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Abstract: Forest wood biomass can be used as a renewable resource for the sustainable production of
fuels and chemicals. In this study, the methanol, methanol/ethanol, and ethanol/benzene solvent
extracts of Platanus orientalis L. bark were analyzed using FTIR, IH NMR, 13C NMR, 2D-HSQC NMR,
GC-MS, and TOF-LC-MS. The results revealed that the bark of Planus orientalis contained a wide
variety of chemical compounds, such as 30-triacontanol, 1-Hexanol, hexadecanoic acid, methyl ester,
2-ethyl-, γ-Sitosterol, and 3,4,5-tri methoxy-Phenol. In addition, the fast pyrolysis of P. orientalis
L. bark (POL-B) with nano-catalysts (Co3O4, Fe2O3, and Co3O4/Fe2O3) was investigated using
pyrolysis/gas chromatography/mass spectrometry (Py-GC/MS) and a thermogravimetric analyzer
coupled with an FTIR spectrophotometer (TG-FTIR). The TG results revealed that the nano-catalysts
significantly affected the pyrolysis of P. orientalis bark. The nano-Fe2O3 catalyst was shown to increase
acid and ketone compound production during the catalytic pyrolysis of cellulose. According to the
Py-GC-MS results, the pyrolytic products contained several value-added chemicals and high-quality
bio-oil. The nano-catalysts promoted the production of aromatics, phenols, ketones, olefins, furans
and alkane compounds. These natural-product active molecules and bio-oil, as high-grade raw
materials, could be used in many industrial and agricultural fields for the production of wetting
agents, stabilizers, plasticizers and resins. In addition, a number of active molecules could be used as
drugs and biomedical active ingredients for anti-cancer and anti-inflammatory purposes.

Keywords: forest wood biomass; fuel; nano-catalysts; pyrolysis; forest waste

1. Introduction

The continuous growth of the global population has triggered a global energy crisis [1].
The problems of environmental pollution [2], ecological damage, and climate change [3,4]
have become increasingly serious [5]. Biomass, for the sustainable production of chemicals
and fuels [6], is extremely abundant in nature [7]. It typically includes crops, crop waste
straw, industrial forest waste, and aquatic plants [8]. Usually, biomass is burned and
thus used to obtain energy, which not only causes considerable waste but also leads to
environmental pollution. Therefore, converting biomass into chemical fuels or high-value
chemicals using chemical conversion technologies (such as pyrolysis and liquefaction) has
attracted attention [9].

Transforming biomass into value-added products can be realized through the conver-
sion of platform molecules [1,10]. The main problem for the transformation process is the
lack of efficient catalytic materials because biomass platform molecules often have very
high molecular weight and oxygen content. The catalytic material required for biomass
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conversion differs from that of the traditional petrochemical catalytic material. Currently,
the main platform compound conversion pathway uses enzyme catalysis or a homogeneous
catalytic system to obtain the target product [11–13]. However, the enzyme catalytic system
has high input costs and equipment requirements and suffers from issues such as the need
for waste-liquid treatment, which often fails to achieve the required industry standard for
biomass conversion. The homogeneous reaction system often needs the addition of soluble
acid, alkali, and salt as catalytic materials, which not only corrodes the equipment but is
also difficult to separate from the reaction system. Researchers have developed many het-
erogeneous catalytic materials for catalyzing the conversion reactions of biomass platform
compounds [14]. However, most of these suffer from problems such as low selectivity and
activity [15] and poor stability, resulting in difficulties in applying these catalytic materials
in large-scale industrial operations. In addition, the biomass platform molecules generally
have multiple functional groups and are highly active, which makes them very prone to
side reactions. Therefore, developing catalytic materials with a high activity and selectivity
would be very promising and interesting [16].

Fast pyrolysis is a good way to utilize biomass resources. The economic benefits
of fast pyrolysis are 2–3 times those of biomass gasification and liquefaction [17–19].
The bio-oil obtained from the fast pyrolysis of lignocellulosic biomass has drawbacks
such as high acidity and viscosity, a low heating value, and unsuitable storage capability,
which restricts its utilization as a raw material for chemical products or as transportation
fuel [20–22]. In the studies of Ge et al., Pinus armandii Franch was pyrolyzed and extracted
to produce natural active molecules, bio-oil, and products. They found that the natural
active molecules and bio-oil of Pinus armandii Franch could be used as raw materials for
drugs and biomedical active ingredients. The catalytic conversion of pyrolysis steam can
effectively improve bio-oil quality [17,23,24]. To date, catalytic deoxygenation has been
extensively investigated for more than three decades [25,26]. Zeolite-based molecular sieves
are widely used for the deep catalytic deoxidation of bio-oil or pyrolysis vapor [27,28].
When such catalysts are used for the catalytic pyrolysis of biomass, they exhibit high-
efficiency deoxidation characteristics [29]. For example, the HZSM-5 molecular sieve can
effectively increase the content of aromatic hydrocarbons in bio-oil [30]. Among the ap-
plications of fast pyrolysis, microwave-assisted catalytic liquefaction and high-pressure
liquefaction technologies have made considerable progress in recent years [24,31]. Several
studies have shown that lignin depolymerization can efficiently be used to obtain aromatic
hydrocarbon compounds [31,32]. Nanoparticles have been used as catalysts in biomass
pyrolysis to upgrade the fuel properties of bio-oil and enhance the formation of valuable
chemicals [33,34]. Lu et al. [34] reported that the catalytic effect of nano-CaO significantly
reduced the content of phenols and anhydro sugars, eliminated acidic substances, and
increased the formation of cyclopentanones, hydrocarbons, and several light compounds.
In addition, catalysis via nano-Fe2O3 resulted in the formation of various hydrocarbons.
However, nano-ZnO slightly altered the pyrolytic products. Khelfa et al. reported that
Fe2O3 could break down the tar produced and improve the partial oxidation of phenols
during the thermal degradation of the biomass [35]. The study of Li et al. showed that the
Fe2O3 and NiO catalysts enhanced the pyrolysis process by accelerating the precipitation
of gaseous products [31].

Bark is a hugely abundant lignocellulosic biomass type with a variety of bioactivities in
its extracts, including cardiovascular benefits, antioxidants, and anti-diabetic effects [36,37].
However, the potential value of the bark extracts as biomedicine or fuel depends on the
chemical and physical characteristics of the biomass, which is affected by the species type,
geographic location, and local weather. Therefore, conducting a full-component study of
biomass is particularly important to enhance the added value of the residue biomass and
maximize its economic and ecological benefits [38].

This study aimed to understand the detailed pyrolytic products and extractives of
Platanus orientalis L. wood bark. TG and TG-FTIR were used to analyze the degradation
properties of P. orientalis bark. P. orientalis bark (POL-B) has good potential as a renewable
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resource for the sustainable production of fuels and chemicals; hence, the fundamental
chemistry of its extractives will provide valuable insights for the development of natural
products for biomedical applications [39].

2. Materials and Methods
2.1. Experimental Section

Materials: P. orientalis L. bark (POL-B) was collected from the campus of Beijing
Forestry University, Beijing, China. Anhydrous sodium sulfate, benzene, methanol, and
ethanol were purchased from Xilong Science Reagent Co., Ltd. (Tianjin, China). All reagents
were of chromatographic grade. All nano-catalysts were purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. (Tianjin, China). The parameters of the nano-catalysts were as
follows: nano-Fe2O3 (MACKLIN, 99.5%, α-Fe2O3, 30 nm, spherical), nano-Fe3O4 (MACK-
LIN, 99.5%, 60–120 nm) and nano-Co3O4 (MACKLIN, 99.9%, 80 nm). The compounding
ratios of catalysts and POL-B are listed in Table 1.

Table 1. The compounding ratio of catalysts and POL-B.

Samples Barks (g) Co3O4 (g) Fe2O3 (g) Co3O4 + Fe2O3 (g)

POL-B 20.00
POL-B- Co3O4 20.00 0.20
POL-B- Fe2O3 20.00 0.20
POL-B-
Co3O4/Fe2O3

20.00 0.10 + 0.10

Extraction: 40 g POL bark was crushed into 100 mesh, filled into a cotton bag,
and signed. The extracts from POL bark were obtained using the Soxhlet extraction
method [40,41]. The conditions were as follows: 300 mL methanol, methanol/ethanol,
and ethanol/benzene (1:1) as solvents, respectively [42]; the extraction time was 6 h; the
temperature was 60 ◦C [43]. Subsequently, the solvents were removed with the rotary
method, and then, the extractives were obtained and stored at −5 ◦C [44].

