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Characterization of the Liquefaction Residue from Corn
Stalk and Its Biomass Components Using Polyhydric
Alcohols with Phosphoric Acid
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Biomass liquefaction is a major process used to obtain fuel additives,
valuable chemicals, and high-quality activated carbon. In this work, three
major biomass components (cellulose, hemicellulose, and lignin) and
corn stalk were liquefied, and the corresponding liquefaction residue
yields were 0.62%, 14.56%, 1.98%, and 1.29%, respectively, using
polyhydric alcohols and acid catalysis under atmospheric pressure. The
liquefaction residues from the corn stalk and biomass components were
analyzed by thermogravimetric analysis, pyrolysis-gas
chromatography/mass spectrometry, X-ray diffraction, and scanning
electron microscopy. It was found that the corn stalk residues were mainly
large molecules produced by interactions of some small molecules and
incompletely degraded cellulose; condensation polymers generated from
the reaction of degraded substances derived from lignin or hemicellulose;
and insoluble components containing reactants from the degraded
substances of the three major components and the insoluble substances
generated by the liquefaction agents during the process.
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INTRODUCTION

Given the depletion and excessive use of fossil energy sources and the escalation
of global environmental problems, biomass sources, including agroforestry, animal waste,
industrial waste, domestic waste, and aquatic life, have played an important role in the
development of sustainable energy because of their abundant availability, low cost, and
renewable nature (Lee et al. 2000a; Putro et al. 2016). It is generally recognized that
plant biomass, a composite material that is predominantly composed of cellulose,
hemicellulose, and lignin, is an ideal renewable resource. Furthermore, it has
considerable potential to be converted into liquid fuels (Jindal and Jha 2016) and
chemicals via liquefaction techniques (Lee et al. 2000b; Yip et al. 2009).

The technology for biomass liquefaction has made a great impact on researchers
around the world (Kormin and Rus 2017). Liquid products and residue are generated by
liquefaction with suitable solvents. Liquid products can substitute petrochemical products
and can be further processed as chemical raw materials for manufacturing other products,
such as adhesives (Li et al. 2017), phenolic resins (Yan et al. 2017), polyurethane foams
(Schulzke et al. 2018), and carbon fibers (Yoshida et al. 2005), etc. Compared with liquid
products, residues have attracted increasing attention from researchers and some studies
have been completed because the residue content is usually used as an evaluation of the
extent of liquefaction (Yamada and Ono 1999). Moreover, liquefaction residues can be
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used as good raw materials for the preparation of high-quality and low-cost activated
carbon materials (Zhao et al. 2016).

Several studies have been performed previously on the liquefaction effect of
biomass under different conditions. The effects of the temperature, reaction time,
hydrogen pressure, and type of solvent on the residue yield of sawdust were studied by
Yan et al. (1999). The results revealed that a reduction in the residue yield was because
the solvent promoted the destruction of the sawdust molecular structure. Bamboo has
been subjected to a liquefaction process using phenol, ethylene glycol (EG), and ethylene
carbonate (EC) with hydrochloric acid for different reaction times and liquid ratios (Yip
et al. 2009). It was found that phenol was the best solvent for bamboo liquefaction, with a
residue yield of less than 1%. The Fourier transform infrared (FT-IR) spectroscopy
analyses of the residues showed that the major signals in the bamboo spectrum were
diminished with phenol and EC, while ketone, ester, and benzene derivatives were
generated by EG during the liquefaction process.

Chinese eucalyptus was liquefied in the presence of glycerol/EG. The effect of the
chemical composition of the wood liquefaction residue under different liquefaction
conditions (reaction time, liquefaction temperature, acid concentration, and liquor ratio)
was characterized (Zhang et al. 2012). The results showed that the liquefaction residue
was related to the liquefaction temperature, acid dosage, and liquid to solid ratio. With an
increase in the acid dosage, the liquefaction rate, acid-insoluble lignin content, and
hemicellulose content of the residues increased, while the relative content of cellulose
decreased.

The wood liquefaction residues were detected by wet chemical analyses, FT-IR,
X-ray diffraction (XRD), and scanning electron microscopy (SEM) (Pan et al. 2007),
which demonstrated that the lignin in the middle lamella had been preferentially
dissolved compared with cellulose in the liquefaction process. The condensation reaction
of the degraded lignocellulose during wood liquefaction using polyhydric alcohols was
discussed by Yamada et al. (2007). From the results, it was concluded that the
water-insoluble fraction might have originated from condensed 5-hydroxymethylfurfural
derivatives.

Currently, a comprehensive analysis of non-wood liquefaction residue is still
lacking. Additionally, the research on the composition of liquefaction residues is unclear.
It is crucial to investigate the characteristics of non-wood residue components to develop
new methods for better comprehension of some fundamental aspects of non-wood
liquefaction.

In this paper, corn stalk and its biomass components were liquefied by a mixture
of 1,2-propylene glycol (PG) and diethylene glycol (DEG) with an acid catalyst, and a
systematic exploration of the characteristics of the liquefaction residues was performed.
The main objective was to understand the composition of the residue from corn stalk
liquefaction by studying the degradation behavior of each component in the plant
feedstock. Then, the thermal decomposition property, main components, crystallization,
and morphological structure changes of the corn stalk, cellulose, hemicellulose, lignin,
and their residues after liquefaction were evaluated with thermogravimetric analysis
(TGA), pyrolysis gas chromatography/mass spectrometry (Py-GC/MS), XRD, and SEM.
The research results can contribute to the reuse of non-wood liquefaction residues, which
is valuable for environmental protection and the economy.
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EXPERIMENTAL

Materials

The cellulose, hemicellulose, and milled wood lignin (MWL) used in this study
were extracted from corn stalk. The extraction process is shown in Fig. 1 (Lv and Wu
2012). Corn stalk (20-mesh to 80-mesh) was obtained from a farmland in Tianjin, China,
dried in an oven at 105 °C for 12 h, and stored in a desiccator prior to use. The chemical
composition (dry weight) of corn stalk used was as follows: hemicellulose, 20.42%;
cellulose, 36.89%; lignin, 17.38%; alcohol extract, 13.80%; and ash, 2.43%.

Corn stalk (20-80 mesh)

l Ethanol extraction 9 h

Extraction material
pH 4-5, 75 'C, Naclo, I
treatment 3 times ! J/Ball-milling 8h
Holocellulose Ball mill corn stalk
5% KOH extraction 8 h 96% 1, 4-dioxane
Filtration | Weak acid hydrolysis
J/ | Filtration
Filtrate Filtrate

Washing Acetic acid pH=5.5 Concentration
Freeze drying 3 times 95% ethanol Injection H,0

Cellulose Sediment Sediment
O

Filtration Centrifugation
Washing Washing
| Freeze drying |, Freeze drying
Hemicellulose MWL

Fig. 1. Schematic for the extraction of hemicellulose, cellulose, and MWL from corn stalk

Analytically pure reagents (phosphoric acid, PG, DEG, 1,4-dioxane, and ethanol)
were purchased from Sinopharm Chemical (Shanghai, China).

