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Nano Co304/NiO Catalysts Pyrolysis of Cotinus nana
Bark for Bio-oil and Biochemicals Raw Material

Junwei Lou,? Xiaochen Yue,>* and Yafeng Yang >*

Cotinus nana W. W. Smith is a valued landscape shrub and a good
afforestation species that is also widely used in the pharmaceutical
industry. In this study, the use of Cotinus nana’s bark (CNB) as biofuel and
a biochemical under the catalysis of nano-CosO04/NiO was explored by
various thermogravimetric methods and Fourier transform infrared (FTIR)
analysis. The bark powder was extracted using a methanol/benzene
solution, and then analyzed by FTIR and gas chromatography-mass
spectrometry (GC-MS). The results showed that the pyrolysis products of
CNB are rich in phenols, alcohols, and biofuels. The C0304 and NiO act
as nanometal catalysts in the release of pyrolysis gases, accelerating the
precipitation of gaseous products. Among them, NiO has the most obvious
catalytic effect in the pyrolysis process of the material components. At the
same time, in the temperature range of 40 to 850 °C, as the pyrolysis rate
of the sample increases, the pyrolysis process becomes more intense. In
contrast, the contents of the extracts N,N-diethyl-formamide, butyric acid,
and oleic acid are not only widely used in industry, but also play a pivotal
role in medicine. Therefore, the bark of Cotinus nana is an excellent plant
material for biofuels and biochemicals.
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INTRODUCTION

With the rapid expansion of the social economy, the global demand for energy is
increasing rapidly. Over-reliance on progressively depleted fossil energy, especially
petroleum energy, has seriously affected the continued development of the national
economy. Therefore, the development of new renewable alternative energy sources has
become an important way to alleviate energy shortages and reduce environmental
pressures.

Biomass energy has its value in human life and social activities due to its rich
resources, renewable nature, and lack of associated air pollution emissions (Gu et al. 2018).
In the process of using biomass as an energy source, it is first converted into liquid fuel
with high energy density by the thermochemical conversion process, which greatly
increases the benefit and facilitates storage and transportation (Mekonnen et al. 2017;
Wiklund et al. 2017). Different biomass feedstock yields different biomass liquefaction
products. The liquid fuel products are primarily bio-oil, biodiesel, ethanol, and dimethyl
ether, which can replace petroleum energy products and become alternative fuels for
vehicles. Biomass energy products have broad application space for technology
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development due to their performance advantages. With the continuous breakthrough in
the research of gasification, oil, and hydrogen productions, the manufacture of cleaner and
cheaper energy is of great significance for the effective use and sustainable development
of energy.

As an organic substance formed by natural growth, wood contains other small
chemical components, in addition to the main components of cellulose, hemicellulose, and
lignin. These minor components are generally called extracts, leaching components, and
inclusions. Wood extract is a general term for substances extracted with organic solvents
such as methanol, ethanol, benzene, dichloromethane, acetone, or water. It is abundantly
present in resin channels, gum roads, and parenchyma cells. The composition is very
complex. The content and chemical composition also vary depending on the tree species,
location, origin, harvesting season, storage time, and extraction method (Baruah et al.
2015; Luis et al. 2016; Sanchez-Gémez et al. 2017). It has been identified that wood
extracts generally contain more than 700 compounds, such as tannins, resins, gums,
essential oils, pigments, fats, sugars, and starches, some of which are important raw
materials for the chemical, pharmaceutical, and other industrial sectors and have a certain
economic value. For example, a unique anti-cancer effect of paclitaxel was obtained from
the bark of Taxus wallichiana var. chinensis, which has been shown effective in many
clinical trials against leukemia, breast cancer, ovarian cancer, lung cancer, melanoma
cancer, and colon cancer (Banerjee et al. 2016; He et al. 2016; Kim et al. 2016; Yu et al.
2016).

Cotinus nana W. W. Smith is a member of the Anacardiaceae family. It has been
used as a shelter forest tree for water and soil conservation and as a landscaping plant.
There are many reports available on its cultivation research. Since the wood of Cotinus
nana is yellow, yellow industrial dyes can be obtained by extracting it. In recent years,
many pharmacodynamic tests have shown that it has antibacterial, anti-hepatitis, anti-
fatigue, anti-coagulation, and other effects. It can be used to treat colds, high blood
pressure, jaundice, etc. (Matic et al. 2013; Lei et al. 2015; llczuk et al. 2016; Matic et al.
2016). Exhaustive studies have been carried out on the flavonoids present in Cotinus nana
as active ingredient. The results showed that Cotinus nana could significantly shorten the
length of thrombus, reduce the wet and dry weights of thrombus, reduce the thrombus
index, prolong the thrombin time, and show obvious anticoagulant and antithrombotic
effects.