2.2. Characterizations

The extractives of the bark of POL were characterized using FTIR and NMR. NMR
spectra were performed on a Bruker AVIII 400 MHz spectrometer. For 13C spectrogram
acquisition (procedure: C13IG), 10 mg of the extractive samples were weighed and dissolved
in DMSO-d6, and 25 µL of chromium (III) acetylacetonate (concentration = 0.01 M) was
added. For the acquisition of the two-dimensional hydrocarbon direct correlation spectrum
(2D-HSQC NMR), all samples were crushed to a 100 mesh size and then underwent
vacuum free-drying at −60 ◦C for 24 h. A weight of 5 mg of the sample was weighed.
The thermogravimetric curve was measured from room temperature to 950 ◦C using a
thermogravimetric analyzer (TGA-Q50, TA Instruments, New Castle, DE, USA) under N2
conditions with heating rates of 20 ◦C/min, 60 ◦C/min, and 90 ◦C/min, respectively [45].
GC/MS analysis conditions were as follows: the chromatographic column was a quartz
capillary column (30 mm × 0.25 mm × 0.25 µm). The mass spectrum program scanned the
mass range from 30 to 600 amu, and a wiley7n.1 standard spectral method and computer
retrieval qualitative method were used for analysis [46,47]. LC-RP-QTOF-MS analysis
of all extractive samples was performed using a Bruke 1290 HPLC and a 6550 QTOF
detector. The following LC and MS parameters were provided by Bruke Co. (Beijing,
China). LC: The column was Agilent Eclipse Plus C18 (2.1 mm × 100 mm, 1.8 µm).
Elution was performed at a flow rate of 0.30 mL/min for 5 min at 40 ◦C. MS: Drying
gas temperature: 200 ◦C/325 ◦C; sheath gas temperature: 350 ◦C; scanning quality range
program: 50–1200 m/z. A TGA Q500 (TA Instrument, USA) connected with a Fourier-
transform infrared spectrometer (Nicolet 6700, Nicolet Instrument Corporation, Madison,
WI, USA) was used to detect the degradation properties of all samples. TG-FTIR analysis
of poplar bark (POL-B), bark containing Co3O4 (POL-B-Co3O4), bark containing Fe2O3
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(POL-B-Fe2O3), and bark containing Co3O4/Fe2O3 (POL-B-Co3O4/Fe2O3) was performed.
A weight of 6 mg of the sample was weighed, the heating rate was 60 ◦C/min under
a nitrogen environment, and the temperature range was from 30 ◦C to 950 ◦C. The IR-
spectra wavenumber range was from 4000 to 400 cm−1 with a resolution of 4 cm−1, and 3D
FTIR spectrograms were obtained. The rapid pyrolysis of POB bark was performed using
pyrolysis (Curie pyrolyzer JHP-22, Analytical Industry Co., Ltd., Tokyo, Japan) followed
by gas chromatography (Agilent 7200B Q-TOF GC/MS, Agilent Technologies, Inc., Santa
Clara, CA, USA)/mass spectrometry (Agilent 7200B Q-TOF GC/MS, Agilent Technologies,
Inc., USA). The schematic diagram of useful products that can be obtained from POL bark
extractives and pyrolytic products is shown in Figure 1.
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3. Results and Discussion
3.1. Characterization of POL Bark Extracts
3.1.1. Characterization of POL Bark Extracts using GC/MS

Figures S1–S3 and Tables 2–4 represent a typical GC/MS total ion chromatogram for
P. orientalis bark extractive. These compounds were classified based on their functional
groups, such as acids, alcohols, aldehydes, esters, amides, phenols, saccharides, ketones,
aromatics, olefins, and ethers. Tables 2–4 show that different types of extractants can extract
various compounds, while the main types of compounds are almost similar. From Table 2,
the main chemical composition of the methanol extractives of P. orientalis bark were acids
(9.708%), alcohols (34.421%), amides (2.391%), phenolics (1.600%), aromatics (18.753%), and
olefines (33.125%). For Table 3, the pivotal chemical composition of the ethanol/benzene
extractives from P. orientalis bark were acids (6.235%), alcohols (55.821%), esters (11.585%),
saccharides (0.939%), amides (18.141%), ketones (3.787%), olefines (1.471%), and ethers
(2.201%). The main chemical composition of the methanol/ethanol extractives of P. orientalis
bark (Table 4) were acids (5.538%), aldehydes (0.796%), alcohols (23.567%), esters (17.133%),
saccharides (1.691%), amides (2.150%), phenolics (7.048%), aromatics (40.609%), and olefines
(4.318%).

As stated above, different solvents resulting in various extractive compounds indi-
cate that using multiple solvents could improve extraction yield. The extractive findings
revealed that the P. orientalis bark contains a variety of chemical constituents with a wide
range of potential applications. For instance, the extractives of P. orientalis bark contained
several acidic compounds, such as oleic acid, hexadecanoic acid, 2-methyl-, n-hexadecanoic
acid, and vanillic acid, which can be used as raw materials for soaps, candles, lubricants,
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softeners, and synthetic detergents. The alcoholic compounds, such as 30-triacontanediol,
1-hexanol, and 2-ethyl-, can be used for medicines that stop bleeding or for dehumidifi-
cation and detoxification. In addition, methyl stearate, classified under ester compounds,
can be used as a surfactant and lubricant. Hexadecanoic acid and methyl ester are only
two examples of ester compounds that may be utilized as building blocks in emulsifiers,
wetting agents, stabilizers, and plasticizers. Resins, synthetic fibers, refined oil, plastics,
medicines, and insecticides may all use phenolic compounds as raw materials. Substi-
tution reactions allow aromatic compounds to synthesize more complex molecules than
simpler ones. For the synthesis of polyolefins and synthetic rubbers, organic synthesis is
significantly based on the use of olefine compounds as fundamental building blocks. As a
result, the chemical components of the P. orientalis bark offer potential new materials for
application in various industrial and agricultural sectors, as well as in the manufacture of
bio-oil, pharmaceuticals, and medical treatments. Sitosterol compounds were found in the
extracts of ethanol/benzene and methanol/ethanol, which has excellent antifungal activ-
ity [48], particularly against Aspergillus niger, Cladosporium cladosporioides and Phytophthora
sp. fungi [49,50]. Large amounts of phenols and aromatic compounds were found in the
methanol/ethanol extracts (Table 4), indicating that the bark of P. orientalis contained a large
amount of tannin, which can be used as a raw material for resins, adhesives, metal-iron
absorption, and bio-medicines.

Table 2. Detailed composition of the extractives of POL bark by methanol.

Compound Concentration
(wt.%)

Acid 9.708
9,12-Octadecadienoic 1.844
9-Hexadecenoic, acid 3.549
n-Hexadecanoic, acid 2.176
Oleic acid 2.139
Alcohols 34.421
1-Hexanol, 2-ethyl- 1.982
6-Isopropenyl-4,8a-dimethyl-1,2,3,5,6,7,8,8a-octahydro-naphthalen-2-ol 1.196
1,30-Triacontanediol 28.331
Cryptomeridiol, 1.606
7,8-Epoxylanostan-11-ol-3-acetoxy- 1.306
Amides 2.391
Formamide, N,N-diethyl- 2.391
Phenol 1.600
(E)-4-(3-Hydroxyprop-1-en-1-yl)-2-methoxyphenol, 0.743
Phenol, 3,4,5-trimethoxy- 0.857
Aromatics 18.753
5H-Cyclopropa[3,4]benz[1,2-e]azulen-5-one, 9,9a-bis(acetyloxy)-3-[(acetyloxy)methyl]-1,1a,1b,2,3,4,4a,7a,7b,8,9,9a-
dodecahydro-2,3,4a,7b-tetrahydroxy-1,1,6,8-tetramethyl-, 0.687

1H-Cyclopropa[3,4]benz[1,2-e]azulene-4a,5,7b,9,9a(1aH)-pentol,
3-[(acetyloxy)methyl]-1b,4,5,7a,8,9-hexahydro-1,1,6,8-tetramethyl-, 7.145

4H-Cyclopropa[5′,6′]benz[1′,2′:7,8]azuleno[5,6]oxiren-4-one, 8,8a-bis(acetyloxy)-2a-[(acetyloxy)methyl]-
1,1a,1b,1c,2a,3,3a,6a,6b,7,8,8a-dodecahydro-6b-hydroxy-3a-methoxy-1,1,5,7-tetramethyl-, 9.812

Benzenemethanol, 3,4,5-trimethoxy- 1.109
Olefine 33.125
17-Pentatriacontene 33.125

Table 3. Detailed composition of the extractives of POL bark by ethanol/benzene.

Compound Concentration
(wt.%)

Acid 6.235
Hexadecanoic acid,2-methyl- 4.646
elaidate 1.589
Alcohols 55.821
β-Sitosterol 7.389
γ-Sitosterol 0.91
1-Hexanol,2-ethyl- 15.582
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Table 3. Cont.