Liquefaction of the Raw Materials

The cellulose, hemicellulose, MWL, and corn stalk were liquefied by a mixture of
DEG and PG (1:2, o/w) with phosphoric acid as the catalyst under atmospheric pressure
using a high-pressure reactor (4848, PARR, Champaign, IL, USA). PG was an H-donor
solvent. It not only dissolved and prevented the re-binding of pyrolysis fragments, but
also provided hydroxyl free radicals. It was easy to dehydrogenate in liquefaction
reaction, and the dehydrogenated hydrogen atoms existed in the form of free radicals.
Hydrogen free radicals were combined with free radical fragments from pyrolysis of
plant fibers, thus reducing the possibility of coupling free radical fragments into
condensation products. The H-donor solvents participated in the reaction, but they could
be separated after the reaction and regenerated by hydrogenation (Connors et al. 1980).
Because of the high price of PG, the liquefaction cost of corn stalk could be reduced
under the premise that the liquefaction yield was not affected by the mixed DEG.
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The optimum conditions for liquefaction of corn stalk were determined by single
factor method. The liquefaction temperature was set at 140 °C, 150 °C, 160 °C, 170 °C,
180 °C, and 190 °C; liquefaction agent was diethylene glycol mixed with
1,2-propanediol, the mixing ratio of the two was set at 15:1, 9:1, 6:1, 4:1, 2:1, 1:2, 1:4,
and 1:6; the liquid-solid ratio was set at 1:1, 3:1, 5:1, 7:1, and 9:1; catalyst dosage was set
at 2%, 4%, 6%, 8%, 10%, 12%, 14%, and 16%; liquefaction time was set at 15 min, 30
min, 45 min, 60 min, 75 min, and 90 min, and the rotational speed was 338 r/min. The
optimum liquefaction conditions of corn stalk were determined by studying the influence
of these factors on liquefaction yield. The liquefaction reaction was performed under
optimized conditions (5:1 liquid-solid ratio, 10% catalyst dosage, 45-min reaction time,
and 170 °C liquefaction temperature). After a preset time, the kettle was immersed in
cooling water to quench the reaction.

Measurement of the Liquefaction Residue Yield

The residues were diluted with a large amount of mixture liquid containing water
and 1,4-dioxane (1:4, v:v). This mixture was recommended as a general diluent for
liquefied biomasses. The diluted products were separated into residue and filtrates using a
TGL-20M high-speed refrigerated centrifuge (Xiangyi Centrifuge Instrument co. LTD.,
Changsha, China). Water and 1,4-dioxane was used to rinse the residues to a constant
weight through filter paper until the filtrate was colorless. The residue was dried in an
oven at 105 °C for 24 h. The residue yield was defined as the percentage of dry weight of
the dioxane insoluble matter to the total lignocellulose weight (Yamada and Ono 1999).

Characterization of the Raw Material and Liquefaction Residues
TGA

The TGA of the samples (10 mg) was performed in a thermogravimetric analyzer
(TGA-Q50, Shimadzu, Kyoto, Japan) at a heating rate of 10 °C/min up to a final
temperature of 800 °C under a nitrogen atmosphere.

Py-GC/MS analysis

For Py-GC/MS analysis, 0.1-mg samples were pyrolyzed at 600 °C for 12 s with a
single-shot PY-2020iS pyrolyzer (Frontier, Fukushima, Japan). The temperature of the
quartz tube was calibrated by a thermocouple. Pyrolysis was done in a high pure helium
atmosphere by applying a 12-mL/min flow rate and 8:1 split ratio. The pyrolyzer
interfaced with an Agilent 7890A/5975C GC/MS (Palo Alto, CA, USA). The GC/MS had
an Agilent HP-5MS capillary column (30 m x 250 um X 0.25 pm). The pyrolysis
interface and GC injector temperature were kept at 280 °C.

The GC oven temperature was programmed to hold at 40 °C for 5 min and then
increase to 280 °C for 2 min at a rate of 8 °C/min. The total operation time was 37 min.
The ion source and MS interface were heated to 230 °C and 150 °C, respectively. The
MS was operated in the electron impact mode. The mass range of 50 amu to 800 amu was
scanned.

XRD analysis

Diffraction diagrams of the samples at the optimized conditions were recorded
between 5° and 40° using a Shimadzu Lab XRD-6100 diffractometer at a scanning rate of
4°/min. The relative crystallinity (Crl) of the polymers was calculated by dividing the
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area of the crystalline peaks by the total area under the curve (Segal et al. 1959; Abdou et
al. 2008).
SEM analysis

Morphological changes in the biomass samples were observed with a scanning
electron microscope (JSM-IT300, JEOL, Tokyo, Japan).

RESULTS AND DISCUSSION

Thermal Analysis

The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of
the corn stalk and its three main components (cellulose, hemicellulose, and MWL) are
given in Fig. 2. The comparison between these four substances showed that the initial
decomposition temperature of hemicellulose was relatively low. Weight loss mainly
occurred between 169 °C and 339 °C, with a maximum weight loss rate of 0.68%/°C
obtained at 278 °C. The solid residue (char) content that remained at 800 °C was 23.4%.
This indicated that the thermal stability of hemicellulose was poor. The main reason for
this was that hemicellulose is a heterogeneous polymer composed of several different
types of monosaccharides. The bonds between different monosaccharides were weak, and
the reaction of dehydration and side chain removal occurred easily under acid action. The
original temperature of cellulose pyrolysis was the highest. Degradation occurred over a
narrow temperature range (238 °C to 382 °C), with the highest decomposition rate
(1.72%/°C) found at 351 °C. Meanwhile, the lowest char content was only 11.5% at the
final temperature, which showed that cellulose was the most stable. This was attributed to
the homogeneous unbranched crystalline structure of cellulose with D-glucose units.
MWL decomposed over a wide temperature range (142 °C to 416 °C) with two
low-intensity peaks (< 0.35%/°C) at 230 °C and 355 °C. Additionally, the final char yield
was up to 31.3%. This resulted from MWL having the highest carbon content of the three
corn stalk components and its complex structure. The main structure was composed of
three kinds of phenylpropane monomers linked via ether bonds and abundant side chains
(hydroxyl and methoxyl). By comparing the TGA data of the three components, the order
of their thermal stability from lowest to highest was hemicellulose, cellulose, and MWL,
which may have been related to their different chemical structures and compositions
(\VVarhegyi et al. 1989; Wang et al. 2008; Cheng et al. 2012).
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Fig. 2. TG and DTG curves of the corn stalk and its three main components
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The major pyrolysis temperature range for corn stalk was 135 °C to 377 °C, and
the char content was 19.1% at 800 °C. By comparing this result with the results of the
three main components, it was found that the pyrolysis behavior of the corn stalk can be
considered the synthesis of each component. The maximum weight loss peak (337 °C)
and shoulder peak (256 °C) of the corn stalk were derived from the pyrolysis of cellulose
and hemicellulose, respectively, and MWL increased the main weight loss temperature
range of the corn stalk thermal degradation. In contrast, the volatile products and chars
produced by pyrolysis of the corn stalk mainly came from the degradation of cellulose
and MWL, respectively, while hemicellulose contributed to the production of both
products (Tan et al. 2006).

