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Abstract

Lignin is the largest aromatic bio-polymer feedstock with a huge potential of being refined for aromatic chemical platform
and building block. Organosolv process for lignin extraction has a low impact on the environment due to its low chemical
requirement, the absence of sulfur, and as it is more practical for chemical recovery. Therefore, refinement of extracted lignin
to valuable molecular compounds such as purified lignin and its derivative is the key success for biorefinery industry. In this
study, sugarcane bagasse from a local sugar manufacturer in Thailand, noted as BG-lignin, was selected as feedstock for lignin
extraction using ethanol and water. The chemical composition of this lignin was slightly different than that of commercially
available organosolv lignin, noted as Comm-OS-lignin, in that BG-lignin has more combustible constituents (volatile organic
compounds and fixed carbon) of 96.14% and low ash content of 0.09%. The chemical structure of BG-lignin contains a
higher number of aliphatic hydrocarbon and aliphatic hydroxy side chains than Comm-OS-lignin, as confirmed by the FT-IR
and'H-NMR analyses. The study on fast pyrolysis of lignin, using Py-GCMS technique, found 2, 3-dihydrobenzofuran as a
major constituent at any tested pyrolysis temperature. H-unit, G-unit, and S-unit are distributed in resemble fraction with a
H/G/S ratio of 1/1/0.7 and 0.8/1/1 for Comm-OS-lignin and BG-lignin, respectively, at pyrolysis temperature of 400-600 °C,
except for H-unit which was enhanced at 700 °C to 28.82% of Comm-OS-lignin and 29.66% of BG-lignin. At a temperature of
400-600 °C, phenolic selectivity of pyrolyzed products, mainly methoxy phenol (Ph-OCH3) and alkylated phenol (R-Ph-OCH3),
was done. A higher pyrolysis temperature of 700 °C led to the elimination of aromatic side group and is more favorable in alkyl
phenol (R-Ph) and phenol selectivity. However, reduction of the phenolic compound was observed with a higher temperature
due to thermal fragmentation of the C—C linkage in the aromatic structure. Products selectivity related to lignin feedstock and
pyrolysis temperature could be applied as a conceptual guideline for conducting further study of chemical upgrading process
to obtain high-value biochemical products.
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Nomenclature

Comm-OS-lignin Commercial organosolv lignin
BG-lignin Bagasse lignin

EtOH Ethanol

Py Pyrolyzer

GC Gas chromatography

MS Mass spectrophotometer
H-unit p-Hydroxyphenyl unit

G-unit Guaiacyl unit

S-unit Syringyl unit

O-comp Oxygen containing compound
OR-Ph—OCHj3; Oxygenated-alkyl methoxy phenol
R-Ph—OCHj; Alkyl methoxy phenol
Ph—-OCHj3; Methoxy phenol

R-Ph Alkyl phenol

Ph Phenol

1. Introduction

Lignin is one of the most abundant aromatic bio-polymer feedstock, found in around 15%-30% of plants in
terms of dry weight and 40% in terms of energy. Although it has high potential, it is still underutilized as a bio-
based chemical and biofuel compared to cellulose and hemicellulose [1,2]. Kraft and soda delignification process
is usually used in pulp and paper plants to extract cellulose as pulp from lignocellulosic materials while generating
lignin-enriched black liquor as a byproduct of more than 50 million tons per year [3]. Most of the black liquor is
concentrated through multi-staged evaporation and fed to a special boiler for heat and power generation as well
as pulping chemical recovery. Therefore, transformation of lignin in lignocellulosic feedstock into high value bio-
chemicals is being widely considered in order to replace petroleum-based chemicals. A large-scale utilization of
lignin in relevant industries will significantly promote biorefinery competitiveness. Wang et al. [4] stated that the
improvement of the extraction efficiency with 20% of the global lignin in biomass would further boost the total
revenue to 100 USD/ton as a result of reduced feedstock cost.

Lignin is a three-dimensional cross-linked polymer with a complex structure that is composed of three monolignol
or phenolpropanoid units, which are formed as a result of photosynthesis in plants. These units include p-
hydroxyphenyl (H-unit), guaiacyl (G-unit), and syringyl (S-unit), which are derived from p-coumaryl alcohol,
coniferyl alcohol, and sinapyl alcohol, respectively, by mostly coupling together with ether linkage (C-O) and
C-C linkage [2,3,5,6]. Ether linkage is mainly found in lignin structure, especially in 8-O-4, which was reported to
be about 50%—60% in biomass and varied with the plant type and location [3]. Examples of other linkages between
lignin monomer unit are 5-5, B-5, 4-O-5, and B-B. Due to various linkages and bonding constituents in lignin,
exact structures of hardwood, softwood, and herbaceous plants are still not definite. Moreover, as a result of the
complexity and stereoregularity of lignin structure, isolation and purification of lignin to targeted substance can be
laborious and challenging [7-9].