Compound Concentration
(wt.%)

1H-Cyclopropa[3,4]benz[1,2-e]azulene-5,7b,9,9a-tetrol,
1a,1b,4,4a,5,7a,8,9-octahydro-3-(hydroxymethyl)-1,1,6,8-tetramethyl-,5,9,9a-triacetate, 2.601

1H-Cyclopropa[3,4]benz[1,2-e]azulene-4a,5,7b,9,9a(1aH)-pentol,
1b,4,5,7a,8,9-hexahydro-3-(hydroxymethyl)-1,1,6,8-tetramethyl-, 19.811

1,22-Docosanediol 9.528
Esters 11.585
Heptadecanoic acid, 15-methyl-, methyl ester 3.161
i-Propyl 14-methyl-pentadecanoate 2.432
1b,4,5,7a,8,9-hexahydro-3-(hydroxymethyl)-1,1,6,8-tetramethyl-, 9,9a-diacetate, 2.322
11-Octadecenoic acid, methyl ester 2.803
1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester 0.867
Saccharides 0.939
1-Hydroxy-2-(2,3,4,6-tetra-O-acetyl-β-d-glucopyranosyl)-9H-xanthene-3,6,7-triyl triacetate 0.939
Amides 18.141
N,N-diethyl-formamide 18.141
Ketones 3.787
17.β.-Acetoxy-1′,1′-dicarboethoxy-1.β.,2.β.-dihydrocycloprop[1,2]-5α-androst-1-en-3-one 3.203
1,9-Dioxacyclohexadeca-4,13-diene-2-10-dione,7,8,15,16-tetramethyl- 0.584
Olefine 1.471
2,5,5,8a-Tetramethyl-4-methylene-6,7,8,8a-tetrahydro-4H,5H-chromen-4a-yl hydroperoxide 0.547
17-Pentatriacontene 0.924
Ethers 2.021
2,5-dimethoxyphenylethylsulfide 0.734
(Z)-18-Octadec-9-enolide 1.287

Table 4. Detailed composition of the extractives of POL bark by methanol/ethanol.

Compound Concentration
(wt.%)

Acids 5.538
n-Hexadecanoic acid 4.700
Vanillic acid 0.838
Aldehydes 0.796
3,5-Dimethoxy-4-hydroxycinnamaldehyde 0.796
Alcohols 23.567
γ-Sitosterol 19.319
2-ethyl-1-Hexanol 1.848
1-Heptatriacotanol 0.968
7,8-Epoxylanostan-11-ol,3-acetoxy- 1.432
Esters 17.133
9-Octadecenoic acid, methyl ester, (E)- 4.100
2-Oxo-1-(3-oxo-butyl)-cyclohexanecarboxylic acid, ethyl ester 0.781
7-Methyl-Z-tetradecen-1-ol acetate 0.847
Hexadecanoic acid, methyl ester 5.827
Methyl stearate 5.578
Saccharides 1.691
d-Mannose 0.814
β-D-Glucopyranose,.β.-D-Glucopyranose,4-O-.β.-D-galactopyranosyl- 0.877
Amides 2.150
N,N-diethyl-Formamide 2.150
Phenols 7.048
3,4,5-trimethoxy-Phenol 1.817
Aromatics 40.609
1H-Cyclopropa[3,4]benz[1,2-e]azulene-4a,5,7b,9,9a(1aH)-pentol,1b,4,5,7a,8,9-hexahydro-3-(hydroxymethyl)-1,1,6,8-
tetramethyl-,9,9a-diacetate, 5.231

4H-Cyclopropa[5′,6′]benz[1′,2′:7,8]azuleno [5,6-b]oxiren-4-one,8-(acetyloxy)-1,1a,1b,1c,2a,3,3a,6a,6b,7,8,8a-
dodecahydro-3a,6b,8a-trihydroxy-2a-(hydroxymethyl)-1,1,5,7-tetramethyl-, 28.084

5H-Cyclopropa[3,4]benz[1,2-e]azulen-5-one,9,9a-bis(acetyloxy)-3-[(acetyloxy)methyl]-2-chloro-
1,1a,1b,2,3,4,4a,7a,7b,8,9,9a-dodecahydro-3,4a,7b-trihydroxy-1,1,6,8-tetramethyl-, 5.429

γ-Sitostenone, 1.865
Olefines 4.318
3-Buten-2-ol,2-methyl-4-(1,3,3-trimethyl-7-oxabicyclo[4.1.0]hept-2-yl)- 1.126
3-Buten-2-ol,3-Buten-2-ol,2-methyl-4-(1,3,3-trimethyl-7-oxabicyclo[4.1.0]hept-2-yl)- 3.192
Unidentified 2.381
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3.1.2. FTIR Analysis of POL Bark Extracts

The examination and determination of functional groups of components in biomass
materials are enabled using Fourier-transform infrared spectroscopy (FTIR). To characterize
the chemical structure and groups present in P. orientalis bark, FTIR spectra were collected
from three different extractives: methanol, ethanol/benzene, and methanol/ethanol. Sig-
nificant peaks in the spectra have been confirmed to be functional groups. Figure 2 shows
the aromatic and aliphatic stretching vibrations responsible for the wide absorption band
seen in the 3402–3445 cm−1 [51,52]. Peaks at 2868–2900 cm−1 are associated with the C-H
stretching vibration of alkanes or the anti-symmetric stretching vibration of -CH2 and the
Fermi resonance of -CH, while the band at 2928–2978 cm−1 is associated with the C-H
stretching vibration of -CH3 or -CH2 and -CH- groups [53]. The presence of phenolic chem-
icals in the P. orientalis extract was confirmed by the existence of absorption peaks at 1634,
1650, and 1642 cm−1, which corresponds to aromatic ring vibrations [54]. The phenolic-OH
stretch vibration and aliphatic CH deformation in methyl groups are responsible for the
peak at 1374–1385 cm−1 [55]. Lignin is often absorbed this way. A C-O-C asymmetric
stretch vibration is associated with the 1271 cm−1 absorption. An aromatic CH in-plane
bending vibration and the C-O stretching vibrations of aldehydes are responsible for the
bands seen at 1165 and 1045 cm−1, respectively [56,57]. Additionally, the absorption peak
at 879 and 878 cm−1 is associated with the powerful C-H vibration [58,59].
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Figure 2. FTIR spectra of the methanol, ethanol/benzene, and methanol/ethanol extractives of
Platanus orientalis Linn bark.

Comparing the FTIR spectra of the different solution extractives of P. orientalis bark
shows that the ethanol/benzene extractives of P. orientalis bark have more substantial ab-
sorption peaks than methanol and methanol/ethanol extractives. This indicates that the so-
lution of ethanol/benzene can extract more compounds than methanol and
methanol/ethanol solutions. Based on the results of this study, it seems that P. orien-
talis bark appeared rich in a wide range of chemical compounds. These included aromatics,
aliphatics, alkanes, aldehydes, ketones, carboxylic acids, and esters.

3.1.3. Characterization of POL Bark Extracts using IH NMR, 13C NMR, and
2D-HSQC NMR

To obtain more detailed information on the chemical structure of the extractions of
P. orientalis bark, further characterization was conducted using IH NMR, 13C NMR, and
2D-HSQC NMR. The spectra of all extracts are presented in Figures 3 and S1. Based on the
previous literature, most chemical shifts could be assigned to the corresponding functional
groups.
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Figure 3. 1H, 13C-NMR spectra of the extract of Platanus orientalis Linn bark with different solvents:
methanol (C1,D1), ethanol/benzene (C2,D2), and methanol/ethanol (C3,D3).

According to 1H-NMR spectroscopy, the chemical shifts of protons in saturated alkane
compounds fell within the range of δ0.2–δ1.5. The two saturated alkanes that behave like
chains had their maxima at δ = 0.8 and δ = 1.3. Proton chemical shifts on carbon atoms
directly linked to a halogen fell within 2.0–4.4 ppm. Chemical shifts of 2.0–2.6 ppm were
seen for carbonyl -H in carboxylic acid compounds and -H of the hydrogen atom in the
ether molecule. Additionally, when conjugated to an aryl group, the chemical shifts of
olefinic compounds increased from 4.5 ppm to 5.0 ppm, with increased intensity. This is
due to the anisotropic nature of C=C and the sp2 hybridization of carbon in olefins. In
addition, carbon protons in alkynes showed chemical shifts of 1.7–3.5 ppm, whereas that
of aromatic compounds was 6.1–8.1 ppm. The range of the δ proton concentration in the
phenolic hydroxyl group was 4.0–8.1 ppm. The peak intensity of the ethanol/benzene
extract (C2) was significantly higher than that of the methanol (C1) and methanol/ethanol
(C3) extracts, indicating the effectiveness of the ethanol/benzene extract.