The TG and DTG curves, and thermal properties of the liquefaction residues from
the corn stalk and three components are shown in Fig. 3 and Table 1, respectively.
Compared with the corresponding components of the corn stalk, hemicellulose, and
MWL residues, the initial decomposition and reaction termination temperatures of those
three residues increased remarkably, the temperature of the maximum weight loss peak
obviously shifted, the char yield increased dramatically, and the maximum weight loss
rate decreased greatly. The results demonstrated that the pyrolysis conditions of the
liquefaction residue were more restrictive than those of the liquefied component. This
may have been because the residue from hemicellulose acid catalysis in the presence of
polyhydric alcohol was mainly derived from the condensation product generated by its
degraded small molecular substances. Meanwhile, its chemical structure had obviously
changed and thus the TG behavior of its residue also changed remarkably (Zhang et al.
2006). Most of the MWL residues corresponded to condensed polymer structures, which
were produced by the reactions between their degradation products (mainly aromatic
derivatives) or the degraded product and their liquefaction reagent.
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Fig. 3. TG and DTG curves of the liquefaction residues from the corn stalk and its three main
components

Compared with the pyrolysis of cellulose, the initial decomposition temperature
of the cellulose liquefaction residue decreased while its maximum weight loss peak
temperature increased. The reason was that the liquefaction residue was cellulose that
was not liquefied completely, but its crystalline structure was destroyed during
liquefaction, and some glycosidic, C-C, and C-O bonds in the cellulose structure were
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broken (Zhang et al. 2011). The final weight loss yield and maximum weight loss rate
decreased notably, which may have been caused by the insoluble substances produced by
the cellulose degradation products and liquefaction reagents, or the aromatic cyclization
of residues in the cellulose structure at high temperatures (Zhang et al. 2011). Based on
these phenomena, it was concluded that the bond between the plant components was
destroyed, and the pyrolysis behavior of the corn stalk residue was the collaboration of its
three components in the liquefaction process.

Table 1. Thermal Parameters of the Liquefaction Residue of the Corn Stalk and
its Three Main Components

Tpeak (°C) )
Sample Tmass loss Range (°C) DTGmax (%/°C) 1 5 Char Yield? (%)
Corn Stalk 270 - 485 0.13, 0.27 318 398 48.6
Cellulose 254 - 335 1.66 - 313 19.8
Hemicellulose 290 - 496 0.26 - 398 48.0
MWL 330 - 480 0.25 - 427 50.4

Tmassloss — The temperature range for mass loss; DTGmax — The peak of DTG; Tpeak — The
temperature of the weightlessness peak; a — At 800 °C, on dry basis

Py-GC/MS Analysis

Pyrolysis of the corn stalk and its components was studied by Py-GC/MS. The
identification of the main decomposition products and relative contents based on mass
spectral libraries and the area normalization method is given in Table Al and Fig. 4.
Table Al and Fig. 4 showed that the hemicellulose pyrolysis products mostly contained
ketones (51.4%), hydrocarbons (15.9%), alcohols (10.2%), and a small amount of acids,
aldehydes, and furfural. The hemicellulose isolated from corn stalk mainly consisted of
L-arabino-B-(1—4)-D-glucuronoxylan units and other small amounts of sugar residues,
such as glucose, galactose, and glucuronic acid, which were linked to the main chain as
side chains. The thermal stability of the branched chains was poor. They were easily
broken down and produced small molecular compounds at a low temperature. When the
temperature increased, the glycosidic bonds in the main chain structure broke and
dehydrated to form double linkages and other chemical bonds. The ketones accounted for
more than half of the total content of pyrolysis products. The production of small
molecular ketones (e.g., 2-pentanone, 3-hexanone, and 1-hydroxy-2-butanone) was
complex, while cyclopentanones and cyclopentenones (38.03%) were almost solely
derived from the degradation of sugar units, followed by the reorganization of opened
bonds.

Compared with that of the hemicellulose, the main chemical groups of the
cellulose pyrolysis products were similar, but the latter included more furans (17.1%),
anhydrous sugars (1.94%), and small molecular weight aldehydes (17.7%). This was
because cellulose was pyrolyzed to 13.5% furfural, which belonged to furans. After
breaking the B-(1—4)-glycosidic bonds in the cellulose polymers, the formation of
levoglucosan (LG) was mediated by molecular rearrangement between the obtained
monomers  (Li et al. 2001). Then, LG was dehydrated into
1,4:3,6-dianhydro-o-d-glucopyranose. This tended to open rings and the secondary
decomposition of LG tended to produce simple organic compounds, such as aldehydes,
alcohols, and ketones, at high temperatures. However, anhydrous sugars were not
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detected in the hemicellulose pyrolysis products of corn stalk, which was because of the
formation of furans or cyclopentanones from these substances through the possible
dehydration, fission, decarbonylation, decarboxylation, and polymerization reactions that
occurred at 600 °C.

The main decomposition products of MWL were phenols (54.4%) and furans
(38.9%). As one of the representative compounds of MWL pyrolysis, the presence of
phenols was ascribed to the cleavage of C-O-C and C-C bonds on the side chains of the
MWL structural units. Another typical pyrolytic product (furans) contained 2-acetylfuran
(38.1%), 7-methylbenzofuran (0.25%), 2-ethylbenzofuran (0.23%), and furfural (0.39%).
The three former compounds were derived from the secondary aggregation of MWL allyl
radical intermediate substances, while furfural mainly originated from the pyrolysis
products of residual hemicellulose impurities when MWL was extracted from the corn
stalk. Hence, these pyrolysis products implied that the MWL severely decomposed at 600
°C.