The extract from Cotinus nana has a scavenging effect on free radicals. Reddy et
al. (2005) studied the antioxidant activity of the dried part of C. nana by total antioxidant
assay, DPPH free radical scavenging, and anti-lipid peroxidation (LP), revealing the
antioxidative effect of C. nana is positively correlated with the polyphenols content (Reddy
et al. 2005; Marcetic et al. 2012). Ivanova et al. (2005) screened various plants in Bulgaria
and investigated the in vitro antioxidant activity of C. nana leaf water extract (Ivanova et
al. 2005). The results showed that it had good antioxidant activity. Cotinus nana’s extract
also revealed certain anticoagulant effects. Matic et al. (2011) have studied the blood
clotting time, in vitro thrombus, prothrombin time, thrombin time to calculate thrombus
index, and platelet adhesion rate in rats with acute blood stasis model (Matic et al. 2011).
The results showed that C. nana can shorten the length of the thrombus, reduce the wet and
dry weights of the thrombus, reduce the thrombus index, and prolong the thrombin time
(Matic et al. 2011). The flavonoids from C. nana also have a certain antihypertensive
effect. Demirci et al. (2003) evaluated the blood pressure lowering effect of C. nana in
domestic dogs (Demirci et al. 2003). The results showed that the water extract of C. nana
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had obvious antihypertensive effect (Demirci et al. 2003). The antibacterial activity of leaf
volatile oil and shoot extract has also been reported. Jassbi et al. (2002) extracted volatile
oil from the leaves of Astragalus membranes by steam distillation and studied its
antibacterial activity. Studies have found that its antifungal effect is higher than the
commonly used antifungal agent bifonazole (Jassbi et al. 2002; Peng et al. 2016). Ge et al.
(2022) studied the micromolecules of the extracts and pyrolysis products of Pinus armandii
by GC-MS, PY-GC/MS and NMR. The active molecular compounds of Pinus armandii
have good development and application prospects.

For the Cotinus nana species, recent studies on its shoots, leaves, and flowers have
been extensive and in-depth. However, the physiological role of the bark of C. nana in
medical industries has not been studied in depth. In this paper, Cotinus nana bark (CNB)
was used as the research object. The bark in fast gasification to yield bio-oil catalyzed by
nano-Cosz0Os and nano-NiO, and the extraction of bioactive drug molecules were
investigated. The catalytic effects of nano-Co3O4 and nano-NiO on CNB were analyzed by
pyrolysis gas chromatography-mass spectrometry (PY-GC-MS), thermogravimetric
analysis (TG-DTG), and thermogravimetric-infrared (TG-IR). The gas chromatography-
mass spectrometry (GC-MS) and Fourier transform infrared (FTIR) methods were used to
analyze the medical and health functions of the ingredients and bioactive substances of the
CNB extract. CNB was explored as premium raw material for biochemicals via
nanocatalysis and extract studies.

EXPERIMENTAL

Experimental Materials

The bark of Cotinus nana was obtained from the Xiaoginling National Nature
Reserve in Henan Province, China. The procedure was to peel the bark of the sample from
the wood, freeze dry the separated bark, use a flour mill to break the bark, pass a 120-mesh
sieve, and put the screened fine powder into a vacuum dryer for test detection. Then 30 g
of CNB powder was weighed and methanol/benzene (1:1) solvent was used for extraction
to obtain the extracts. The amount of organic solvent was 300 mL, the extraction time was
4 hours, and the extraction temperature was 60 °C. Finally, use the rotary evaporator to
concentrate to 30 mL to obtain the extracts.

Nanocatalysts Co3O4 (30 nm) and nanocatalysts NiO (30 nm) each with a purity
of 99.5% were prepared by the Macklin company (Macklin, Shanghai, China). The bark
sample was dried, broken into 20-g pieces, and then divided into four 5-g portions. The
first 5-g CNB piece was called HP1; 0.05 g nano-CosO4 and 5 g CNB powder were
uniformly mixed, named HP2; 0.05 g nano-NiO and 5 g CNB powder were uniformly
mixed, named HP3; 0.025 g nano-Co30s, 0.025 g nano-NiO, and 5 g CNB powder were
uniformly mixed named HP4.