The 13C-NMR spectrum of P. orientalis bark extracts through methanol,
ethanol/benzene, and methanol/ethanol analysis indicated that P. orientalis bark con-
tains carboxylic acid groups, aromatics, phenols, alcohols, and esters. The chemical shifts at
183 ppm can be attributed to the carbonyl groups in the carboxylic acid groups and the
structure of esters. The 178 ppm chemical shift in Figure 3D2,D3 may be explained by the
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catechin or epicatechin gallate compounds in tannin [60]. C5 and C7 linked to the phenolic-
OH groups on the flavonoid A-ring were the cause of the 150 ppm chemical changes. For the
flavonoid B-ring and A-ring, the corresponding chemical shifts were located at 129, 115–116,
and 108–114 ppm, respectively, for C1′, C2′, and C5′, and C4–C8; C in the -O-4 structure ac-
counted for the 61–63 ppm shift; the 70–74 ppm shift was characteristic of lignin’s guaiacyl
and syringyl unit structures; and the 69.8 ppm shift was due to CH-4 in the xylose nonreduc-
ing end unit [60,61]. Tannins, phenols, esters, and carboxylic acids were all present in the
P. orientalis bark extracts, as shown by the 13C-NMR spectra. Catechin and epicatechin
gallate, both flavonoids, have been found to exhibit diverse biological functions in safe
amounts in living animals. Cancer prevention through nutrition is a hotly debated topic.
There is strong evidence from animal research, human clinical trials, and epidemiological
analyses indicating that flavonoids are vital in cancer chemoprevention and chemother-
apy [62]. Antiviral, anticancer, antioxidant, antihistaminic, anti-inflammatory, and hep-
atoprotective characteristics are only some of the pharmacological reactions attributed to
flavonoid molecules [63]. Extracted ethanol/benzene HSQC 2D NMR spectra are shown in
Figure S1. After extracting different condensed tannins, the broad chemical shifts split into
four signals. Aromatic carbons were associated with the signals at H: 6.5–7/C: 110–125 ppm.
Aliphatic carbons were responsible for the signal at H: 1–2.5/C: 10–40 ppm. Aliphatic
carbons from saccharides were responsible for the signal at H: 3–4/C: 55–65 ppm. A higher-
resolution spectrum is required to determine whether the signal at 6.6 ppm was caused
by C4-C6 interflavonoid coupling. The extraction with methanol and ethanol had similar
results, as seen in Figure S4E1–E3. The presence of tannins was confirmed by signals at
H: 4–5/C: 108 ppm, which align with the aromatic carbons in tannin [64,65].

3.1.4. Characterization of POL Bark Extracts using TOF-LC-MS

To obtain more detailed information on the chemical structure of the extractions of
P. orientalis bark, further characterization was conducted using TOF-LC-MS. According
to the TOF-LC-MS result of P. orientalis bark (Table S1), more than 200 different chemical
compounds were identified in 409 peaks of P. orientalis bark. Thus, it was indicated that
TOF-LC-MS is more suitable for analytical evaluation than FTIR, GC-MS, and NMR, and
this method can be used to structurally elucidate as many compounds as possible to obtain
more information on general structures and compound types.

The results of the TOF-LC-MS analysis (Table S1) revealed that the high-content extract
compounds include β-Apopicropodophyllin, Eurycarpin A, Bufotenidine, Anhydronotop-
toloxide, Curcumin, Didrovaltratum, Glycyrrhisoflavone, Kraussianone 2, Betaine, Erypoe-
gin E, Phthalic anhydride, Kraussianone 3, N,N-Dimethyltryptamine N-oxide, Bavachin,
Erypoegin A, Physcion, Noradrenaline, Echinopsine, Hispaglabridin B, Lactucopicrin,
5,6-Dimethoxy-7-hydroxycoumarin, Eleutherol, Eryvarin F, Cibarian, Chamanetin, Prenyl
caffeate, Methylanthranilate, Celereoin, Isopsoralidin, Epicatechin, Macrophyllic acid,
Erycibelline, Diisocapryl phthalate, Aucubigenin, 2,4-Dimethoxybenzaldehyde, Kushenol
L, Ditertbutyl phthalate, Fraxetin, Dunnisinin, Procyanidin C, Erosone, Hypaphorine,
Glisoflavanone, Phenethylamine, Holadysine, Pfaffic acid, Mammeigin, Gardendiol, Ade-
nine, Theaspirone, Mallotochromene, Lucidin, Thespesone, Desmosflavone, and Glycyrin.
Among these compounds, β-Apopicropodophyllin can potentially be used as an agent for
cancer treatment. Kim et al. reported that beta-Apopicropodophyllin (APP) is responsible
for the cell death of non-small cell lung cancer (NSCLC) cell lines [66]. Eurycarpin A is an ef-
fective component of licorice, which can treat coughs and improve digestive disorders [67].
Bufotenidine has an anti-acetylcholine action and can promote histamine release. Phthalic
anhydride is helpful in the manufacturing of chemicals, including plasticizers. Lucidin can
be used as an indicator for chemical analysis and biological stains. For example, it can be a
substrate to detect firefly luciferase activity. Thespesone has the potential as a raw material
to treat diabetes mellitus and cancer [68]. Adenine is a component of nucleic acids in-
volved in the synthesis of genetic material. It can promote leukocyte proliferation, increase
the number of white blood cells, and be used to prevent leukopenia caused by various
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causes, especially leukopenia caused by tumor chemotherapy, as well as acute neutropenia.
Physcion is a highly active plant-derived fungicide extracted from the active ingredients
of natural plant rhubarb, which is very effective for controlling powdery mildew, downy
mildew, gray mold, anthracnose, etc. Due to its low toxicity and friendliness to humans
and animals, it is safe to apply as a pesticide agent in the production of green organic
vegetables. According to Jean Louis et al., terpene compounds have several roles in the
tree, such as resistance to diseases and microbial attacks and the creation of odor (nerolidol,
farnesol, and cedrol). They found that triterpenes like lupeol, botulin, and betulinic acid
can be extracted from bark to achieve anticancer properties [48,49].

According to the findings, P. orientalis bark contains various chemical constituents,
including aromatics, alkanes, aliphatics, aldehydes, carboxylic acids, ketones, and esters.
These natural active molecules found in P. orientalis bark can be used as drug and biomedical
active ingredients for anti-cancer and anti-inflammatory purposes, demonstrating the bark
extractives’ wide-ranging potential as a raw material in various industries and agriculture.

3.2. Effects of Catalysts on Pyrolysis Behavior of POL Bark
3.2.1. TG Analysis

The effects of catalysts on the pyrolysis of P. orientalis bark have been investigated.
Thermogravimetric analysis (TGA) results for P. orientalis bark (POL-B-Co3O4), POL-B-
Fe2O3, and POL-B- Co3O4/Fe2O3 are shown in Figure 4. The primary components of
P. orientalis bark include cellulose, lignin, hemicellulose, tannin, and extractives. Con-
sequently, the actual behavior of the components during the thermal degradation of
P. orientalis bark is quite complex due to the variable reactivity and stability of the dif-
ferent elements and the potential for interactions between them.

Figure 4 shows that the pyrolysis process included three distinct phases for each
sample. At the beginning, when the temperature was raised from 30 to 200 ◦C, all of the
samples lost weight due to water evaporation and the loss of volatile chemicals. The second
stage of decomposition occurred between 200 and 450 ◦C [69]. During this stage, all DTG
curves (Figure 4B1–B3) showed two clear weight-loss peaks due to cellulose, hemicellulose,
and tannin decompositions [70,71]. According to a report by Yu74, the extent of cellulose
decomposition was small at 325 ◦C, with a high heating rate. However, higher temperatures
enhanced cellulose decomposition, and complete conversion occurred at 450 ◦C, which
is consistent with our results. The first peak can be attributed to the decomposition of
hemicellulose. In contrast to cellulose and lignin, hemicellulose is the less stable component
in P. orientalis bark and began to decompose at around 200 ◦C. This might be a result of low
polymerization, such as that of cellulose and lignin [72]. The second peak can be attributed
to the primary weight loss of cellulose and lignin in the temperature range of 320–450 ◦C.

Moreover, the main decomposition of tannin and ligin occurred between 200 and
450 ◦C. Due to its highly crosslinked nature, lignin has a lower reactivity than hemicellulose.
Further, complex aromatic rings comprising different branched structures cause lignin to
pyrolyze between 200 and 900 ◦C [21]. The third stage exhibited a moderate and relatively
slow weight loss (490 ◦C). This could result from the primarily slow pyrolysis of lignin and
the other solid residues of cellulose and hemicellulose.