The pyrolysis products from the corn stalk included many compounds that
stemmed from fracturing of its individual components, such as furans (39.6%), phenols
(16.6%), ketones (6.18%), hydrocarbons (5.23%), alcohols (2.16%), aldehydes (1.75%),
esters (1.80%), and acids (0.05%). The corn stalk pyrolysis products also contained
heteroatom organic compounds (S or N), such as 1,1-dimethylhydrazine (6.18%),
1,3-dihydro-2,4-pyrimidinedione (5.01%), and 2-mercaptopyrimidine (0.62%). However,
anhydrous sugars were not found in the pyrolysis products, which was likely because of
the conversion of the products to small molecules (aldehydes and ketones) through the
catalysis of inorganic elements in the corn stalk at 600 °C.
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Fig. 4. Relative contents of the major identified groups in decomposition products of corn stalk and
its biomass components

The Py-GC/MS analysis method was used to determine the liquefaction residues
from the fast pyrolysis of the corn stalk, cellulose, hemicellulose, and MWL. The relative
percentage (content) of each peak area was calculated by the method of area
normalization, and the specific distributions are given in Table A2 and Fig. 5. The main
pyrolysis products of the cellulose residue included furans (28.3%), alcohols (20.9%),
aliphatics (20.2%), ketones (15.3%), and a small quantity of esters (2.04%). The
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decomposition products from the hemicellulose residue were similar to those from
cellulose, and also contained acids (1.11%), ethers (1.46%), and aldehydes (22.4%). The
reason for this may have been that the composition of hemicellulose was more complex
and there were many kinds of sugar units, such as pyran, furan, and B- or a-glycosidic
bonds. Additionally, there were D- and L-type units in the structure, and the glycosyl
groups were linked by 1—2, 1—3, 1—4, and 1—6. Therefore, the reaction was more
complicated than that for cellulose. The types of residue that were produced by the
liquefaction reaction were also more complicated. The phenols and aromatics, which
occupied 20.6% and 69.9% of the total decomposition products, respectively, were major
components from MWL residue pyrolysis. It was possible that the basic skeleton of the
MWL was made up of phenylpropane structural units. The degraded small molecules
reassembled or reacted with the liquefaction agents to form macromolecular substances,
whereas the phenyl structure was retained during MWL liquefaction. The liquefaction
residue from corn stalk contained almost all of the compounds produced by pyrolysis of
each component liquefaction residue, including furans (10.6%), phenols (18.9%), ketones
(3.73%), aliphatics (9.06%), aromatics (26.2%), alcohols (4.17%), aldehydes (4.31%),
esters (1.25%), and acids (4.79%). Also, other compounds made up 17.0% of the residue.
Thus, the contribution of each component residue was different for each pyrolysis
product distribution of the corn stalk residue. Moreover, inorganic elements had obvious
effects on the liquefaction of corn stalk.
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Fig. 5. Classification of the compounds based on the chemical functional groups in the different
liquefaction residues

Finally, by comparing the Py-GC/MS spectra of the corn stalk and its major
components with those of their liquefaction residues, it was found that in the process of
acid-catalyzed liquefaction of corn stalk by polyhydric alcohols, small molecular
substances that were generated by the degradation of the biomass components
polymerized to form polymers (insoluble substances in 80% 1,4-dioxane) and were part
of the residue.
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XRD Analysis

Results of the XRD analysis of the untreated and treated corn stalk and its
biomass components are illustrated by Figs. 6 and 7, respectively. Cellulose I is typically
characterized by two broad peaks located at 16.12° (101) and 22.42° (002), and a third
peak at 38.36° (040) (Wada et al. 2003). Figure 6 shows that the cellulose I lattice was
observed in the corn stalk and cellulose, and their Crl values were 64.24% and 74.11%,
respectively. However, the two diffraction peaks at 16.12° and 22.42° disappeared in the
hemicellulose and MWL spectra to form an amorphous structure (Boissou et al. 2014).
This was because of the absence of cellulose impurities when hemicellulose and MWL
were extracted from the corn stalk.

Corn Stalk
—— Cellulose

Hemicellulose
—— MWL

16.12

22424
_..38.36

20 (°)
Fig. 6. XRD curves of the untreated corn stalk, cellulose, hemicellulose, and MWL

Figure 7 demonstrates that the cellulose | lattice was preserved in the liquefaction
residue from cellulose. The liquefying technique induced an increase in the Crl from
74.1% to 79.7% for cellulose, which was dependent on the removal of the amorphous
area of the cellulose. This showed that the liquefaction treatment process had a certain
influence on the degradation of cellulose, but cellulose was liquefied incompletely.
Because of the complete destruction of the crystalline cellulose structure and
hemicellulose by the catalyst at high temperatures, the cellulose I lattice in the corn stalk
residue disappeared, which illustrated that the degradation degree of corn stalk
liquefaction was quite high and corn stalk liquefied almost completely.
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Fig. 7. XRD curves of the liquefaction residues from the corn stalk and its three components

SEM Analysis

The morphological structures of the corn stalk and its three main components
before and after liquefaction were observed via SEM. Figure 8 shows the surface
morphologies of the corn stalk (Fig. 8a), cellulose (Fig. 8b), MWL (Fig. 8c),
hemicellulose (Fig. 8d), corn stalk residue (Fig. 8e), cellulose residue (Fig. 8f), MWL
residue (Fig. 8g), and hemicellulose residue (Fig. 8h) under 500x magnification. It was
seen from the comparison of Figs. 8b and 8f that the fibrous and compact structure of the
cellulose was liquefied to form rough and disordered lumpy solids. Meanwhile, some
segments of the fibrous structure can be observed in red circle of Fig. 8f. The results
indicated that liquefaction of the cellulose was incomplete and the residues stemmed
from insoluble macromolecules that were produced by the reaction and unreacted
cellulose fragments. The reason was that the cellulose with its high crystallinity was
composed of numerous microcrystals and a small amount of cell wall debris. Solvents
and catalysts could not easily penetrate the cellulose, which led to a slow liquefaction
reaction (Zhang et al. 2011).

Fig. 8. SEM photographs of the corn stalk (a), cellulose (b), MWL (c), hemicellulose (d), corn stalk
residue (e), cellulose residue (f), MWL residue (g), and hemicellulose residue (h)
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Figure 8c shows that the structure of the MWL was mostly spherical. From Fig.
89, the surface of the MWL residue was coarse, some of which was condensed into large
agglomerates, and the original morphology of the single fiber was not observed at all. It
was suggested that the residues generated by exhaustive MWL liquefaction were
insoluble macromolecules, which were produced by the repolymerization of degraded
small molecules or the solvent reaction. Because MWL was prone to chemical reaction
under the action of heat and acid during the liquefaction process, the rate of MWL
liquefaction was faster than that of cellulose and hemicellulose (Lee et al. 2002).