Table 1. Optimization of the Experimental Program

No. Solvent (mL) M (9)
Methanol/
Bl Benzene (1:1) 300 30.0
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Table 2. Optimization of the Experimental Program

No. Material Catalyst

HP1 Bark sample (5 g) -

HP2 Bark sample (5 g) Co0304 (0.05 g)

HP3 Bark sample (5 g) NiO (0.05 g)

HP4 Bark sample (5 g) Co0304 (0.025 g) / NiO (0.025 g)

Nano-Co,0, Nano-NiO

— TGA-DTG
—w | TGFTIR
PY-GC/MS

the extraction

Fig. 1. Experimental flow chart

Experimental Methods
TGA-DTG experiments

The powders of the bark samples were analyzed using a thermogravimetric analyzer
(TGA-Q500, TA Instruments, New Castle, Delaware, USA). The temperature program
started at 30 °C and was increased to 850 °C at heating rates of 25 °C/min and 55 °C/min,
respectively (Kim 2013; Doss et al. 2017).

TG-FTIR experiments

The analysis of the HP1, HP2, HP3, and HP4 samples was performed using the
thermogravimetric analyzer listed above (TGA Q500, TA Instruments) connected to a
Fourier-transform infrared spectrometer (Thermo Scientific Nicolet™ 6700, New Castle,
Delaware, USA). The temperature was increased from 50 to 850 °C at 55 °C/min. The IR
spectra were recorded at 4,000 to 400 cm™ with a resolution of 1.0 cm™. Three-dimensional
(3D) FTIR spectrograms were obtained (Bassilakis et al. 2001; Jong et al. 2003; Zhu et al.

2008; Jiang et al. 2010).
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PY-GC-MS analysis

The powdered HP1, HP2, HP3, and HP4 samples were analyzed using a CDS 5000-
Agilent 7890B-5977A (Palo Alto, California USA) Py-GC-MS system. High purity helium
was used as carrier gas, the pyrolysis temperature 850 °C was used at the rate of 20 °C/ms,
and pyrolysis time was 15 s. The pyrolysis transfer line and the injection valve temperature
were set to 300 °C; the capillary column measured 30 m x 0.25 mm x 0.25 um; shunt mode,
split ratio was 50:1, and shunt rate was 50 mL/min. The GC program temperature started
at 40 °C for 2 min, increased to 120 °C at a rate of 5 °C/min, and then increased to 200 °C
at a rate of 10 °C/min, kept for 15 min (Zodrow et al. 2002; Dong et al. 2012; Kaal et al.
2012; Xue et al. 2017).

FTIR analysis

The FTIR spectra of the extracted samples were obtained using a Thermo Fisher
Scientific iS10 FTIR spectrophotometer (Shanghai, China) (Byler and Susi 2010; Camacho
et al. 2015).

GC-MS analysis

GC/MS determination: Samples were analyzed using GC-MS (Agilent7890B-
5977B, Agilent Technologies, Palo Alto, California USA). The column used was HP-5MS
(30 m x 250 pm x 0.25 um). The carrier gas used was high purity helium at the flow rate
of 1.0 mL/min, and the diversion ratio was 2:1. The temperature program for GC started at
50 °C, increased to 250 °C at a rate of 8 °C/min, then increased to 280 °C at a rate of 5
°C/min, and was retained for 4 min.

Mass spectrometry: The program scanned mass ranges from 30 amu to 600 amu, at
ionization voltage 70 eV and ionization current 150 pA. Ion source and quadrupole
temperatures were set to 230 °C and 150 °C, respectively (Fischer and Sauer 2003; Dauner
and Sauer 2010; Jiang et al. 2017; Zhang et al. 2019).

RESULTS AND DISCUSSION

TGA-DTG Analysis

Thermogravimetric analysis is a commonly used test method in research and
development and quality control (Wang et al. 2008; Chen et al. 2014). To understand the
thermal stability of CNB and the combustion properties of its components, TGA-DTG
analysis was used. Figure 2 shows the weight loss of bark powder at a heating rate of 25
°C/min. Figure 3 shows the weight loss of bark powder at 55 °C/min heating rate. The
TGA-DTG weight loss data are shown in Table 3.