From Figure 4A1,B1 and Table 5, it is clear that notable changes were found in the
TG and DTG curves when nano-catalysts (Co3O4 and Fe2O3) were added. During the
second stage (200–450 ◦C), two peaks were observed in the DTG curves of POL-B. With
the addition of nano-Fe2O3, the temperature of peak 2 decreased from 306 ◦C (without
a nano-catalyst) to 301 ◦C (with nano-Fe2O3), and the temperature of peak 3 decreased
from 351 ◦C to 333 ◦C. The nano-Fe2O3 catalyst was shown to increase acid and ketone
compound production during catalytic pyrolysis of cellulose and hemicellulose at lower
temperatures. The inclusion of a nano-Fe2O3 catalyst significantly affected the pyrolysis of
POL-B, as seen by the fluctuating peak and DTG values in the third stage. The weight loss
for POL-B, POL-B-Co3O4, POL-B-Fe2O3, and POL-B-Co3O4/Fe2O3 at temperatures over
450 ◦C was 12.66, 11.98, 21.69 and 17.90%, respectively. The POL-B-Fe2O3 sample shows
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the greatest reduction in mass when compared to the rest of the group. It showed that
nano-Fe2O3 facilitated the last-stage pyrolysis of lignin and the residual solid residues of
cellulose and hemicellulose.
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Table 5. Thermal properties of POL-B, POL-B-Co3O4, POL-B-Fe2O3, and POL-B-Co3O4/Fe2O3.

Samples Heating Rate
(◦C/min)

The First Stage: The Second Stage: The Third Stage:

Residues
(%)

30–200 ◦C 200–450 ◦C 450–950 ◦C

TP1
(◦C)

Weight
Loss (%)

TP2
(◦C)

TP3
(◦C)

Weight
Loss (%)

TP4
(◦C)

TP5
(◦C)

Weight
Loss (%)

POL-B
20 149 11.55 306 351 61.77 491 613 12.66 14.02
60 161 9.66 324 369 60.35 515 666 16.86 13.13
90 162 8.44 330 370 54.80 521 679 12.96 23.80

POL-B
-Co3O4

20 149 11.23 307 349 59.90 489 615 11.98 16.89
60 161 9.57 326 368 55.05 523 691 17.49 17.89
90 163 9.40 326 368 56.29 521 678 21.08 13.23

POL-B
-Fe2O3

20 153 9.75 302 333 61.55 485 627 21.69 7.01
60 158 7.03 327 367 58.06 515 668 10.06 24.85
90 163 9.13 331 369 56.91 520 680 13.85 20.11

POL-B-
Co3O4/Fe2O3

20 150 9.29 308 352 57.38 493 631 17.90 15.43
60 160 8.49 338 373 57.09 528 664 15.43 18.99
90 161 9.02 331 370 57.24 523 675 13.79 19.95



Forests 2023, 14, 2002 12 of 17

3.2.2. TG-FTIR Analysis

An FTIR spectrometer coupled with the thermogravimetric analyzer was used for the
online detection of gas-phase products during the pyrolysis process. The three-dimensional
FTIR spectrograms of the pyrolysis volatiles of P. orientalis bark, POL-B-Co3O4, POL-B-
Fe2O3, and POL-B-Co3O4/Fe2O3, are shown in Figure 5. Six types of gases and four types
of functional groups were investigated, and their IR profiles were presented in the FTIR
spectra with time, following a linear relationship with the pyrolysis temperature. The
TG-FTIR curves (Figure 5) show that in the first pyrolysis stage, when there was little
weight loss, essentially no chemicals were detected. Then, FTIR was used to identify a
wide variety of chemicals released during the pyrolysis process. Characteristic absorbances
allowed for the identification of the common chemicals. H2O was represented by absorp-
tion at roughly 3400 cm−1, CH4 at 3043–2637 cm−1, CO2 at 2380–2232 cm−1, and CO at
2230–2072 cm−1 [64]. It was determined that the stretching vibration of C=O was responsi-
ble for the absorption peaks at 1873 and 1618 cm−1. This proved that the P. orientalis bark
extracts included organic components such as aldehydes, ketones, and acids. The most
prominent weight-loss peak in the DTG curve coincided with the 5–8 min period with the
greatest intensity of pyrolysis volatiles.
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3.2.3. Py-GC/MS Analysis

Under high temperatures, the pyrolysis of biomass is very complex. It involved multi-
ple parallel and competing reactions, such as decomposition, dehydration, decarboxylation,
decarbonylation, and depolymerization. In this study, the effects of the nano-Co3O4, Fe2O3,
and Co3O4/Fe2O3 catalysts on the distribution and yield of pyrolysis products were inves-
tigated at 950 ◦C. Tables S2–S5 illustrate that the pyrolysis of P. orientalis bark changed in
composition depending on the catalyst used. The chemical structure was used to categorize
these compounds into groups for the easier presentation of the results: acids, aldehydes,
ketones, esters, phenols, alkenes, alcohols, amines, olefins, furans, aromatics, and others.
Likewise, in addition to the ways that biofuel may be used as petrol or diesel, it can also be
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used as a chemical feedstock because of the high heating value of compounds like alkenes,
olefins, and aromatics [72]. Table S2 shows the several-times-higher chemical content of
P. orientalis bark.

The nano-catalysts provided strong evidence that the pyrolysis compositions were
accurate, as seen in Figures 6 and 7. Aldehydes, ketones, olefins, acids, and esters were the
most abundant compounds in both the catalytic and non-catalytic tests. The distribution
of pyrolysis products was also affected by contrasting the effects of the catalyst type on
these yields. According to the Py-GC-MS result of P. orientalis bark (Figure 7 and Table S2),
47 chemical compounds were identified in 67 peaks of P. orientalis bark. The high-content
pyrolysis products included acetaldehyde (2.606%), furfural (0.453%), cyclobutylamine
(0.206%), acetone (2.468%), acetic acid ethyl ester (1.418%), 2-Butene 4-Methyl-2-pentyne
(0.169%), acetic acid (1.808%), toluene (0.219%), guaiacol (0.171%), furan (0.545%), and
2-methyl-Furan (0.512%). In the Py-GC-MS analysis of POL-B-Co3O4, more than 120 peaks
were detected, and 67 chemical compounds were identified. In those of the POL-B-Fe2O3
and POL-B-Co3O4/Fe2O3 samples, 69 and 76 compounds were identified, respectively. Our
data showed that nano-Co3O4 and nano-Fe2O3 distinctly increased the yield of phenols
and aromatics compared to the non-catalytic sample. This phenomenon could result from
the catalytic activity of nano-Co3O4 and nano-Fe2O3, which promoted lignin conversion
to phenols, some of which were then further deoxygenated and converted to aromatics.
A decreased ester yield was observed in nano-Co3O4 and nano-Co3O4/Fe2O3 catalytic
experiments, most prominent in the presence of nano-Co3O4. A reduction in the amount
of aldehyde could be found in catalytic nano-Co3O4 pyrolysis compared to nano-Fe2O3
pyrolysis, which promotes aldehyde yield. This result indicated that nano-Fe2O3 enabled a
more balanced pyrolysis, thus producing more valuable chemical products.
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Acids and ketones produced in the presence of nano-catalysts (nano-Co3O4, nano-
Fe2O3, and nano-Co3O4/Fe2O3) were observed to be higher than those obtained from the
fast pyrolysis of POL-B without catalyst. This indicated that the nano-catalysts promoted
the decomposition of hemicellulose in POL-B. In addition, the yield of olefins and alkanes
increased under conditions of catalytic pyrolysis compared to non-catalytic P. orientalis bark
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samples. It can be seen that the olefins produced in the presence of nano-Fe2O3 are higher
than those derived from nano-Co3O4 and nano-Co3O4/Fe2O3.
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Based on the above results, it can be found that the nano-catalysts can promote the
pyrolysis of hemicellulose at a lower temperature, resulting in the production of more
acids and ketone compounds. The nano-Fe2O3 catalyst favors the formation of furans,
ketones, aromatics, aldehydes, alkanes, olefins and phenols, whereas the nano-Co3O4
catalyst promotes the formation of ketones, aromatics, olefins, and phenols.