Implementation of biorefinery of lignin from residual and nonedible biomass is one of the key strategies of
encouraging BCG economy (bio-economy, circular economy, and green economy) which had been launched in
many countries. Valorization of lignin to phenol-derived molecular such as vanillin and BTX is promising solution
to overcome the limitation of economy and competitiveness that are inferior to fossil feedstock. Rigorous oxidation
of lignin during delignification irreparably altered its structure and consequently, greatly limited its scope of being
subsequently upgraded to chemical platform and high value reactant [10]. Thus, the biorefinery process that focuses
on lignin with its chemical structure closely to a native lignin, called “lignin-first”, is notably attractive.

Delignification or lignin isolation process strongly effects the chemical structure, molecular weight, functional
group, thermal properties, and impurities. The so-called technical lignin from the kraft process is abundant, as this
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is a major pulping operation of the pulp and paper industry. The reactions that occur during delignification result
in bonded sulfur, mainly thiols [11] and cleavage of ether linkage, demethoxylation reaction, and repolymerization
by C-C linkage. The soda process is different from kraft pulping in that only NaOH is used as cooking medium
in the former, whereas in the latter, Na,S is also added. The technical lignin from the soda process is quite similar
to the native lignin used in the kraft process and could be used without purification [5]. For organosolv process,
organic solvents, such as ethanol, methanol, acetic acid, and medium, usually water, were used to separate lignin
from cellulose and hemicellulose. The obtained lignin from this process is highly pure and most suitable to be used
for further chemical modification and functionalization without purification.

In order to achieve economic growth in biorefinery initiative, strategy of lignin valorization is divided into two
ways [12]. First, ensuring modification and functionalization of lignin macromolecule to improve compatibility with
and performance of the copolymer, nanoparticles, composite, adhesive, carbon fiber, and resin. This strategy is to
directly utilize lignin without subjecting it to chemical conversion process. Second, lignin depolymerization to a
highly value-added biochemical in order to replace petroleum-derived building block and chemical platform through
a thermochemical conversion such as pyrolysis and gasification. Lignin degradation by pyrolysis in the absence
of oxygen atmosphere at 400-500 °C leads to the production of phenolic compound and other chemicals [13].
Pyrolysis pathway of lignin is complex and highly dependent on the operating conditions such as temperature,
biomass, heating, and additives [14].

Son et al. [15] studied the phenolic production from organosolv lignin which is extracted from four different
biomasses: agricultural waste, softwood, hardwood, and grass. They are strongly related to the distribution of
monolignol and pyrolysis behavior. The presence of bulky methoxy group inhibited the attraction of ether bonding
to catalysts surface that resulted in repolymerization of lignin due to C—C and -8 formation. In Huang et al. [16],
pyrolysis of isolated lignin from corncob acid hydrolysis residue (CAHL) by enzymatic acid hydrolysis method was
studied. Thermal degradation of CAHL occurred in wide range between 180-850 °C with two major decomposition
taking place at 237 °C and 340 °C. Interpretation data from the Py-GCMS analysis reported the dominant presence
of chemical compounds, guaiacol and syringol, which are generated from cracking of arylglycero [-B-¢ ther (8-O-4)
linkage. Kim et al. [17] examined the structural features and thermal decomposition of four types of lignin: milled
wood lignin (ML), organosolv lignin (OL), ionic liquid lignin (IL), and Klason lignin (KL). The dominant nature of
condensation reaction of phenolic hydroxyl results in highly condensed OL and KL structure. The number of -O-4
in lignin polymer strongly effected the thermal stability of the isolated lignin. The oxygen contained in the side
chain of lignin is quite low in OL, IL, and KL due to the removal and modification to the aliphatic structure during
the extraction process. Pyrolysis mechanism of the synthesized $-O-4 dimer lignin model at a wide temperature
range was carried out by Chen et al. [18]. Guaiacol and 4-methoxystyrene were produced from the cleavage of
B-O homolysis at a low pyrolysis temperature (300 °C) while both hemolysis and concerted cleavage took place
at a medium pyrolysis temperature (500 °C) leading to the formation of carbonyl-containing phenolics. In a high
temperature (800 °C), more complex species were produced from the primary pyrolysis products.