Figure 2 shows the TG curves of four groups of samples at 25 °C/min. The weight
loss of sample HP1, HP2, HP3 and HP4 decreased from 100% to 27.9%, 27.4%, 17.9%,
and 28.6%, respectively. Overall, the TG curve decline was divided into three phases. The
first stage occurred at 30 to 200 °C, and this stage is the drying stage. Water was evaporated
before 120 °C, and the small molecular volatile components started to thermally
decompose. The weight loss rate of sample HP1, HP2, HP3 and HP4 process was 11.6%,
11.5%, 11.3%, and 9.8%, respectively. It can be seen from the DTG curve that the
nanocatalyst had no obvious catalytic effect on the process. The DTG curve peaked as the
initial moisture material evaporated and then gradually decreased.
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Fig. 3. TGA and DTG curves of the samples at a heating rate of 55 °C/min
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Table 3. TGA-DTG Weight Loss Data of the Samples

W % 25 °C/min 55 °C/min
HP1 | HP2 | HP3 | HP4 HP1 HP2 HP3 HP4
T°C
200 88.4 | 88.48 | 88.65 | 90.19 | 89.67 | 88.75 | 90.9 89.29
400 4943 | 48.84 | 42.89 | 5051 | 51.07 | 50.83 | 50.93 51.63
600 35.33 | 34.43 | 26.25 | 35.95 | 34.7 | 33.65 | 34.49 35.16
800 29.42 | 28.59 | 19.43 | 29.97 | 2854 | 27.43 | 28.42 29

Notes: W: Weight; T: Temperature.

The second stage occurred at 200 to 500 °C. This stage involves volatilization and
combustion°C. A large amount of volatilization is analyzed and burned, thereby mainly

destroying non-covalent bonded molecules inside the sample. The heat generated by
combustion further aggravates the combustion reaction, and then forms a significant weight
loss peak. The weight loss of this process was 61.4%, 62.3%, 69.9%, and 60.6%,
respectively. The DTG curve reached its maximum at 343 °C. From the weight loss rate
and the DTG curve at this stage, the pyrolysis of the sample HP3 remarkably accelerated.
This indicated that the nano metal catalyst NiO catalyzed the pyrolysis of the bark at this
stage and accelerated the precipitation of volatile components. The third stage occurred
from 500 to 850 °C, which is the coke combustion stage. As the temperature continued to
rise after 500 °C, the volatile components burned out, the molecular structure of the sample
underwent depolymerization and decomposition, the coke formed in the second stage
began to burn, and the DTG curve also formed a second smaller peak. Weight loss peak
then gradually decreased to zero. Compared with the four groups of samples, NiO exhibited
the most obvious catalytic effect in the pyrolysis process of the material components. On
the one hand, the rate of pyrolysis was accelerated, which was mainly reflected in the
second stage. On the other hand, the sample had the least amount of pyrolysis residue and
more pyrolysis occurred. The other catalyst CosO4, had no obvious catalytic effect.

Figure 3 shows the TG curves of four groups of samples at 55 °C/min. When the
heating rate was changed, the sample TG curve showed a high degree of coincidence and
the shape was basically the same, but the heating rate had different effects on the pyrolysis
weight loss process of each sample. The TG curves of sample HP1, HP2, HP3 and HP4
decreased from 100% to 26.8%, 25.7%, 26.7%, and 27.4%, respectively. When comparing
the two sets of images, increasing the heating rate will lead to an increase in the maximum
release rate of volatiles. The maximum release rate of volatiles corresponds to an increase
in temperature, the pyrolysis rate of the sample increases, and the pyrolysis process
becomes more intense (Williams and Besler 1996; Haykiri-Acma et al. 2006; Onay 2007).
There was no significant difference between HP1, HP2, HP4, and HP3 curves, which
indicates that the increase of heating rate was more catalyzed by pyrolysis than by the
catalyst.

TG-FTIR Analysis

The 3D-FTIR spectra for the pyrolysis volatiles are shown in Fig. 4 for the HP1,
HP2, HP3, and HP4 samples. Biomass pyrolysis technology is one of the main ways of
thermochemical conversion and utilization of biomass. It is a process in which biomass is
heated sufficiently to produce solid char, condensable liquid, and gas products in an
oxygen-free or low-oxygen environment. The TG-FTIR technique was used to analyze the
mass change characteristics of the sample pyrolysis gasification process and to quickly
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analyze the formation and characteristics of gaseous product released. Figure 5 shows the
cleavage of chemical bonds and the release of other small molecules of each sample during
the gradual increase in temperature. It can be seen from the product precipitation spectrum
that the characteristic peak corresponding to water vapor in the band of 3900 to 3700 cm*
in the initial stage of pyrolysis, which indicates that the sample first releases the physically
absorbed water in the initial stage of pyrolysis. It indicates also the cleavage of OH bonds
in cellulose and hemicellulose, and the desorption process of free water.