4. Conclusions

In this study, P. orientalis bark was extracted and pyrolyzed to produce natural-product
active molecules and high-quality bio-oil, and the products were analyzed using GC-MS,
TOF-LC-MS, FTIR, NMR, and Py-GC-MS. GC-MS and results showed high concentrations
and a wide variety of chemical compounds in the bark of P. orientalis, such as triacon-
tanol, 1-Hexanol, Hexadecanoic acid, methyl ester, 2-ethyl-, β-Sitosterol, γ-Sitosterol, and
3,4,5-trimethoxy-Phenol. These extract compounds have promising future uses as raw ma-
terials in various industries and agriculture sectors due to the presence of natural-product
active molecules that could be used as drugs and biomedically active ingredients in anti-
inflammatory and anti-cancer drugs. In addition, methyl stearate, classified under ester
compounds, can be used as a surfactant and lubricant. Hexadecanoic acid and methyl
ester are only two examples of ester compounds that may be utilized as building blocks
in emulsifiers, wetting agents, stabilizers, and plasticizers. The nano-catalysts promoted
the production of aromatics, phenols, ketones, olefins, furans, and alkane compounds.
According to the Py-GC-MS results, the catalyst type had a major impact on the pyrolysis of
P. orientalis bark’s components. For the Py-GC-MS data of POL-Co3O4, POL-Fe2O3, and PO-
Co3O4/Fe2O3 samples, however, 67, 69, and 76 compounds were identified, respectively.
The results showed that nano-Co3O4 and nano-Fe2O3 distinctly increase the yield of phe-
nols and aromatics compared to non-catalytic samples. In addition, the nano-catalysts can
promote the pyrolysis of hemicellulose at a lower temperature, resulting in the production
of more acids and ketone compounds.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f14102002/s1, Figure S1: Total ion chromatograms of
Platanus orientalis Linn bark (extracted by methanol); Figure S2: Total ion chromatograms of
Platanus orientalis Linn bark (extracted by ethanol/benzene, 1:1); Figure S3: Total ion chromatograms
of Platanus orientalis Linn bark which was extracted by methanol/ethanol (1:1); Figure S4: 2D-HSQC
NMR spectra of the extract of Platanus orientalis Linn bark by different solvent: methanol (E1),
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ethanol/benzene (E2), methanol/ethanol (E3); Table S1: TOF-LC-MS analysis of the extractives of
POL bark by methanol/ethanol; Table S2: Py-GC-MS analysis of POL-B; Table S3: Py-GC-MS analysis
of POL-B-Co3O4; Table S4: Py-GC-MS analysis of POL-B-Fe2O3; Table S5: Py-GC-MS analysis of
POL-B-Co3O4/Fe2O3.
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5. Grams, J.; Niewiadomski, M.; Ruppert, A.M.; Kwapiński, W. Influence of Ni catalyst support on the product distribution of
cellulose fast pyrolysis vapors upgrading. J. Anal. Appl. Pyrolysis 2015, 113, 557–563. [CrossRef]

6. Li, F.; Li, Y.; Novoselov, K.S.; Liang, F.; Meng, J.; Ho, S.H.; Zhao, T.; Zhou, H.; Ahmad, A.; Zhu, Y.; et al. Bioresource Upgrade for
Sustainable Energy, Environment, and Biomedicine. Nanomicro Lett. 2023, 15, 35. [CrossRef]

7. Wanxi Peng, L.W. Makoto Ohkoshi, Minglong Zhang, Separation of Hemicelluloses from Eucalyptus Species: Investigating the
Residue after Alkaline Treatment. Cellul. Chem. Technol. 2013, 49, 757–764.

8. Cai, H.; Wang, J.; Feng, Y.; Wang, M.; Qin, Z.; Dunn, J.B. Consideration of land use change-induced surface albedo effects in
life-cycle analysis of biofuels. Energy Environ. Sci. 2016, 9, 2855–2867. [CrossRef]

9. Margellou, A.G.; Pappa, C.P.; Psochia, E.A.; Petala, M.D.; Triantafyllidis, K.S. Mild isolation and characterization of surface lignin
from hydrothermally pretreated lignocellulosic forestry and agro-industrial waste biomass. Sustain. Chem. Pharm. 2023, 33,
101056. [CrossRef]

10. Mariscal, R.; Maireles-Torres, P.; Ojeda, M.; Sádaba, I. López Granados Model-Furfural: A renewable and versatile platform
molecule for the synthesis of chemicals and fuels. Energy Environ. Sci. 2016, 9, 1144–1189. [CrossRef]

11. Ge, Y.; Li, L. System-level energy consumption modeling and optimization for cellulosic biofuel production. Appl. Energy 2018,
226, 935–946. [CrossRef]

12. Zhao, J.; Wilkins, M.R.; Wang, D. A review on strategies to reduce ionic liquid pretreatment costs for biofuel production. Bioresour.
Technol. 2022, 364, 128045. [CrossRef] [PubMed]

13. Bhushan, S.; Jayakrishnan, U.; Shree, B.; Bhatt, P.; Eshkabilov, S.; Simsek, H. Biological pretreatment for algal biomass feedstock
for biofuel production. J. Environ. Chem. Eng. 2023, 11, 109870. [CrossRef]

14. Arias, K.S.; Climent, M.J.; Corma, A.; Iborra, S. Synthesis of high quality alkyl naphthenic kerosene by reacting an oil refinery
with a biomass refinery stream. Energy Environ. Sci. 2015, 8, 317–331. [CrossRef]

15. Santoro, C.; Serov, A.; Stariha, L.; Kodali, M.; Gordon, J.; Babanova, S.; Bretschger, O.; Artyushkova, K.; Atanassov, P. Iron based
catalysts from novel low-cost organic precursors for enhanced oxygen reduction reaction in neutral media microbial fuel cells.
Energy Environ. Sci. 2016, 9, 2346–2353. [CrossRef]

16. Guan, J.; Cao, X.; Yuan, Y.; Wang, C.; An, R.; Lu, P.; Lu, N. Synergic mechanisms of electricity generation and bisphenol A
degradation in a novel photocatalytic-microbial fuel cell equipped with a TiO2-C-BiVO4 photo-anode and a biofilm-anode. Chem.
Eng. J. 2023, 471, 144308. [CrossRef]

https://doi.org/10.1039/C6EE00634E
https://doi.org/10.1039/C5EE01283J
https://doi.org/10.1039/C5EE01864A
https://doi.org/10.3390/su15097578
https://doi.org/10.1016/j.jaap.2015.03.011
https://doi.org/10.1007/s40820-022-00993-4
https://doi.org/10.1039/C6EE01728B
https://doi.org/10.1016/j.scp.2023.101056
https://doi.org/10.1039/C5EE02666K
https://doi.org/10.1016/j.apenergy.2018.06.020
https://doi.org/10.1016/j.biortech.2022.128045
https://www.ncbi.nlm.nih.gov/pubmed/36182017
https://doi.org/10.1016/j.jece.2023.109870
https://doi.org/10.1039/C4EE03194F
https://doi.org/10.1039/C6EE01145D
https://doi.org/10.1016/j.cej.2023.144308


Forests 2023, 14, 2002 16 of 17

17. Karnjanakom, S.; Guan, G.; Asep, B.; Hao, X.; Kongparakul, S.; Samart, C.; Abudula, A. Catalytic Upgrading of Bio-Oil over
Cu/MCM-41 and Cu/KIT-6 Prepared by β-Cyclodextrin-Assisted Coimpregnation Method. J. Phys. Chem. C 2016, 120, 3396–3407.
[CrossRef]

18. Deng, W.; Feng, Y.; Fu, J.; Guo, H.; Guo, Y.; Han, B.; Jiang, Z.; Kong, L.; Li, C.; Liu, H.; et al. Catalytic conversion of lignocellulosic
biomass into chemicals and fuels. Green Energy Environ. 2023, 8, 10–114. [CrossRef]

19. Yang, C.; Wang, S.; Yang, J.; Xu, D.; Li, Y.; Li, J.; Zhang, Y. Hydrothermal liquefaction and gasification of biomass and model
compounds: A review. Green Chem. 2020, 22, 8210–8232. [CrossRef]

20. Wang, H.; Lee, S.-J.; Olarte, M.V.; Zacher, A.H. Bio-oil Stabilization by Hydrogenation over Reduced Metal Catalysts at Low
Temperatures. ACS Sustain. Chem. Eng. 2016, 4, 5533–5545. [CrossRef]

21. Czernik, S.; Bridgwater, A.V. Overview of Applications of Biomass Fast Pyrolysis Oil. Energy Fuels 2004, 18, 590–598.
22. Ge, S.; Liang, Y.; Zhou, C.; Sheng, Y.; Zhang, M.; Cai, L.; Zhou, Y.; Huang, Z.; Manzo, M.; Wu, C.; et al. The potential of Pinus

armandii Franch for high-grade resource utilization. Biomass Bioenergy 2022, 158, 106345. [CrossRef]
23. Liu, B.; Zhang, Z. Catalytic Conversion of Biomass into Chemicals and Fuels over Magnetic Catalysts. ACS Catal. 2015, 6, 326–338.

[CrossRef]
24. Zhou, C.-H.; Lin, X.X.C.-X.; Tong, D.-S.; Beltramini, J. Catalytic conversion of lignocellulosic biomass to fine chemicals and fuels.