In this work, the production of phenol-derived chemicals from organosolv lignin was studied using the Py-
GCMS technique. Bagasse was selected as a representative of renewable feedstock for making a comparison with
the commercial lignin on pyrolyzed product selectivity. Transformation of lignin structure to monolignol, phenol,
and derivatives by pyrolysis was assumed as representative of biochemical production from agricultural wastes.
The effect of pyrolysis temperature (400, 500, 600, and 700 °C) on the selectivity of phenolic compounds, such
as oxygenated-alkyl methoxy phenol, alkyl methoxy phenol, methoxy phenol, alkyl phenol, and phenol, were
thoroughly examined and discussed. The experimental data of the lignin feedstock related to pyrolysis temperature
on product selectivity could be applied as a conceptual guideline for further studies on the chemical upgrading
process to high-valued biochemical platform and building block.

2. Experimental

2.1. Biomass

Sugarcane bagasse (BG) was uses as starting raw material for lignin extraction using the organosolv method.
Firstly, dried BG was pulverized with a blade grinder, and then sieved through 125-425 um stainless steel mesh
for further lignin extraction. The commercial grade organosolv lignin (Comm-OS lignin) was procured from the
chemical point UG (CP 8068-03-9). Analytical grade ethanol (EtOH) (95%, RCI Labcan) and distilled water (H,O)
were used as solvents for extracting lignin from BG.
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2.2. Organosoly lignin extraction process

The extraction of lignin from BG was carried out under autogenous conditions with EtOH and H,O in the ratio
75:25 as the extracting agent with a liquid to solid ratio of 1:10. For each trial, 10 g of BG was physically mixed
and soaked with the extracting agent for 15 min to ensure adequate homogeneous dispersion through a matrix. The
mixing precursor was poured into a 50 ml PTFE-line stainless steel autoclave and subsequently placed in a hot air
oven at a temperature of 180 °C for 3 h. Lignin-containing solution was filtered using a filter paper with 5-13 pm
pore diameter in order to eliminate BG residue. Subsequently, it was isolated from the filtrate with the help a rotary
evaporator, resulting in precipitation of a dark brown solid called BG lignin, which was dried at 60 °C.

The chemical and elemental composition of lignin were characterized by a proximate analysis with a thermo-
gravimetric analyzer METTLER TOLEDO; TGA2). The identification of the functional group was performed using
Fourier-transform infrared spectroscopy (Perkin Elmer; Spectrum Spotlight 300; FTIR) and the chemical structure
was analyzed with nuclear magnetic resonance spectroscopy (BRUKER; AV500; NMR).

2.3. Study on phenol production using Py-GCMS technique

The effect of the conditions of fast pyrolysis on phenol-derived chemical production was studied using Py-GCMS
system with experimental setup, as illustrated in Fig. 1. The experiment was conducted using pyrolyzer (Frontier; Py-
2020id) with an auto-shot sampler (Frontier; AS1020E) that interfaced with the gas chromatography unit (Thermo
Scientific; TRACE 1300) and mass spectrophotometer detector (Thermo Scientific; ISQLT). For each run, 0.4 mg
of lignin was placed on a stainless steel crucible and covered with glass wool so as to prevent sample loss during
the tests. The sample was dropped into a quartz tube reactor at a set temperature (400, 500, 600, and 700 °C) with
helium at 5 ml/min (99.999%) as the carrier gas. The pyrolysis vapors were collected for 30 s prior to injection into
the GC unit with a split ratio of 1:100. A low-polarity capillary column (TG-1701MS; 30 m x 0.25 mm; 0.25 mm
film thickness; Thermo Scientific) was used for separating the pyrolysis products at a temperature profile of holding
at 50 °C for 1 min, further heating it to 280 °C at 4 °C/min and this temperature was held for 10 min. The separated
gas was passed through a mass spectrophotometer (MS) detector unit in order to identify chemical compound at
a mass-to-charge ratio (m/z) of 20-800 at a 70 eV ionization energy and a 625 amu/s scan speed. Each identified
peak was compared with the ones in the National Institute of Standards and Technology (NIST) and Wiley mass
spectrum libraries. The distribution of each identified compound was determined with regards to the total peak
area according to Eq. (1) [19]. The chemical composition of pyrolyzed vapors were categorized as hydroxyphenyl
(H-unit), guaiacyl (G-unit), syringyl (S-unit), aromatic Furan (Aro-Fur), aliphatic hydrocarbon (Ali-HC), aromatic
hydrocarbon (Aro-HC), and oxygenated compound (O-comp) with respect to the criteria presented in Table 1. For
phenol (H-unit) type, the chemical structure was categorized as oxygenated-alkyl methoxy phenol (OR-Ph—OCH3),
alkyl methoxy phenol (R-Ph—OCH3), methoxy phenol (Ph—OCH3), alkyl phenol (R—Ph), and phenol (Ph) with the
criteria as shown in Table 2.