HP1 HP2

Abs

Fig. 4. 3D FTIR spectrograms of the samples: HP1, HP2, HP3, and HP4

As the temperature continued to rise, the band reached a distinct peak at 2450 to
2200 cm™. This corresponds to a macromolecular part involving C-H stretching vibration,
C=0 stretching vibration, C-H in-plane bending vibration, C-O and C-C skeleton
vibrations, and the like, and various hydrocarbons, aldehydes, alcohols, and carboxylic
acids formed. The main components released were CO2 and CO gases. In the 2000 to 1300
cm! band, the main stretching vibrations were those of N=0, C-H, and S=0O bonds, which
were associated with a small amount of NO2, SO2, and some alkane gases (Meent et al.
1980; Chen et al. 2003; Mullen et al. 2013; Ephraim et al. 2018). In this process, the
thermal decomposition of carbon is a main process in which the C-H bond and the C-O
bonds are further broken and aromatized, and a graphite structure is gradually formed. The
precipitation of CH4 gas mainly occurred in the initial stage of pyrolysis, and a small
amount of CHa4 was released at the initial stage of pyrolysis.
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As the pyrolysis temperature increased, the amount of CH4 reached the maximum
at 280 to 400 °C, which was due to the fracture of the O-CHs functional group. A weak gas
release peak appeared at approximately 500 °C in the late stage of pyrolysis, presumably
due to the secondary decomposition of organic substances, such as aldehydes, alcohols,
acids, and ketones, in the process. The chain breakage and reforming reaction caused this
phenomenon. Upon comparing the gas release peak of H20, CO, and CO: at the same
heating rate, under the same conditions, the peak due to CH4 was the smallest. CHa is a
non-polar molecule with a tetrahedral structure, and may be released in the process of
pyrolysis. The COz is involved in the reforming reaction. Through careful comparison, the
peaks corresponding to organic compounds, such as aldehydes, acids, and lipids, in these
gas phase products are noticeable higher than other non-condensable gases. This shows
that the proportion of these organic gases in the gas phase products was greater than that
of non-condensable gases.

Based on the above analysis, the pyrolysis gasification process of the sample is
mainly divided into two stages: volatilization pyrolysis of light components (low boiling
point) at low temperature and pyrolysis gasification and condensation of heavy components
(high boiling point) at high temperature (Tian et al. 2016; Si et al. 2018). Comparing the
gas release peaks of the four groups of samples, it can be seen that HP2 added to the nano-
catalyst CosO4 was compared with the original powder HP1, and the CI-H bond absorption
peak was detected, indicating that the catalyst CosO4 catalyzed the precipitation of HCI
gas. Compared with the original powder HP1, the HP3 sample with NiO had a noticeably
higher absorption peak of C=0 bond, indicating that the catalyst NiO catalyzed the organic
matter in cellulose, hemicellulose, and lignin to be volatilized by heat, and rapidly released
large amounts of COz gas. The rate of loss of weight gradually reached its maximum, and
the peak of CO2 absorbance also reached its maximum at this stage. Compared with HP1,
HP4 with both catalysts increased the absorption peaks of OH bond, CH bond, and N=O
bond, indicating that pyrolysis was simultaneously carried out by adding catalysts Co3Oa
and NiO during pyrolysis. The production of process gas materials had the best catalytic
effect. Furthermore, the size of the metal nanoparticles largely affected their catalytic
function, and future TG-FTIR studies can begin by changing the type of catalyst and
reducing the particle size of the catalyst (Mahmoud et al. 2010; Liu et al. 2016; An et al.
2017).

PY-GC-MS Analysis

The total ion current chromatograms of the samples from PY-GC-MS are shown in
Figs. 6 to 9. High-grade resource utilization has been reported, and the relative content of
each component was determined via area normalization.

Figure 10 shows the distribution of all pyrolysis products for the four groups of
samples. It reveals that the biogas and bio-oil were prepared by cracking of the sample.
According to the PY-GC-MS results for HP1, 64 thermal cracking products were detected.
The corresponding percentages of each thermal cracking product corresponds to the mass
obtained from cracking of 100 g of raw materials. Among them, for each 100 g of HP1
sample, the thermal cracking products obtained were as follows: 2-butene (8.01 g), 6-
hydroxynicotinic acid (6.9 g), toluene (6.31 g), 2-methyl-1-pentene (5.27 g), benzene (4.39
g), 3-penten-1-yne,3-methyl (3.18 g), 1-heptene (3.06 g), 3-methyl-furan (2.49 g), 2,4-
dimethylfuran (2.21 g), and 1-pentene (2.08 g).
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Fig. 6. Total ion current chromatograms of HP1 by PY-GC-MS
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Fig. 10. Pyrolysis product distribution diagram by PY-GC-MS