Chem. Soc. Rev. 2011, 40, 5588–5617. [CrossRef]
25. Naqvi, S.R.; Khoja, A.H.; Ali, I.; Naqvi, M.; Noor, T.; Ahmad, A.; Luque, R.; Amin, N.A.S. Recent progress in catalytic

deoxygenation of biomass pyrolysis oil using microporous zeolites for green fuels production. Fuel 2023, 333, 126268. [CrossRef]
26. Liu, X.; Guo, Y.; Xu, D.; Guan, Q. A review on recent advances in clean microalgal bio-oil production via catalytic hydrothermal

deoxygenation. J. Clean. Prod. 2022, 366, 132978. [CrossRef]
27. Jia, L.Y.; Raad, M.; Hamieh, S.; Toufaily, J.; Hamieh, T.; Bettahar, M.M.; Mauviel, G.; Tarrighi, M.; Pinard, L.; Dufour, A. Catalytic

fast pyrolysis of biomass--superior selectivity of hierarchical zeolite to aromatics. Green Chem. 2017, 19, 5442–5459. [CrossRef]
28. Zhou, G.; Jensen, P.A.; Le, D.M.; Knudsen, N.O.; Jensen, A.D. Direct upgrading of fast pyrolysis lignin vapor over the HZSM-5

catalyst. Green Chem. 2015, 18, 1965–1975. [CrossRef]
29. Bridgwater, A.V. Production of high grade fuels and chemicals from catalytic pyrolysis of biomass. Catal. Today 1996, 29, 285–295.

[CrossRef]
30. Sun, L.; Zhang, X.; Chen, L.; Zhao, B.; Yang, S.; Xie, X. Comparision of catalytic fast pyrolysis of biomass to aromatic hydrocarbons

over ZSM-5 and Fe/ZSM-5 catalysts. J. Anal. Appl. Pyrolysis 2016, 121, 342–346. [CrossRef]
31. Li, Y.; Shaheen, S.M.; Rinklebe, J.; Ma, N.L.; Yang, Y. Muhammad Aqeel Ashraf, Xiangmeng Chen, Wan-Xi Peng. Pyrolysis of

Aesculus chinensis Bunge Seed with Fe2O3/NiO as nanocatalysts for the production of bio-oil material. J. Hazard. Mater. 2021,
416, 126012. [CrossRef] [PubMed]

32. Cao, Y.; Gao, J.; Zhang, C.; Tsang, D.C.W.; Fan, J.; Clark, J.H.; Luo, G.; Zhu, X.; Zhang, S. Fast and Selective Production of
Aromatics via Efficient Lignin Depolymerization: Critical Factors and Mechanism Studies. ACS Sustain. Chem. Eng. 2022, 10,
15273–15283. [CrossRef]

33. Mukhopadhyay, D.; Chang, C.; Kulsreshtha, M.; Gupta, P. Bio-separation of value-added products from Kraft lignin: A promising
two-stage lignin biorefinery via microbial electrochemical technology. Int. J. Biol. Macromol. 2023, 227, 307–315. [CrossRef]

34. Lu, Q.; Zhang, Z.-F.; Dong, C.-Q.; Zhu, X.-F. Catalytic Upgrading of Biomass Fast Pyrolysis Vapors with Nano Metal Oxides: An
Analytical Py-GC/MS Study. Energies 2010, 3, 1805–1820. [CrossRef]

35. Khelfa, A.; Sharypov, V.; Finqueneisel, G.; Weber, J.V. Catalytic pyrolysis and gasification of Miscanthus Giganteus: Haematite
(Fe2O3) a versatile catalyst. J. Anal. Appl. Pyrolysis 2009, 84, 84–88. [CrossRef]

36. Sakthivel, R.; Ramesh, K.; Shameer, P.M.; Purnachandran, R. A Complete Analytical Characterization of Products Obtained from
Pyrolysis of Wood Barks of Calophyllum inophyllum. Waste Biomass Valorization 2018, 10, 2319–2333. [CrossRef]

37. Kemppainen, K.; Siika-aho, M.; Pattathil, S.; Giovando, S.; Kruus, K. Spruce bark as an industrial source of condensed tannins
and non-cellulosic sugars. Ind. Crops Prod. 2014, 52, 158–168. [CrossRef]

38. Tumbalam Gooty, A.; Li, D.; Briens, C.; Berruti, F. Fractional condensation of bio-oil vapors produced from birch bark pyrolysis.
Sep. Purif. Technol. 2014, 124, 81–88. [CrossRef]

39. Lauberts, M.; Pals, M. Antioxidant Activity of Different Extracts from Black Alder (Alnus glutinosa) Bark with Greener Extraction
Alternative. Plants 2021, 10, 2531. [CrossRef]

40. Peng, W.; Wu, F.; Wang, L.; Xu, Q. Crystal structure of 3-(4-bromophenyl)-4-(4-chloro-phenylamino)furan-2(5H)-one,
C16H11BrClNO2. Z. Für Krist.-New Cryst. Struct. 2012, 227, 61–62. [CrossRef]

41. Li, C.; Yue, X.C.; Yang, J.; Yang, Y.F.; Gu, H.P.; Peng, W.X. Catalytica fast pyrolyisis of forestry wood waste for bio-energy recovery
using nano-catalysts. Energies 2019, 12, 3972. [CrossRef]

42. Peng, W.; Lin, Z.; Chang, J.; Gu, F.; Zhu, X. Biomedical Molecular Characteristics of YBSJ Extractives from Illicium verum Fruit.
Biotechnol. Biotechnol. Equip. 2014, 27, 4311–4316. [CrossRef]

43. Peng, W.; Lin, Z.; Wang, L.; Chang, J.; Gu, F.; Zhu, X. Molecular characteristics of Illicium verum extractives to activate acquired
immune response. Saudi J. Biol. Sci. 2016, 23, 348–352. [CrossRef] [PubMed]

44. Ge, S.; Peng, W.; Li, D.; Mo, B.; Zhang, M.; Qin, D. Study on antibacterial molecular drugs in Eucalyptus granlla wood extractives
by GC-MS. Pak. J. Pharm. Sci. 2015, 28, 1445–1448.

https://doi.org/10.1021/acs.jpcc.5b11840
https://doi.org/10.1016/j.gee.2022.07.003
https://doi.org/10.1039/D0GC02802A
https://doi.org/10.1021/acssuschemeng.6b01270
https://doi.org/10.1016/j.biombioe.2022.106345
https://doi.org/10.1021/acscatal.5b02094
https://doi.org/10.1039/c1cs15124j
https://doi.org/10.1016/j.fuel.2022.126268
https://doi.org/10.1016/j.jclepro.2022.132978
https://doi.org/10.1039/C7GC02309J
https://doi.org/10.1039/C5GC01976A
https://doi.org/10.1016/0920-5861(95)00294-4
https://doi.org/10.1016/j.jaap.2016.08.015
https://doi.org/10.1016/j.jhazmat.2021.126012
https://www.ncbi.nlm.nih.gov/pubmed/34492887
https://doi.org/10.1021/acssuschemeng.2c05018
https://doi.org/10.1016/j.ijbiomac.2022.12.055
https://doi.org/10.3390/en3111805
https://doi.org/10.1016/j.jaap.2008.11.009
https://doi.org/10.1007/s12649-018-0236-7
https://doi.org/10.1016/j.indcrop.2013.10.009
https://doi.org/10.1016/j.seppur.2014.01.003
https://doi.org/10.3390/plants10112531
https://doi.org/10.1524/ncrs.2012.0027
https://doi.org/10.3390/en12203972
https://doi.org/10.5504/BBEQ.2013.0105
https://doi.org/10.1016/j.sjbs.2015.10.027
https://www.ncbi.nlm.nih.gov/pubmed/27081359


Forests 2023, 14, 2002 17 of 17

45. Ouyang, H.; Hou, K.; Ge, S.; Deng, H.; Peng, W. Antimicrobial activities of flavonoids against bamboo-destroying fungi and
molds. Toxicol. Environ. Chem. 2017, 99, 892–899. [CrossRef]

46. Ban, S.E.; Lee, E.J.; Lim, D.J.; Kim, I.S.; Lee, J.W. Evaluation of sulfuric acid-pretreated biomass-derived biochar characteristics
and its diazinon adsorption mechanism. Bioresour. Technol. 2022, 348, 126828. [CrossRef] [PubMed]

47. Li, D.-L.; Wang, L.-S.; Peng, W.-X.; Ge, S.-B.; Li, N.-C.; Furuta, Y. Chemical structure of hemicellulosic polymers isolated from
bamboo bio-composite during mold pressing. Polym. Compos. 2017, 38, 2009–2015. [CrossRef]

48. N’Guessan, J.L.L.; Niamké, B.F.; Yao, J.C.N.; Amusant, N. Wood Extractives: Main Families, Functional Properties, Fields of
Application and Interest of Wood Waste. For. Prod. J. 2023, 73, 194–208. [CrossRef]

49. Lall, N.; Weiganand, O.; Hussein, A.; Meyer, J. Antifungal activity of naphthoquinones and triterpenes isolated from the root bark
of Euclea natalensis. S. Afr. J. Bot. 2006, 72, 579–583. [CrossRef]

50. Mbambo, B.; Odhav, B.; Mohanlall, V. Antifungal activity of stigmasterol, sitosterol and ergosterol from Bulbine natalensis Baker
(Asphodelaceae). J. Med. Plants Res. 2012, 6, 5135–5141.