Peak area of target compound

%Compound = x 100 @)
Total peak area
Table 1. Criteria for pyrolyzed products selectivity.
Categories Compound Number of Structure/Functional group Example

Aromatic  Aromatic-OH  Aromatic-OCHj3

Hydroxyphenyl (H-unit)  Products with hydroxyphenyl unit 1 1 0 Phenol, 3-methyl-
Guaiacyl (G-unit) Products with guaiacyl unit 1 1 1 Guaiacol, Vanillin
Syringyl (S-unit) Products with syringyl unit 1 1 2 Syringol

Aliphatic (Ali-HC) Hydrocarbon with aliphatic structure 0 0 0 Butane

Aromatic (Aro-HC) Hydrocarbon with aromatic structure — >1 0 0 Benzene, Toluene
O-compound (O-comp)  O-containing compound 0 0 0 Ester, Carboxylic acid
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Table 2. Criteria for phenol products identification.

Categories Compound Example
e} H
&OH
Oxygenated-alkyl methoxy phenol Phenol compound with Vanillin and Phenol, o
(OR-Ph—OCH3) oxygen containing group 4-(3-hydroxy- 1-propenyl)-
along with methoxy group 2-methoxy-
OH
(‘>/ocr~|3
Alkyl methoxy phenol Phenol compound with Phenol, 4-ethyl-2-methoxy- ek,
(R-Ph—OCH3) alkyl group along with and Phenol,
methoxy group 2-methoxy-3-(2-propenyl)-
OCH;
OH
Methoxy phenol Phenol compound with Phenol, 2-methoxy- and
(Ph—OCH3) methoxy group Phenol, 2,6-dimethoxy-
CH
| =N
Alkyl phenol Phenol compound with Phenol, 3-methyl- and N
(R-Ph) alkyl group Phenol, 3,4-dimethyl-
OH
| X
Phenol Phenol without alkyl and Phenol #
(Ph) methoxy group

o OH
OCHs Sample tray
H
HO Auto-shot
OCHs CHs Pyrolyzer

(0]
@ Furnace
‘ MS GaC
OOSOR0000K

m m

Mass ' ‘m ))
@\ ©/ deteutor a‘“uu‘s‘;‘n‘.‘.“
~ Capillary column

Fig. 1. Py-GCMS system.

X

3. Results and discussion

3.1. Lignin characteristics

The data from proximate analysis of raw lignin along with other selected samples were presented in Table 3
for comparison. Volatile organic compounds (VOCs) and fixed carbon are the main constituents in both Comm-
OS-lignin and BG-lignin that are present at 93.26% and 96.14%, respectively. BG-lignin constituted of higher
VOCs while fixed carbon was found in lower quantity than Comm-OS-lignin. Park et al. [20] reported the chemical
constituent of isolated lignin from Miscanthus sacchariflorus by organosolv process having 55.1% of VOCs and
41.8% of fixed carbon. On the other hand, in soda lignin from sugarcane bagasse, as reported by Naron et al. [21],
both VOCs and fixed carbon contents are similar to that obtained in this work. However, ash content of soda lignin
(4.50%) was clearly higher than in organosolv process (1.05-0.80%). At 0.09%, ash content in BG-lignin is the
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Table 3. Chemical composition of raw lignin.

Composition % Weight
Comm-OS-lignin BG-lignin Organosolv Miscanthus Soda bagasse lignin, dry basis
(This work) (This work) sacchariflorus [20] [21]

Moisture 5.69 3.78 2.30 -

Volatile matter 56.91 67.34 55.10 66.70

Fixed carbon 36.35 28.80 41.80 29.60

Ash 1.05 0.09 0.80 4.50

lowest, while the combustible portion is higher than 90%, suggesting that it is suitable for biochemical and bio-based
material generation with low inorganic impurity, especially for being used as a carbon fiber precursor.