According to the PY-GC-MS results for HP2, 53 thermal cracking products were
detected. Every 100 g of HP2 sample pyrolysed yielded: 2-butene (8.19 g), tetrahydro-3,6-
dimethyl-2-H-pyran-2-one (8.08 g), ethylbenzene (6.36 g), cyclopropane (4.49 g), 5-
methyl-1,3-cyclopentadiene (4.46 @), cyclobutane (4.26 @), furfural (4.23 @), 1,4-
pentadiene (3.41 g), 3-methyl-furan (3.23 g), toluene (2.90 g), 1-heptene (2.42 g), and 6-
hydroxynicotinic acid (2.31 g).

According to the PY-GC-MS results for HP3, 90 thermal cracking products were
detected. Every 100 g of HP3 sample pyrolysed yielded: 2-methoxy-4-vinylphenol (5.78
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g), tricosane (4.67 g), tetracosane (4.01 g), 1-octadecanol (3.29 g), docosane (3.2 g), phenol
(2.76 @), cetene (2.59 @), 3-heptadecene (Z) (2.59 @), 1l-eicosanol (2.02 g), and 1-
hexadecanol (1.78 g).

According to the PY-GC-MS results for HP4, 80 thermal cracking products were
detected. Every 100 g of HP4 sample pyrolyzed afforded: Tetracosane (10.77 g), tricosane
(7.46 @), triacontane (5.51 g), 6-hydroxynicotinic acid (4.74 g), hexacosane (4.73 @),
pentacosane (4.14 g), 2-methoxy-4-vinylphenol (3.5 g), 2-butene (3.42 g), n-tetracosanol
(2.6 g), furan-3-methyl (2.4 g), docosane (2.25 g), 1,4-pentadiene (1.95 g), and octacosane
(1.84 g).

Sample
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Fig. 11. Distribution characteristic of the sample according to retention time

Figure 11 shows the statistics of the products obtained by thermal cracking of each
group of samples according to retention time. As for the HP1 sample, the retention time of
the molecular cleavage occurring in less than 8 min accounted for 66.4%, the retention time
of the 8 to 12 min molecular cleavage was 29.6%, and that at 12 to 16 min accounted for
3.4%, and the molecular weight with retention time greater than 16 min accounted for
0.5%. For HP2 sample, the molecular cleavage less than 8 min accounted for 68.6%, the
retention time at 8 to 12 min, the cleavage was at 28.2%, at 12 to 16 min, the pyrolysis
accounted for 2.9%, and at retention time greater than 16 min the occurred at 0.3%. For
HP3 sample, at the retention time of less than 8 min the molecular cleavage accounted for
8.2%, at time of 8 to 12 min accounted for 9.5%, at retention time of 12 to 16 min accounted
for 46.3%, and the retention time longer than 16 min corresponded to 36.1%. For HP4
sample, at retention time less than 8 min accounted for 25.4%, retention time 8 to 12 min
cleavage was at 17.41%, retention time 12 to 16 min molecular weight accounted for
24.7%, and retention time greater than 16 min molecular weight accounted for 32.2%.
Through comparing and analyzing the four groups of samples, the molecular weights of
cleavage products in HP1 and HP2 mainly were concentrated before the first 12 min,
especially during the period of 5 to 10 min. The HP3 and HP4 samples catalyzed the release
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of molecules after pyrolysis during 12 min. The HP3 sample released the most products
(46.3%) at 12 to 16 min after the addition of Nano-NiO, which was much larger than that
of samples HP1 (3.4%) and HP2 (2.9%).