The surface morphologies of the hemicellulose and its residue are given in Figs.
8d and 8h, respectively. The hemicellulose, with a cotton-shaped surface and large
fragment of broken cell walls, had a rough, unordered, and floc-covered residue surface
after liquefaction. This showed that the completely liquefied hemicellulose residue did
not contain the hemicellulose that originally participated in the reaction. Hemicellulose
easily absorbed solvents because of its large specific surface area (Zhang et al. 2011), so
its liquefaction rate was faster than that of cellulose.

Figure 8a shows that there was an orderly fiber arrangement, smooth surface, and
compact structure in the corn stalk. In contrast, the corn stalk residues (Fig. 8e) exhibited
a disorganized, rough, irregular, and granulated morphology, and featured
non-crosslinking, as well as loose particles (Pan et al. 2007). Char might have been
produced from the condensation of the MWL and plant fiber (Zhang et al. 2018). It was
possible that the fibrous structure of the corn stalk was destroyed and basically liquefied.

Effect of the Biomass Components on Liquefaction

Table 2 shows that the residue yields were 0.62%, 14.56%, 1.98%, and 1.29%,
when corn stalk, cellulose, hemicellulose, and MWL were used as liquefaction raw
materials during acid catalysis with polyhydric alcohols, respectively. That is, the
liquefaction yield from the corn stalk was the highest, while the yield from the
hemicellulose was the lowest. The contribution of each component to the distribution of
compounds in the liquefaction residue from the corn stalk was different. Hemicellulose
contributed most to the production of ketones, aldehydes, and alcohols. Cellulose
produced more small molecules, such as furans and alcohols. MWL pyrolysis mainly
produced phenols and aromatics (Lv and Wu 2012). This was consistent with the
Py-GC/MS analysis results. When corn stalk was liquefied, there was a complex
promotion or inhibition relationship between the single components (Hosoya et al. 2007).
Moreover, inorganic elements in the corn stalk might have played a catalytic role during
liquefaction (Lv et al. 2013). These factors may have caused the liquefaction yield from
the corn stalk to be higher than from the biomass components. At lower temperatures,
cellulose was difficult to liquefy, while hemicellulose easily liquefied. However, at
higher temperatures, cellulose could be liquefied and hemicellulose easily regenerated to
form an insoluble residue (Zhang et al. 2006). This was the reason for the low
liquefaction yield from the hemicellulose.

Table 2. Liquefaction Residue Yield of Each Component at the Optimum
Conditions

Raw Material Corn Stalk Hemicellulose Cellulose MWL
Residue Yield (%) 0.62 14.56 1.98 1.29
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CONCLUSIONS

1. When corn stalk was liquefied under optimal conditions, hemicellulose and milled
wood lignin (MWL) were more easily degraded than cellulose during liquefaction
with polyhydric alcohols and acid catalysts. However, at higher temperatures, small
molecules degraded by liquefaction of hemicellulose were most likely to
repolymerize into hemicellulose derivatives which could resulted in the highest yield
of hemicellulose residues.

2. The pyrolysis behaviors of the residues produced from the corn stalk were similar
when compared with the residues from the three major components during the
liquefaction process. This suggested that the corn stalk liquefaction residues might
have been generated from polycondensates or were derivatives of these interactions
between small molecules of MWL or unreacted hemicellulose and cellulose. At the
same time, it was indicated that the macromolecular substances originated from the
reactions of the degradation products from the biomass components and PG/DEG.
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APPENDIX

Table Al. Comparison of Main Chemical Components of Corn Stalk and its Three
Main Components

Relative peak area (%)
Compound name Molecular Corn Hemi- o
formula Cellulose Lignin
stalk cellulose

5-Hexyn-1-ol CeH100 1.161 - - -

Dianhydromannitol CeH120s | 0.650 2.784 - -

Maltol CeHeO3 0.345 - - -

3-Hexyn-2-ol CeH100 - 1.448 - -

Bicyclo[2.2.2]octane-1,4-diol CsH1402 - 5.344 - -

2-Ethyl-3-hexen-1-ol CsH160 - 0.439 - -

2-methyl-2-Propen-1-ol C4HsO - - 7.688 -

1-Methyl-4-(1-methylethylidene) C1oH1s0 _ B 0.937 B

cyclohexan-1-ol

47,7 wimetbicyeiofa LOeptandol | CoH2O | = | = | 1825 | -

Methylenecyclopropanecarboxylic acid CsHsO2 0.049 2.944 - -

3,4-dihydroxy-3-Cyclobutene-1,2-dione C4H204 - 4.053 - -

Propanoic acid C3HsO2 - - - -

3-(2-Furyl)-2-propenoic acid C7HesO3 - - - -

2-Methylacrylic acid ethyl ester CsH1002 1.803 - - -
4-Hydroxy—?neerlﬁsrgstfrpanom acid C1oH1203 _ _ _ 0.937
(3-hyd%ozg/?)?\eez(;llt):—?ﬁ%tﬁyl ester CaoH100s B B B 0321
Phenol CsHesO 2.076 - - 4.462
2-Hydroxytoluene C7HsO 0.592 - - 1.336
Mequinol C7HsO2 1.311 - - 3.526
4-Hydroxytoluene C7HsO 1.493 - - 3.757
2,4-Dimethylphenol CsH100 0.814 - - 1.390
4-Ethylphenol CsH100 1.162 - - 5.402
2-Methoxy-4-vinylphenol CoH1002 6.229 - - 4.631
2,6-Dimethoxypheno CsH1003 1.704 - - 0.409
2-Methoxy-4-(1-propenyl)phenol Ci10H1202 | 1.200 - - 4,553
3-Ethylphenol CsH100 - - - 0.584
2-Methoxy-4-methylphenol CsH1002 - - - 1.766
2,4,6-Trimethylphenol CoH120 - - - 0.353
3-methoxy-1,2-benzenediol C7HsgOs - - - 2.126
4-Ethyl-2-methoxyphenol CoH1202 - - - 2.699
2-Allylphenol CoH100 — - - 1.280
4-(2-propenyl)-Phenol CoH100 - - - 1.284
2,6-Dimethoxyphenol CsH1003 - - - 6.836
3,4-Dimethoxyphenol CsH1003 - - - 1.750
Butylated Hydroxytoluene CisH240 - - - 0.473
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5-tert-Butylpyrogallol C10H1403 - - - 1.083
2,6-Dimethoxy-4-(2-propenyl)phenol C11H1403 - - - 4.645
2-methyl-2-Cyclopenten-1-one CeHsO 0.252 1.268 4.509 -