The thermal decomposition profiles under inert atmosphere, N;, of Comm-OS-lignin and BG-lignin are displayed
in Fig. 2. Both the organosolv lignin displayed a wide degradation region at 150-800 °C with maximum
decomposition occurring at a temperature of 350 °C, regarding on the highest decomposition rate as identified by
DTG. Extremely high degradation range of lignin might be explained by its high aromatic content in the chemical
structure along with numerous branches, side groups, and other chemical bondings [22]. The first decomposition
region was found at 50-150 °C, corresponding to evaporation of moisture, while weight loss at 150-800 °C with
maximum degradation occurring at 350 °C could be attributed to depolymerization of lignin polymer to oligomer
and smaller chemical compound. Huang et al. [16] found two major degradation regions of corncob lignin at 237 °C
and 340 °C with final char content of about 30%. Char is a pyrolysis residue of Comm-OS-lignin and BG-lignin,
found approximately at 37% and 29%, respectively. From the degradation behavior observed from the TGA trials,

pyrolysis temperature of lignin could be targeted at a temperature higher than 400 °C such that degradation trend
would approach a plateau region.

100

100

_ ~
@) € Qo
i = ] ;o =
80 a 80 o a
= I \ e
- 7] - ' L3 L
= - = K \ =
,EP 60 - E .20 60 - ; 4 E
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Fig. 2. Thermal decomposition of (a) Comm-OS-lignin and (b) BG-lignin under inert (N2) atmosphere.

The FTIR spectra of Comm-OS-lignin and BG-lignin are displayed in Fig. 3 along with associated band
assignment in Table 4. The vibrations approximately at 1597, 1513, and 1424 cm~' corresponds to C—C stretching
of the aromatic skeleton. Broad peak at 3410 cm™! is assigned to the trenching of aliphatic and phenolic hydroxyl
(—OH), while vibrations at 2920 cm~! and 2851 cm™! are related to C—H stretching of the aliphatic structure.
Aliphatic C-H stretching of BG-lignin shows a higher intensity than that observed in Comm-OS-lignin which is
possibly owing to a more aliphatic structure of the former. Vibration at 1694 cm™! can be attributed to the stretching
of non-conjugated carbonyl group. The notable signal of G-unit monolignol that presents at 1269 cm~! is for C-O
stretching, while 1126 cm™' is assigned to aromatic C-H stretching. In S-unit, designated signals at 1327 cm™!
and 834 cm™' are responses from C-O stretching and out-of-plane deformation of aromatic C-H, respectively.
The presence of phenolic hydroxyl group resulted from acid hydrolysis of lignin during organosolv process may
be noticed at 1371 and 1220 cm™'. Tejado et al. [23] reported that delignification method played an important
role in the structure of lignin. For kraft and organosolv processes, the cleavage of §-O-4 and «-O-4 linkage leaves
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Fig. 3. FTIR spectra of (a) Comm-OS-lignin and (b) BG-lignin.

Table 4. Assignment of FTIR vibration band.

Band (cm™!) Vibration Assignment

3410 —OH stretching Phenolic-OH and Aliphatic-OH
2920-2851 C-H stretching Aliphatic structure, CH3, CHy
1694 C=O0 stretching Non-conjugated carbonyl
1597 C—C stretching Aromatic skeleton

1513 C-C stretching Aromatic skeleton

1424 C—C stretching Aromatic skeleton

1371 O-H in-plane deformation Phenolic OH

1269 C-O stretching G-unit

1220 C-O(H) and C-O(Ar) stretching Phenolic ether and ether
1126 Aromatic C—H in-plane deformation G-unit

834 Aromatic C-H out-of-plane S-unit

non-etherified phenolic hydroxy that appears at 1365 cm™! vibration signal. In contrast to the soda process, cleavage
of aryl-ether bonding is produced, resulting in a low quantity of phenolic hydroxy [24]. G-unit is suspected of being
starting reactant for phenol-formaldehyde synthesis due to its free C5 (ortho) position that potentially reacts with
formaldehyde through electrophilic substitution reaction, while S-unit exhibits lower activity from linkages at C3
and C5 with the methoxy groups [23].