The molecular weight release during pyrolysis of samples HP1 and HP2 was mainly
concentrated in 5 to 12 min. The pyrolysis products in this process were mainly: 2-butene,
hydroxynicotinic acid, 1-pentene, furan, 1-heptene, 1-nonene, toluene, and the like.
Pyrolysis products mainly constitute aliphatic hydrocarbons and unsaturated fatty acids.
Among them, aliphatic hydrocarbons are generally important components of oil and natural
gas. C1-C5 low-carbon aliphatic hydrocarbons are the basic raw materials for
petrochemical industry, especially ethylene and propylene, and C4 and C5 conjugated
olefins. These are the most widely used in petrochemical industry (Domanska and
Marciniak 2008; Heineman et al. 2010; Stroud et al. 2010). Unsaturated fatty acids are
essential fatty acids that maintain the relative fluidity of the cell membrane to preserve the
normal physiological functions of the cells. At the same time, they esterify cholesterol and
lower blood cholesterol and triglycerides (Mcphail et al. 1984; Lee et al. 2001; Wolfe
2010). The low molecular weight compounds released during the pyrolysis of samples HP3
and HP4 were mainly concentrated during the 12 to 20 min period. The pyrolysis products
during this time mainly include: creosol, 1-hexadecanol, 2-methoxy-4-vinylphenol, 1-
octadecanol, docosane, tricosane, acetic acid, and the like. In addition to aliphatic
hydrocarbons, pyrolysis products at this stage mainly contain unsaturated alcohols and
phenols. Among them, the presence of creosol, 1-hexadecanol, and 2-methoxy4-
vinylphenol illustrates the reason why CNB exudes a special aroma. Acetic acid is an
important chemical product that is resistant to bacterial and fungal infections. It is used to
treat various bacterial or fungal infections in various skin types. It can also be used for
vaginal trichomoniasis, burn wound infection, and prevention of colds or flu and in
contraception (Basu et al. 2003; Okabe and Amagase 2005).

FTIR Analysis

The FTIR spectrum of CNB was analyzed to understand the relationship between
the presence of the organic compounds and their functional groups. Figure 12 shows the
IR contrast spectra of CNB extract B1.

As shown in Fig. 12, the absorbance peaks of the extract were mainly concentrated
in the regions of 3550 to 3300 cm™, 1800 cm™, 500 cm™, and 1100 to 700 cm™. An
absorbance peak is formed by the oscillation or anti-tensile vibration free hydroxyl groups
in liquid water at 3400 cm ! or higher. The absorbance peak found at 3500 to 3350 cm'™®
due to intermolecular association appeared as a broad peak. An absorbance peak at 2948
cm "t was formed by antisymmetric stretching of the CH2 group. The absorbance peak at
1869 to 1559 cm™ may be caused by the formation of C=0 double bond stretching
vibration. The appearance of an absorbance peak at 1450 cm™ indicates the formation of
asymmetric angular vibration of CHs. The absorbance peak at 1170 cm? is the
antisymmetric stretching of the C-O-C of the ester component. The absorbance peak at
1100 cm™* was formed by symmetric and antisymmetric stretchings of C-O-C of esters and
ethers. The formation of an absorbance peak at 1020 cm™ was caused by stretching
vibration of a C-O bond or asymmetric stretching vibration of a P-O-C bond. The
absorbance peak at 700 cm™ was formed by out-of-plane bending of C-OH.
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Fig. 12. FTIR spectra of the initial bark

The observed cellulose absorbance peak (3550 to 3300 cm™) was noticeably
lowered, indicating that the cellulose was hydrolyzed. The absorbance peaks of
hemicellulose (3000 and 2860 cm™) and lignin (1480 to 1430 cmt) were slightly lowered,
indicating that the degree of hydrolysis of hemicellulose and lignin was lower than that of
cellulose. The absorbance peaks of the extracts were mainly concentrated in the regions of
3550 to 3300 cm™, 1800 to 1500 cm™, and 1100 to 700 cm™. After analysis, the main
chemical components observed were terpenoids, phenols, alcohols, acids, ketones, esters,
hydrocarbons, and aromatics (Pasquali and Herrera 1997; Carrillo et al. 2004; Kim et al.
2005; Zhang et al. 2006). In addition, a decrease in the characteristic absorbance peak of
the organic chemical component indicates that these chemical components were partially
extracted.

GC-MS Analysis the Initial Bark Extract

The total ion chromatograms of the B1 extractive analyzed via GC-MS are shown in
Fig. 13. The spectrum of each peak was retrieved using a computer and the Wiley7n.1
standard spectrum. The peak area normalization method was used to calculate the content
of each component (Delazar et al. 2004; Cajka et al. 2015).

The sample was extracted to obtain liquid biogas and bio-oil. The types and
contents of the liquid biogas and bio-oil in the sample extract were detected by GC-MS.
According to GC-MS results, 25 compounds were identified. Among them, using an
organic solvent to extract 100 g of sample yielded: nonacosane (0.73 g), N,N-diethyl-
formamide (0.33 g), 2-ethyl-1-hexanol (0.26 g), triacontane (0.49 g), 4-androstene-3,17-
dione 17-mono (O-methyloxime) (0.18 g), 17-pentatriacontene (0.09 g), azafrin (0.08 g),
octadecane (0.06 g), n-hexadecanoic acid (0.02 g), phthalic acid (0.01 g), oleic acid (0.01
g), tetracosane (0.05 g), bacteriochlorophyll-C-stearyl (0.05 g), butanoic acid (0.02 g), and
3-ethyl-5-(2-ethylbutyl)-octadecane (0.05 g).

