.248 – – 
2-methyl-2-Pentenal C6H10O 0.631 – – 

2-methyl-3-methylene- 
Cyclopentanecarboxaldehyde C8H12O 0.189 – – 

Nonanal C9H18O 0.686 – – 
2-Isopropylidene-3- 

methylhexa-3,5-dienal C10H16O 0.933 – – 

3-Hydroxy-4-nitrobenzaldehyde C7H5NO4 1.129 – – 
4,6-dihydroxy-2,3-dimethylbenzaldehyde C9H10O3 0.739 – – 

(E)-2-Pentenal C5H8O – 0.490 – 
(E,E)-2,4-Heptadienal C7H10O – 0.362 – 

4-Acetoxy-3-methoxybenzaldehyde C10H10O4 – 0.902 – 
2-Methylfuran C5H6O 2.193 1.793 – 

2,5-Dimethylfuran C6H8O 1.041 – – 
Vinylfuran C6H6O 0.566 – – 

2-Propylfuran C7H10O 0.864 – – 
2,3,5-trimethylfuran C7H10O 0.490 – – 

2-Allylfuran C7H8O 0.191 – – 
4-methyl-2-propyl-furan C8H12O 0.449 – – 

Benzofuran C8H6O 0.498 – – 
2-Methylbenzofuran C9H8O 1.098 – – 

2,3-Dihydrobenzofuran C8H8O 2.597 22.832 – 
2-Methyl-5-hydroxybenzofuran C9H8O2 0.653 – – 

2,5-Dihydro-3-methylfuran C5H8O – 0.696 – 
2-acetylfuran C6H6O2 – 0.199 – 

3-Furaldehyde C5H4O2 – 0.295 – 
Furfural C5H4O2 – 5.836 – 

5-(Hydroxymethyl)-2-furaldehyde C6H6O3 – 7.974 – 
Bicyclo[1.1.0]butane C4H6 2.637 – – 

1-Hexene C6H12 1.231 – – 
(Z,Z)-2,4-Hexadiene C6H10 0.306 – – 
1,3-Cyclohexadiene C6H8 0.887 – – 

bicyclo<4.2.0>octa-3,7-diene C8H10 0.701 – – 
4,4-Dimethylcyclopentene C7H12 0.511 – – 

1-Methyl-1,4-cyclohexadiene C7H10 0.837 – – 
(Z)-3-methyl-1,3,5-hexatriene C7H10 0.354 – – 
1,3-Dimethyl-1-cyclohexene C8H14 0.474 – – 

1,2-Dimethyl-1,4-cyclohexadiene C8H12 0.188 – – 
1-Methylcycloheptene C8H14 0.190 – – 

2-Methyl-1-octen-3-yne C9H14 0.210 – – 
1-Decene C10H20 0.329 – – 

5-Isopropenyl-1-methylcyclohexene C10H16 0.202  – 
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Compounds Molecular 
formula Residue Corn 

stalk Bio-oil 

1,3-Cyclopentadiene C5H6 – 0.694 – 
(z)-2-pentene C5H10 – 1.407 – 

1,6-Dimethylcyclohexene C8H14 – 0.384 – 
Benzene C6H6 0.548 – – 
Toluene C7H8 2.809 0.653 – 

Ethylbenzene C8H10 0.481 – – 
o-Xylene C8H10 1.817 – – 
Styrene C8H8 1.041 0.479 – 

Propylbenzene C9H12 0.136 – – 
1-ethyl-2-methyl-Benzene C8H14 0.765 – – 
1,2,3-trimethyl-Benzene C9H12 1.958 – – 

Indene C9H8 0.948 – – 
2,4-Dimethyl-1-ethylbenzene C10H14 0.603 – – 

(1Z,3aS,7aR)-1- 
Ethylideneoctahydro-1H-indene C11H18 0.397 – – 

1-Methyl-1H-indene C10H10 1.254 – – 
1-methylene-1H-Indene C10H8 1.381 – – 

3-Methyl-1-phenyl-2-butene C11H14 0.357 – – 
1,2-Dihydro-3-methylnaphthalene C11H12 1.142 – – 

Benzocycloheptatriene C11H10 3.102 – – 
6,7-dimethyl-1,2,3,4- 

tetrahydronaphthalene C12H16 0.777 – – 

1,5,7-trimethyl-1,2,3,4- 
tetrahydronaphthalene C13H18 0.943 – – 

1-Phenyl-3-methylpenta- 
1,2,4-triene C12H12 2.056 – – 

1,4-Diisopropenylbenzene C12H14 0.871 – – 
4-Ethyl-1,2-dimethylbenzene C10H14 1.370 – – 
5,6,7,8-tetramethyl-1,2,3,4- 

tetrahydronaphthalene C14H20 1.417 – – 

2-methyl-3H-Benz[e]indene C14H12 – 1.612 – 
2-Methyl-2-butanamine C5H13N 6.693 – – 
N-Cyclohexylacetamid C8H15NO 0.524 – – 

 2-methyl-1,3-Dioxolane C4H8O2 1.280 – – 
2-Propanone, methylhydrazone C4H10N2 0.885 – – 

Nonanamide C9H19NO 0.410 – – 
Pyridine C5H5N 0.508 – – 

5,6-Dimethylbenzimidazole C9H10N2 1.342 – – 
2-Ethylbenzimidazole C9H10N2 1.204 – – 

5,6-Dimethylbenzimidazole C9H10N2 0.274 – – 
 2,6-dimethoxy-3-Pyridinamine C7H10N2O2 1.705 – – 

1,2,4-Trimethoxybenzene C9H12O3 2.180 – – 
Formaldehyde, dimethylhydrazone C3H8N2 – 3.547 – 

2-Methoxy-succinonitrile C5H6ON2 – 0.696 – 
1,1-Dimethylhydrazine C2H8N2 – 6.178 – 

Methylurea C2H6N2O – 1.071 – 
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Footnotes: this only showed the peak area of the compound group, - indicating that the 
compound was not detected. 
 
 

Compounds Molecular 
formula Residue Corn 

stalk Bio-oil 

Diethylhydroxylamine C4H11NO – 0.354 – 
2-Imidazolidinethione C3H6N2S – 0.317 – 

4H-1,2,4-Triazol-4-amine C2H4N4 – 1.049 – 
2-ethyl-2-methyl-Oxirane C5H10O – 3.439 – 
4-Amino-2(1H)-pyridinone C5H6N2O – 0.493 – 

2,4(1H,3H)- 
Pyrimidinedione, dihydro- C4H6N2O2 – 5.014 – 

2-Mercaptopyrimidine C4H4N2S – 0.624 – 
1-methyl-6,7- 

Dioxabicyclo[3.2.1]octane C7H12O2 – 0.619 – 

2-Bornanone oxime C10H17NO – 0.390 – 
2-Isopropyl-3-methoxypyrazine C8H12N2O – 2.832 – 
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