2(5H)-Furanone C4H40O2 0.686 4.676 - -
1,2-Cyclopentanedione CsHsO2 2.928 12.754 - -
2-Hydroxy-3-methyl-2-cyclopentene-1-one CeHsO2 1.229 - - -
Levoglucosenone CeHs0Os3 0.257 2.506 - -
3-Methyl-2,4(3H,5H)-furandione CsHsOs3 0.825 2.100 - -
3-Methyl-1,2-cyclopentanedione CeHsO2 - 9.776 11.767 -
5-hydroxy-2-methyl-4H-Pyran-4-one CeHs0Os3 - 1.273 - -
3,5-Octadien-2-one CsH120 - 2.945 - -
dihydro-6-methyl-2H-Pyran-3(4H)-one CeH1002 - 0.266 - -
2-Pentanone CsH100 - - 1.249 -
3-Hexanone CeH120 - - 2.181 -
1-Hydroxy-2-butanone C4HsO2 - - 9.893 -
3-Methyl-2-cyclopenten-1-one CesHsO - - 3.928 -
2,3-Dimethyl-2-cyclopentene-1-one C7H100 - - 3.868 -
o~ | oo | - | - | sess | -
2,3,4-Trimethyl-2-cyclopentenone CsH120 - - 1.528 -
3-Ethyl-2-cyclopenten-1-one C7H100 - - 1.875 -
3-Ethyl-2-hydroxy-2-cyclopenten-1-one C7H1002 - - 3.423 -
4 4-diethyl-3-methylene-1- CoHuO: | - | - | 1418 | -
(E)-2-Pentenal CsHsO 0.490 2.418 - -
(E,E)-2,4-Heptadienal C7H100 0.362 - - -
4-Acetoxy-3-methoxybenzaldehyde C10H1004 | 0.902 - - -
2-Propenal CsH4O - 11.674 - -
Methacrolein C4HeO - 1.387 - -
(E)-2-Butenal C4HeO - 2.233 - -
2-methyl-Pentanal CeH120 - - 1.638 -
2-Hydroxybenzaldehyde C7Hs02 - - - 0.239
3-Ethoxy-4-methoxybenzaldehyde C10H1203 - - - 0.156
2-Hydroxy-4-methoxybenzaldehyde CsHsgOs - - - 0.203
2-Methylbenzaldehyde CsHsO - - - 0.286
1,3-Cyclopentadiene CsHes 0.694 - 2.088 -
(2)-2-pentene CsHio 1.407 3.924 - -
1,6-Dimethylcyclohexene CsHia 0.384 - - -
Toluene C7Hs 0.653 - - 1.138
Styrene CsHs 0.479 - - 0.684
2-methyl-3H-Benz[e]indene CisH12 1.612 - - -
2-methyl-1-Buten-3-yne CsHe - 0.859 - -
methylene-Cyclobutane CsHs - 0.153 - -
3,3-Dimethyl-1-butene CeH12 - 0.917 - -
2-methyl-2-Hexene C7H1a - 2.804 - -
3-Methyl-1-hexyne C7Ha12 - - 3.647 -
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(E)-3-Hexene CeH12 - - 2.131 -
2,3-dimethyl-2,4-Hexadiene CsHua - - 1.784 -
2,5-Dimethyl-2,4-hexadiene CsH14 - — 1.638 -

4-Octyne CsHia - - 1.247 -
3-Octyne CgHaa - - 0.843 -
3-Ethyl-3-octene CioH20 - - 0.798 -
TS | e | | | am | -
1,1-dimethyl-Cyclopentane C7H14 - - - 0.498
1-Hexene CeH12 - - - 0.161
1-Heptene C7H1a - - - 0.114
1-Decene CioH20 - - - 0.111
Benzene CeHs - - - 0.177
Ethylbenzene CsHao - - - 0.501
0-Xylene CsHio - - - 0.361
1-ethyl-2-methyl-Benzene CoHa2 - - - 0.104
2-Methylfuran CsHsO 1.793 2.655 - -
2,5-Dihydro-3-methylfuran CsHsO 0.696 - - —
2-acetylfuran CeHsO2 0.199 0.989 - 38.058
2,3-Dihydrobenzofuran CsHsO 22.832 - - -
7-Methylbenzofuran CoHsO - - - 0.248
Ethyl-2-benzofuran C10H100 - - - 0.226
3-Furaldehyde CsH402 0.295 - - -
Furfural CsH402 5.836 13.472 - 0.388
5-(Hydroxymethyl)-2-furaldehyde CeHsOs3 7.974 - 1.126 -
1’4%%%2‘22;’gg£épha' CeHsOs | - 1.939 - -
Formaldehyde, dimethylhydrazone CsHsNz2 3.547 - - -
2-Methoxy-succinonitrile CsHsON2 | 0.696 - - -
1,1-Dimethylhydrazine C2HsN:2 6.178 - - -
Methylurea C2HsN20 | 1.071 - - -
Diethylhydroxylamine C4sHuuNO | 0.354 - - -
2-Imidazolidinethione CsHsN2S | 0.317 - - -
4H-1,2,4-Triazol-4-amine C2HaN4 1.049 - - -
2-ethyl-2-methyl-Oxirane CsH100 3.439 - - -
4-Amino-2(1H)-pyridinone CsHsN20 | 0.493 - - -
Pyrimidzihégjigh?)dihydro- CaHaN202 | 5.014 - - -
2-Mercaptopyrimidine CsH4N2S | 0.624 - - -
Dioxal;cr;cﬁggl.;ﬁoctane CrH120. | 0.619 - - -
2-Bornanone oxime C10H17NO | 0.390 - - -
2-Isopropyl-3-methoxypyrazine CsH12N20 | 2.832 - - -
(S)-(-)-Methyloxirane C3HeO - - 11.576 -
1-Methoxy-1,3-cyclohexadiene C7H100 - - 1.224 -
(Z)_1_(;_'_’éﬂler?fg3:]eethoxy)_ C10H1602 — - 4.316 -
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1-Methoxy-4-methylbenzene CsH100 - - - 0.255
1-ethenyl-4-methoxy-Benzene CoH100 - - - 0.139
2,3-Dihydro-1,4-dioxin C4HeO2 - — - 0.154
1,4-Dioxane C4HsO2 - - - 0.194

Note: this only showed the peak area of the compound group, - indicating that the compound was

not detected.