Lou et al. (2023). “Chemicals from Cotinus pyrolysis,” BioResources 18(1), 678-700. 692



PEER-REVIEWED ARTICLE b | oresources.com

x10 7 |4EI TIC

Abundance

i 3 [ T 9 1 11 12 13 14 15 16 17 18 19 20 21 % 23 24 25 2 27 28 28 30

Retention Time (min)

Fig. 13. Total ion chromatograms of the B1 extract

Among the extracted liquid biogas and bio-oil, N,N-diethylformamide has active
reactivity and special solubility. It can be used as raw material in organic synthesis, paper
treatment agent, softener in fiber industry, softener for animal glue, and to determine amino
acids content in rice. Apart from analytical reagent in organic synthesis, there are many
uses in medicine, pesticides, dyes, pigments, perfumes, and auxiliaries. It is also an
excellent organic solvent, mainly used in spinning and ion exchange resins of acrylonitrile
copolymers, as well as antistatic or conductive coatings of plastic products (Sharkawi 1979;
Fail et al. 1998). The main purpose of butyric acid is to manufacture cellulose butyrate,
which is important in the manufacture of food packaging, glasses, automobile steering
wheels, black telephone parts, etc. The cellulose butyrate is stronger than cellulose acetate
in terms of anti-aging, water resistance, and shrinkage. Acids are also widely used in the
manufacture of varnishes and molding powders. It can be used not only as a raw material
for butter, cheese, and spices, but also for flavoring and thickening in many fruit flavors.
When used as a fragrance, a small amount of butyric acid can be used to emit a strong odor
(Morley 1980; Slaughter et al. 1981; Nudelman et al. 1992). Oleic acid is an unsaturated
fatty acid containing a carbon-carbon double bond in its molecular structure and is a fatty
acid constituting olein. Oleic acid is commonly used in soaps, lubricants, flotation agents,
and ointments. The oleate is a good solvent for fatty acids and oil-soluble substances. Oleic
acid has cis-trans isomers. Natural oleic acid is a cis-structure. It has a certain effect on
softening blood vessels and plays an important role in the metabolism of humans and
animals (Horton et al. 2002; Minokoshi et al. 2002). However, the body's own synthetic
oleic acid cannot meet the needs. Hence, it needs to be taken from food, and it is good to
use cooking oil with a high oleic acid content.

Biomass produces bio-oil and other biochemicals that have huge application
potential and economic value. Nanocatalysts are promising agents in the proliferation of
the product during the pyrolysis of Cotinus nana bark. In the future, the process parameters,
such as thermal efficiency, catalyst type, and catalyst particle size and amount, to maximize
the pyrolysis, improve total yield and production performance should be evaluated.
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CONCLUSIONS AND PERSPECTIVES

1.

Thermogravimetric tests showed that Cotinus nana bark produced some volatile
compounds in the pyrolysis process, including acids, hydrocarbons, aldehydes,
ketones, and alcohols. They are an important component of bio-oil. During the
pyrolysis process, the non-covalent bond molecules in the sample particles were
destroyed, and a large amount of volatilization and combustion occurred that was
analyzed.

The nanocatalyst NiO catalyzed the pyrolysis of the bark, and it accelerated the
precipitation of the volatile component. The PY-GC/MS test showed that the molecular
weights of the thermal cracking products from bark were different with different
catalysts. After adding nano NiO, the sample released the maximum low molecular
components in 12 to16 min. The pyrolysis products of this process include creosol, 1-
hexadecanol, 2-methoxy-4-vinylphenol, 1-octadecanol, acetic acid, etc. These can be
used as bio-oil raw materials. Samples containing nano NiO showed a good catalytic
effect on pyrolysis.

Both FTIR and GC-MS results revealed some of the features of the bark extract. The
absorption peaks of the extract were mainly concentrated in the 3550 to 3300 cm™,
1800 to 1500 cm, and 1100 to 700 cm™ regions. After analysis, the main chemical
components were terpenoids, phenols, alcohols, acids, ketones, esters, and aromatics.
These products are not only widely used in various industries, but also in medicine.
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