51. Ren, Y.; Zhang, D.; Yin, Y.; Ye, Z.; Yin, Z.; Tu, S.; Ye, L.; Chen, X.; Zhao, S. Mechanically strong, thermostable, and flame-retardant
composites enabled by Brown paper made from bamboo. Compos. Sci. Technol. 2022, 226, 109544. [CrossRef]

52. Abou Dib, M.; Hucher, N.; Gore, E.; Grisel, M. Original tools for xanthan hydrophobization in green media: Synthesis and
characterization of surface activity. Carbohydr. Polym. 2022, 291, 119548. [CrossRef] [PubMed]

53. Rodrigues, V.H.; de Melo, M.M.; Portugal, I.; Silva, C.M. Extraction of Eucalyptusleaves using solvents of distinct polarity. Cluster
analysis and extracts characterization. J. Supercrit. Fluids 2018, 135, 263–274. [CrossRef]

54. Ping, L.; Pizzi, A.; Guo, Z.D.; Brosse, N. Condensed tannins from grape pomace: Characterization by FTIR and MALDI TOF and
production of environment friendly wood adhesive. Ind. Crops Prod. 2012, 40, 13–20. [CrossRef]

55. Chupin, L.; Motillon, C.; Charrier-El Bouhtoury, F.; Pizzi, A.; Charrier, B. Characterisation of maritime pine (Pinus pinaster) bark
tannins extracted under different conditions by spectroscopic methods, FTIR and HPLC. Ind. Crops Prod. 2013, 49, 897–903. [CrossRef]

56. Ku, C.S.; Mun, S.P. Characterization of proanthocyanidin in hot water extract isolated from Pinus radiata bark. Wood Sci. Technol.
2006, 41, 235–247. [CrossRef]

57. Grasel Fdos, S.; Ferrao, M.F.; Wolf, C.R. Development of methodology for identification the nature of the polyphenolic extracts by
FTIR associated with multivariate analysis. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2016, 153, 94–101. [CrossRef]

58. Ghitescu, R.E.; Volf, I.; Carausu, C.; Buhlmann, A.M.; Gilca, I.A.; Popa, V.I. Optimization of ultrasound-assisted extraction of
polyphenols from spruce wood bark. Ultrason. Sonochemistry 2015, 22, 535–541. [CrossRef]

59. Zhao, Y.; Yan, N.; Feng, M.W. Biobased Phenol Formaldehyde Resins Derived from Beetle-Infested Pine Barks—Structure and
Composition. ACS Sustain. Chem. Eng. 2012, 1, 91–101. [CrossRef]

60. Vázquez, G.; Pizzi, A.; Freire, M.S.; Santos, J.; Antorrena, G.; González-Álvarez, J. MALDI-TOF, HPLC-ESI-TOF and 13C-NMR
characterization of chestnut (Castanea sativa) shell tannins for wood adhesives. Wood Sci. Technol. 2012, 47, 523–535. [CrossRef]

61. Ren, W.; Qiao, Z.; Wang, H.; Zhu, L.; Zhang, L. Flavonoids: Promising anticancer agents. Med. Res. Rev. 2003, 23, 519–534.
[CrossRef] [PubMed]

62. Teoh, S.L.; Das, S. Phytochemicals and their effective role in the treatment of diabetes mellitus: A short review. Phytochem. Rev.
2018, 17, 1111–1128. [CrossRef]

63. Mu, W.; Ben, H.; Newalkar, G.; Ragauskas, A.; Qiu, D.; Deng, Y. Structure Analysis of Pine Bark-, Residue-, and Stem-Derived
Light Oil and Its Hydrodeoxygenation Products. Ind. Eng. Chem. Res. 2014, 53, 11269–11275. [CrossRef]

64. Chen, W.; McClelland, D.J.; Azarpira, A.; Ralph, J.; Luo, Z.; Huber, G.W. Low temperature hydrogenation of pyrolytic lignin over
Ru-TiO2—2D HSQC and 13C NMR study of reactants and products. Green Chem. 2016, 17, 271–278. [CrossRef]

65. Kim, J.Y.; Cho, J.H.; Kim, E.M.; Shin, H.J.; Hwang, S.G.; Song, J.Y.; Um, H.D.; Park, J.K. beta-Apopicropodophyllin functions as a
radiosensitizer targeting ER stress in non-small cell lung cancer. Biomed Pharm. 2019, 113, 108769. [CrossRef]

66. Guo, Z.; Niu, X.; Xiao, T.; Lu, J.; Li, W.; Zhao, Y. Chemical profile and inhibition of α-glycosidase and protein tyrosine phosphatase
1B (PTP1B) activities by flavonoids from licorice (Glycyrrhiza uralensis Fisch). J. Funct. Foods 2015, 14, 324–336. [CrossRef]

67. Breyer, S.; Effenberger-Neidnicht, K.; Schobert, R. Total synthesis and anticancer activities of (-)- and (+)-thespesone. J. Org. Chem.
2010, 75, 6214–6218. [CrossRef]

68. Kok, M.V.; Özgür, E. Thermal analysis and kinetics of biomass samples. Fuel Process. Technol. 2013, 106, 739–743. [CrossRef]
69. Chen, Z.; Hu, M.; Zhu, X.; Guo, D.; Liu, S.; Hu, Z.; Xiao, B.; Wang, J.; Laghari, M. Characteristics and kinetic study on pyrolysis of

five lignocellulosic biomass via thermogravimetric analysis. Bioresour. Technol. 2015, 192, 441–450. [CrossRef]
70. Burhenne, L.; Messmer, J.; Aicher, T.; Laborie, M.-P. The effect of the biomass components lignin, cellulose and hemicellulose on

TGA and fixed bed pyrolysis. J. Anal. Appl. Pyrolysis 2013, 101, 177–184. [CrossRef]
71. Zhao, C.; Jiang, E.; Chen, A. Volatile production from pyrolysis of cellulose, hemicellulose and lignin. J. Energy Inst. 2017, 90,

902–913. [CrossRef]
72. Kaewpengkrow, P.; Atong, D.; Sricharoenchaikul, V. Selective catalytic fast pyrolysis of Jatropha curcas residue with metal oxide

impregnated activated carbon for upgrading bio-oil. Int. J. Hydrogen Energy 2017, 42, 18397–18409. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/02772248.2017.1320049
https://doi.org/10.1016/j.biortech.2022.126828
https://www.ncbi.nlm.nih.gov/pubmed/35149181
https://doi.org/10.1002/pc.23772
https://doi.org/10.13073/FPJ-D-23-00015
https://doi.org/10.1016/j.sajb.2006.03.005
https://doi.org/10.1016/j.compscitech.2022.109544
https://doi.org/10.1016/j.carbpol.2022.119548
https://www.ncbi.nlm.nih.gov/pubmed/35698378
https://doi.org/10.1016/j.supflu.2018.01.010
https://doi.org/10.1016/j.indcrop.2012.02.039
https://doi.org/10.1016/j.indcrop.2013.06.045
https://doi.org/10.1007/s00226-006-0103-8
https://doi.org/10.1016/j.saa.2015.08.020
https://doi.org/10.1016/j.ultsonch.2014.07.013
https://doi.org/10.1021/sc3000459
https://doi.org/10.1007/s00226-012-0513-8
https://doi.org/10.1002/med.10033
https://www.ncbi.nlm.nih.gov/pubmed/12710022
https://doi.org/10.1007/s11101-018-9575-z
https://doi.org/10.1021/ie500541p
https://doi.org/10.1039/C5GC02286J
https://doi.org/10.1016/j.biopha.2019.108769
https://doi.org/10.1016/j.jff.2014.12.003
https://doi.org/10.1021/jo1012493
https://doi.org/10.1016/j.fuproc.2012.10.010
https://doi.org/10.1016/j.biortech.2015.05.062
https://doi.org/10.1016/j.jaap.2013.01.012
https://doi.org/10.1016/j.joei.2016.08.004
https://doi.org/10.1016/j.ijhydene.2017.04.167

	Introduction 
	Materials and Methods 
	Experimental Section 
	Characterizations 

	Results and Discussion 
	Characterization of POL Bark Extracts 
	Characterization of POL Bark Extracts using GC/MS 
	FTIR Analysis of POL Bark Extracts 
	Characterization of POL Bark Extracts using IH NMR, 13C NMR, and2D-HSQC NMR 
	Characterization of POL Bark Extracts using TOF-LC-MS 

	Effects of Catalysts on Pyrolysis Behavior of POL Bark 
	TG Analysis 
	TG-FTIR Analysis 
	Py-GC/MS Analysis 


	Conclusions 
	References