'"H-NMR is an essential technique (Fig. 4) for investigation of the features and signal assessment of isolated lignin
structure as shown in Table 5. Chemical shift at 8.0-6.1 ppm is attributed to the aromatic proton of monolignol
compound, including H-unit, G-unit, and S-unit, while assignment of aliphatic proton is at 1.6-0.4 ppm. Chemical
shift signal of aliphatic structure of BG-lignin is quite higher and sharper than Comm-OS-lignin, possibly since the
isolation process facilitates to less C—C bond cleavage and results in higher aliphatic content. The stronger chemical
shift of proton in aliphatic side chain at 6.0—4.0 ppm found in BG-lignin proves that it has a higher aliphatic structure
than Comm-OS-lignin. The signal at 7.7-7.3 ppm is assigned to aromatic proton in H-unit, 7.1-6.5 ppm could be
attributed to G-unit, and 6.4-6.1 ppm is assigned to S-unit [25-27]. The peak area and intensity of aromatic proton is
strongly related to their molecular weight and amount of phenolic hydroxyl in each monolignol unit. The strength
of the peak at 4.0-3.5 ppm is attributed to the proton in methoxy group; 3.4-3.1 ppm is assigned to proton in
water and 2.50 ppm to the chemical shift of proton in a solvent (DMSO; Dimethyl sulfoxide). Phenolic hydroxyl
group and aliphatic hydroxyl group are attributed at 2.3-2.1 ppm and 2.1-1.8 ppm, respectively. In Table 6, the
H/G/S fraction and phenolic hydroxyl to aliphatic hydroxy ratio (OHp,/OHj,);) that are calculated from integral
of each represented signal are presented. G-unit monolignol in BG-lignin (0.82) is slightly higher than that in
Comm-OS-lignin (0.71), which corresponds to biomass feedstock and the isolation process parameters. In addition,
difference in phenolic hydroxy and aliphatic hydroxy content in both lignin were observed. Most of the hydroxy
content in Comm-OS-lignin bonded with aromatic ring and responded with a high OHp,/OH,j; ratio of 4.33. In
contrast with BG-lignin, hydroxy content was almost even in phenolic hydroxy and aliphatic hydroxy at 0.44 and
0.56, respectively. From these results, it can be concluded that BG-lignin contain greater aliphatic hydrocarbon

157



K. Soongprasit, V. Sricharoenchaikul and D. Atong Energy Reports 6 (2020) 151-167

Aromatic-H Aliphatic side Nfethoxy H IPh-OH )
Geunit chain-H . o Apliphatic-H
*-——o ~—
H-unit m —_
[ X) =
<
-’
BG-lignin £
Methoxy group  Aliphatic side chain =
H,CO. N e
) O -
Aliphatic Ll
HO' hydroxy
Phenolic hydroxy
Comm-OS-lignin
8 7 6 5 4 3 1 0
o (ppm)
Fig. 4. '"H-NMR of raw lignin.
Table 5. '"H-NMR assignment of selected chemical components.
Signal (ppm) Assignment
7.7-7.30 Aromatic-H in H-unit
7.1-6.5 Aromatic-H in G-unit
6.4-6.1 Aromatic-H in S-unit
6.0-4.0 Aliphatic side chain H
4.0-3.5 Methoxy-H
34-3.1 Water-H
2.5 DMSO (solvent)
2.3-2.1 Phenolic hydroxyl
2.1-1.8 Aliphatic hydroxyl
1.6-0.4 Aliphatic-H
Table 6. Chemical of lignin studied by 'H-NMR.
Lignin Monolignol fraction Hydroxy group fraction OHpp/OHaji
H-unit G-unit S-unit Phenolic-OH Aliphatic-OH
Comm-OS-lignin 0.26 0.71 0.03 0.81 0.19 4.33
BG-lignin 0.16 0.82 0.02 0.44 0.56 0.79

structure in propyl group as well as others than that of Comm-OS-lignin. As a consequence, the selectivity of
pyrolytic products of two lignin feedstock may possibly be distinct due to deviation of hydroxy group and aliphatic
structure content.

3.2. Fast pyrolysis of lignin using Py-GCMS

Py-GCMS technique was employed to rapidly pyrolyze lignin and in the real-time analysis of devolatilized
products. Chromatograms of these products from Comm-OS-lignin and BG-lignin as identified by the GCMS
technique are illustrated in Fig. 5. From the results, it was found that there is a slight difference in the detection
of chemical species between Comm-OS-lignin and BG-lignin. In Comm-OS-lignin, signal of carbon dioxide (CO;)
was detected at a retention time (RT) of 3.02 min, while methanol (CH3OH) was found at 3.34 min. This finding
was also reported in Brebu et al. [28], a study of pyrolysis of organosolv and kraft lignin. Liu et al. and Kawamoto
et al. [29,30] suggested the pyrolysis pathway of G-type lignin model compound containing 8-O-4 ether linkage.
Cleavage of lignin dimer unit is strongly related to the bonding energy among C,-Cg, Cg-O, and O-4. Cleavage of
lower bonding energy linkage as that of C,-Cg (103.8 kcal/mol) and Cg-O (90.9 kcal/mol) and the continuous
elimination of methoxy (—-O—CHs3), aromatic substitution group, with methanol as a byproduct, are due to the
fact that O-4 is most stable with a bonding energy of 137.2 kcal/mol. The peak intensity of CO, is significantly
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Fig. 5. Chromatogram of pyrolyzed products from (a) Comm-OS-lignin and (b) BG-lignin.