Table A2. Comparison of Main Chemical Components of Four Kinds of Residues

Relative peak area (%)
. : Molecular i-
Compounds in residuals formula | €O | Cellulose CZ:TLTCIJS Lignin
stalk e
2-Propen-1-ol C3HeO 1.334 - 6.874 -
1-Hepten-3-ol C7H140 0.355 - - -
3,5-Hexadien-2-ol CeéH100 | 0.627 - - -
1-Cyclohexene-1-methanol C7H120 0.352 - - -
3-Nonyn-1-ol CoH160 0.536 - - -
3-Phenyl-2-propyn-1-ol CoHsO 0.965 - - -
2,6-Cyclooctadien-1-ol CsH120 - 1.619 - -
2-Furanmethanol CsHsO2 - 0.251 - -
3,5-Dimethylcyclohexanol CsH160 - 0.304 - -
3-Methylbenzyl alcohol CsH100 - 0.260 3.642 -
Isoborneol Ci0H180 - 1.203 - -
2-methylene-6-methyl-Cyclohexanol CsH140 - 3.710 - -
p-Menth-8(10)-en-9-ol, cis- C10H180 - 0.376 - -
3-Methyl-3-buten-2-ol CsH100 - 0.612 - -
1,4:3,6-Dianhydro-D-glucitol CesH1004 - 12.303 - -
(22)-3-propyl-2,4-Pentadien-1-ol CeH100 - 0.286 - -
Cyclobutanemethanol CsH100 - - - 0.277
2,3-Dihydro-1H-inden-1-ol CoH100 - - - 0.309
gle?h$§;23§¥ ealcpohr?ol CoH120: B B B 0.905
Bicyclo[1.1.0]butane C4Hs 2.637 - - -
1-Hexene CeH12 1.231 - - -
(Z,2)-2,4-Hexadiene CeHao 0.306 - - -
1,3-Cyclohexadiene CesHs 0.887 - - -
bicyclo<4.2.0>octa-3,7-diene CsHao 0.701 - - -
4,4-Dimethylcyclopentene C7H12 0.511 - - -
1-Methyl-1,4-cyclohexadiene C7H1o0 0.837 - - -
(2)-3-methyl-1,3,5-hexatriene C7H1o0 0.354 - - -
1,3-Dimethyl-1-cyclohexene CsH14 0.474 - - -
1,2-Dimethyl-1,4-cyclohexadiene CsHi2 0.188 - - -
1-Methylcycloheptene CsHia 0.190 - - -
2-Methyl-1-octen-3-yne CoH14 0.210 - - -
1-Decene CioH20 0.329 - - -
5-Isopropenyl-1-methylcyclohexene CioHis 0.202 - -
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3-Methyl-1-hexyne C7H12 - 4.541 3.653 -
2-Methyl-1-buten-3-yne CsHe - 3.537 - -
2-Methyl-1-butene CsHio - 4.536 1.920 -
1,4-Cyclohexadiene CeHs - 1.017 - -
3-Hexene CeH12 - 1'1%761 - -
2,3-Dimethyl-2-butene CeH12 - 0.653 1.510 -
3-Methyl-1-butyne CsHs - 4.037 - -
3-Ethyl-1-pentene C7H14 - 0.514 - -
2-Pentyne CsHs - 0.261 - -
4-Methyl-1,3-heptadiene CsH14 - - 1.378 -
1,2,3-Trimethylcyclopentene CsHia - - 2.357 -
5,5-Dimethyl-1,3-hexadiene CsH14 - — 1.213 -
(4E)-2,3-Dimethyl-2,4-hexadiene CgHaa - - 0.619 -
4-methyl-3-Heptene CsHis - - 0.578 -
4-Octyne CgHaa - - 0.505 -
(E)-3-Methyl-2-pentene CeHa2 - - - 0.189
(1-Methylethyl)benzene CoH12 - — 0.727
Benzene CeHs 0.548 - - 1.661
Toluene C7Hs 2.809 - - 8.119
Ethylbenzene CsHio 0.481 - - 12é13
0-Xylene CsHao 1.817 - - -
Styrene CsHs 1.041 - - 25;5
Propylbenzene CoHa2 0.136 - - 0.309
1-ethyl-2-methyl-Benzene CsHu14 0.765 - - -
1,2,3-trimethyl-Benzene CoHa2 1.958 - - -
Indene CoHs 0.948 - - 0.515
2,4-Dimethyl-1-ethylbenzene CioH14 0.603 - - -
(1z,3aS,7aR)-1- _ _ _
Ethylideneoctahydro-1H-indene Cubis | 0.397
1-Methyl-1H-indene CioH10 1.254 - - 0.606
1-methylene-1H-Indene CioHs 1.381 - - -
3-Methyl-1-phenyl-2-butene CiiH14 0.357 - - -
1,2-Dihydro-3-methylnaphthalene CuiHi2 1.142 - - -
Benzocycloheptatriene CiiH1o0 3.102 - - -
6,7-dimethyl-1,2,3,4-
tetrahydronaphthalene Cizbs | 0.777 B B B
1,5,7-trimethyl-1,2,3,4-
tetrahydronaphthalene CisHis | 0.943 B B 0201
1-Phenyl-3-methylpenta-
1.2 4-triene Ci2H12 2.056 - - —
1,4-Diisopropenylbenzene CioHaa 0.871 - - -
4-Ethyl-1,2-dimethylbenzene CioH14 1.370 - - -
5,6,7,8-tetramethyl-1,2,3,4-
tetrahydronaphthalene CieHao | 1.417 - - -
1,2,3,4-Tetrahydro-1,1,6-
trimethylnaphthalene CisHia B B B 0351
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1,2-Diphenylethylene CiaHa2 - - - 0.464
1,3-dimethyl-Benzene CsHio - - - 1.379
Bicyclo[4.2.0]octa-1,3,5-triene CsHs - - - 0.217
1-Ethenyl-3-methylbenzene CoH10 - - - 1.216
1-ethyl-2-methyl-Benzene CoH12 - - - 0.797
1,2,4-trimethyl-Benzene CoH12 - - - 0.137
a-Methylstyrene CoH10 - - - 5.540
2-propenyl-Benzene CoHao - - - 1.083
1,4-Dimethoxy-2-methylbenzene CoH1202 - - - 3.274
1-[4-(1-Methylethenyl)phenyl]ethanone C11H120 - - - 0.890
1,2-diethyl-3,4-dimethyl-Benzene Ci2H1s - - - 0.340
Bicyclo[4.4.1]undeca-1,3,5,7,9-pentaene CiiH1o - - - 0.697
Biphenyl Ci2H10 - - - 0.585
Diphenylmethane CizH12 - - - 0.232
Benzene, 1,1'-(1,3-propanediyl)bis- CisHie - - - 1.221
1,2-Diphenylcyclopropane CisHaa - - - 1.010
2-Phenylnaphthalene CisH12 - - - 1.701
Butanoic acid C4HsO2 0.350 - 1.105 -
Nonanoic acid CoH1802 | 4.437 - - -
Fumaric acid, myrtenyl octyl ester C4H404 - - - 0.213
Dehydroacetic Acid CgHsO4 - - - 0.492
3-Hydroxy-4-methylbenzoic acid CgHsO3 - - - 0.697
2,4-Dimethylanisole CoH120 1.248 - - -
2-Ethoxyethanol C4H1002 - - 1.457 -
Methoxybenzene C7HsO - - - 0.118
1-Methoxy-4-methylbenzene CsH100 - - - 0.423
1-Hexen-3-one CsH100 0.498 - 1.221 -
3-Hexanone CsH120 0.502 - - -
2-Cyclopenten-1-one CsHeO 0.343 - 2.209 -
2-methylcyclopentenone CsHsO 0.432 1.127 1.884 -
2,3-Dimethyl-2-cyclopentene-1-one C7H100 0.525 - 2112 -
2,3,4-Trimethyl-2-cyclopenten-1-one CgH120 0.182 - - -
3-Ethenylcyclohexanone CsH120 0.200 - - -
;wgg)egégﬁeij CuH120 | 1.044 - - -
1,4-Pentadien-3-one CsHeO - 0.776 - -
2-Cyclopentene-1,4-dione CsH402 - 3.936 - -
3-Methyl-2-cyclopenten-1-one CeHsO - 0.727 3.048 -
1,2-Cyclopentanedione CsHsO2 - 4.195 - -
4,4-dimethyl-2,5-Cyclohexadien-1-one CsH100 - 0.339 - -
4,4-Dimethyl-2-cyclohexen-1-one CsH120 - 0.794 0.571 -
4,5-dimethyl-4-Hexen-3-one CsH140 - 3.419 - -
2,2,5,5-te3ttz;rr?_elt_rc1)3r/1lgyclopent- CoH1iO _ _ 0572 _
2.3 fg‘};ggoetﬁffgnneethyl C13H160 - - - 0.210
3,5-Dimethylphenol CsH100 0.150 - - -
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Phenol CsHsO 2.941 - - 5.540
2-Methylphenol C7HsO 1.860 - - 1.675
4-Methylphenol C7HsO 5.619 - - 5.018