increased with the pyrolysis temperature which is responsible for the breakdown of byproducts of high molecular
weight lignin to smaller phenols building units such as p-hydroxyphenyl unit (H-unit), guaiacyl unit (G-unit), and
syringyl unit (S-unit) [31]. During RT 19-28 min, a phenol compound was detected that was mostly of C6-C9
carbon members, while those larger than C8 were found at RT 30—42 min. High quantity of aromatic furan (34.24—
50.39%), such as 2,3-dihydrobenzofuran, detected at RT 28.44 min could be measured for all pyrolysis temperature.
Chromatograms of BG-lignin also revealed similar chemical species trend in which phenol and derivatives were the
main compounds. However, 30.75-38.83% of 2,3-dihydrobenzofuran was also detected, which was slightly lower
than those from Comm-OS-lignin. Ryu et al. [32] reported 12.12% benzofuran from pyrolysis of commercial kraft
lignin, while according to Liu et al. [29], 24.1% 2,3-dihydrobenzofuran was also noted as a major contributor of
pyrolysis products from H-type lignin model compound with only 3.37% from G-type at a reaction temperature of
600 °C.

Selectivity of the chemical compounds obtained from fast pyrolysis of Comm-OS-lignin and BG-lignin was
illustrated in Fig. 6 and Fig. 7, respectively. As mentioned before, the highest identifiable chemical species were
aromatic furan (2,3-dihydrobenzofuran), in which their quantity increased with the pyrolysis temperature from
400-700 °C. Lin et al. [33] reported that furan compound (18.4% 2,3-dihydrobenzofuran) at 26.3% is the most
abundant product generated from the pyrolysis of wheat straw sulfonate lignin, while the lignin materials isolated
from enzymatic and alkali process had less than 7% of similar products. Moreover, they concluded that lignin
isolation process significantly affected the selectivity of speciation of pyrolyzed products. The production pathway
of 2,3-dihydrobenzofuran from lignin degradation was unclear as a result of several concurrent reactions such as
cleavage of ether bond between lignin monomer simultaneously with structure rearrangement. Lou et al. [34] studied
the pyrolysis of enzymatic/mild acidolysis lignin isolated from moso bamboo (grass biomass). Heterocyclic 2,3-
dihydrobenzofuran was dominant at a low temperature (250400 °C), giving the highest yield of 66.26% at 320 °C.
The conversion of 2,3-dihydrobenzofuran to phenol (20%) occurred by increasing the pyrolysis temperature to
800 °C. Thus, they presented a possible pathway of 2,3-dihydrobenzofuran production from lignin pyrolysis that
resulted from the occurrence of a radically induced reaction of o-quinone methide. Quinone methide is chiefly an
intermediate product of C,-O cleavage during the primary pyrolysis stage that subsequently rearranged to cyclic
structure by H-abstraction of allyl radical to 2,3-dihydrobenzofuran [35].

H-unit, G-unit, and S-unit pyrolyzates are distributed at a pyrolysis temperature of 400600 °C according to
the same fraction with H/G/S ratio of 1/1/0.7 and 0.8/1/1 for Comm-OS-lignin and BG-lignin, respectively
(Fig. 8). The above ratio corresponds well with the herbaceous biomass that has a similar distribution of H-unit,
G-unit, and S-unit monolignol. The ratio of S-unit and G-unit (S/G) is considered as a value to help determine
the recalcitrance of biomass to bioconversion. In this work, S/G of BG-lignin (1.0-1.06) is higher than that of
Comm-OS-lignin (0.61-0.71). Dumitrache et al. [36] suggested that high S/G ratio is related to linear chain
and higher molecular weight of lignin. Unfortunately, the correlation of S/G ratio on biomass conversion is not
uniform across the various feedstock [37]. Increasing the temperature to 700 °C displayed a significant selectivity
enhancement on H-unit with the highest content of 28.82% for Comm-OS-lignin and 29.66% for BG-lignin. S-
unit was derived only from syringol alcohol monomer and could be fragmented into G-unit and H-unit through
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a demethoxylation reaction [38,39]. Compared with the lignin isolation from the kraft process with eucalyptus

wood [40], the distribution of monolignol of the pyrolyzed products obtained from 400—600 °C was mainly G-unit
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and S-unit, while H-unit with minor content was detected at 600 °C. This indicates that the isolation process and
the biomass feedstock significantly affect monolignol species.