2,4-Dimethylphenol CsH100 2.261 - - 1.167
3-Ethylphenol CsH100 3.473 - - -
2-Methoxy-4-methylphenol CsH1002 | 0.887 - - 1.134
2-Ethyl-6-methylphenol CoH120 1.697 - - -
4-Ethylphenol CsH100 - - - 2.429
3,4,5-Trimethylphenol CoH120 - - - 1.776
2,6-Dimethoxyphenol CsH1003 - - - 1.273
2,3-Dihydro-2,2-dimethyl-7-benzofuranol C10H1202 - - - 0.606
Cyclopentanecarbggelirc acid, cyclopentyl C11H1705 B 2041 B B
2-(2-Hydroxyethoxy)ethyl acetate CeH1004 - - 1.303 -
Formic acid, hexyl ester C7H1402 - - - 0.160
Furfural CsH402 - 10.581 - -
5-methyl-2-Furancarboxaldehyde CeHsO2 - 7.077 - -
2-methyl-2-Pentenal CeH100 0.631 - - -
Cyclzogqeerf:g*e30$§ghxya|1?dn:hyde CsHi20 | 0.189 - - -
Nonanal CoH180 0.686 - - -
methyhora35-dlena CubicO | 0933 | - - |-
3-Hydroxy-4-nitrobenzaldehyde C7HsNO4 | 1.129 - - -
4,6-dihydroxy-2,3-dimethylbenzaldehyde CoH1003 | 0.739 - - -
Propanal CsHeO - - 19.941 2.476
2-Cyclopentene-1-propanal CsH120 - - 1.115 -
2-Ethenyl-2-butenal CeHsO - - 1.367 -
3-Phenyl-2-propenal CoHsO - - - 0.330
2-Methylfuran CsHsO 2.193 6.683 10.563 -
2,5-Dimethylfuran CsHsO 1.041 1.702 4,989 -
Vinylfuran CsHesO 0.566 - 1.219 -
2-Propylfuran C7H100 0.864 0.393 4.490 -
2,3,5-trimethylfuran C7H100 0.490 - 0.732 -
2-Allylfuran C7HsO 0.191 - 2.818 -
4-methyl-2-propyl-furan CsH120 0.449 - 0.745 -
Benzofuran CsHesO 0.498 - - -
2-Methylbenzofuran CoHsO 1.098 - - 1.155
2,3-Dihydrobenzofuran CsHsO 2.597 - - -
2-Methyl-5-hydroxybenzofuran CoHsO2 0.653 - - -
2-Ethylfuran CsHsO - 0.719 1.720 -
2-Acetylfuran CeHsO2 - 1.113 - -
2-Furfuryl-5-methylfuran C10H1002 - - 2.692 -
2',2-methylenebis-(5-methylfuran) C11H1202 - - 0.541 -
2,5-Dimethyl-2,3-dihydrofuran CeH100 - - - 0.085
2-Methyl-2-butanamine CsHisN 6.693 - - -
N-Cyclohexylacetamid CsHisNO | 0.524 - - -
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2-methyl-1,3-Dioxolane C4HsO2 1.280 - 4.695 0.223
2-Propanone, methylhydrazone CsH10N2 | 0.885 - - -
Nonanamide CoH1sNO | 0.410 - - -
Pyridine CsHsN 0.508 - - -
5,6-Dimethylbenzimidazole CoHioN2 | 1.342 - - -
2-Ethylbenzimidazole CoHioN2 | 1.204 - - -
5,6-Dimethylbenzimidazole CoH1oN2 | 0.274 - - -
2,6-dimethoxy-3-Pyridinamine C7H12°N20 1.705 - - -
1,2,4-Trimethoxybenzene CoH1203 | 2.180 - - -
(methoxymethyl)-Cyclopropane CsH100 - 11.601 - -
2-Methyl-2,3-divinyloxirane C7H100 - 0.841 - -
3,4-Dimethyl-2,5-furandione CsHeO3 - 0.789 - -
2-Ethyl-4-methyl-1,3-dioxolane CeH1202 - - 2.036 -
2-Methoxymethylene-bicyclo[2.2.1]heptane CoH140 - - 0.608 -

2-Hydroxy-4-isopropylnaphthalene Ci13H140 - - - 0.251

1,4-Dioxane C4HsO2 - - - 0.208
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