The reduction of H-unit and S-unit lignin with a simultaneous increase of H-unit and aromatic hydrocarbon
was observed for both Comm-OS-lignin and BG-lignin, which corresponded with Shen et al. [41], who studied the
pyrolysis of alkali lignin from different feedstock. The demethoxylation reaction of the methoxy group of G-unit
and S-unit was carried out at a high temperature, resulting in remarkably enhanced H-unit and slightly aromatic HC
products. Liu et al. [42] studied phenol production from alkali lignin in contrast to organosolv lignin. The selectivity
of phenol, carbonyl, and hydrocarbon was considerably different between lignin isolation processes. The selectivity
of phenol from the organosolv lignin was always higher at 400-600 °C due to greater 8-O-4 linkage contents.
BG-lignin yielded more hydrocarbon products than Comm-OS-lignin (9.47% and 4.31% at 700 °C respectively).
Thus, the dehydroxylation and dealkylation reactions of the monolignol compound produced from BG-lignin was
shown to be slightly more vigorous than that obtained from Comm-OS-lignin. Oxygenated compounds were detected
from 0.20-7.05% and 9.57-11.74% for Comm-OS-lignin and BG-lignin, respectively, which were byproducts of
the dealkylation of the alkyl group.

Phenol and it derivatives are attractive bio-resource feedstock with the potential to be used as important
precursors for biochemical industry, pharmaceutical industry, and others. The phenolic compound production
from fast pyrolysis of Comm-OS-lignin and BG-lignin is shown in Table 7 and Table 8, respectively. For the
Comm-OS-lignin pyrolysis, phenol, 2-methoxy- (9.83%, 500 °C), phenol, 2,6-dimethoxy- (8.31%, 500 °C), phenol,
4-ethyl-2-methoxy- (4.87%, 600 °C), and creosol (4.59%, 500 °C) were observed in higher proportions than other
phenolic compounds at 400-600 °C. For the BG-lignin, phenol, 2,6-dimethoxy- (5.24%, 500 °C) and phenol,
2,6-dimethoxy-4-(2-propenyl)- (5.35%, 500 °C), phenol, 4-methoxy-3-(methoxymethyl)- (4.85%, 500 °C), phenol,
3-(1,1-dimethylethyl)-4-methoxy- (3.17%, 500 °C), and vanillin (2.35%, 500 °C) were found in a higher proportion.
These monolignols were detected as the dominant products from the hydrothermal carbonization of bagasse lignin,
as reported by Du et al. [43]. Cresol (o-cresol and m-cresol) was produced from lignin with a proportion of 1.64—
5.95% and 1.29-6.15% from Comm-OS-lignin and BG-lignin, respectively and was enhanced by the pyrolysis
temperature. Vanillin was also found at 2.33-2.41% with BG-lignin as the raw material. It is an important chemical
feedstock, as it constitutes the aromatic building block for various chemical industries. Nowadays, vanillin is being
produced at an industrial scale of 20,000 ton/year [44]. Of this, 15% comes from lignin [45]. In general, vanillin
is synthesized from petroleum-based intermediate, especially guaiacol or phenol, 2-methoxy- [46] under catalytic
conditions. Most of the phenol compounds detected in the pyrolysis products from both feedstock present aromatic
skeletons with various aromatic substituted side groups.

Guaiacol and syringol are the most common products generated from the primary pyrolysis of lignin at a
temperature of 200-400 °C that subsequently transformed to catechol, pyrogallol, and cresol along with phenol
by C-C cracking of side chain the during secondary pyrolysis at 400-450 °C. This results in the increase in
the monomer content [35]. Generation of guaiacol and syringol could be explained by two possible radical chain
pathways; first is the hydrogen abstraction of C,-H of lignin oligomer and the second is the hydrogen abstraction
of phenolic hydroxyl group. The final products of both these reactions are guaiacol and syringol. However, the
hydrogen abstraction of phenolic hydroxyl group seemed to be more effective when the temperature is set at
260 °C [35]. The hydrogen abstraction of phenolic hydroxyl group was enhanced by means of intermediated
radicals under pyrolysis environment [47], resulting in a cleavage of B-ether bonds to form a quinone methide
intermediate and is further cleaved to guaiacol and syringol. Furthermore, quinone methide intermediates also cleave
and rearrange themselves in a cyclical structure as 2,3-dihydrobenzofuran.

In order to investigate the thermal effect on phenolic selectivity which occurred during the secondary py-
rolysis, the chemical structure of the phenolic compound was categorized as oxygenated-alkyl methoxy phenol
(OR-Ph—OCH3), alkyl methoxy phenol (R-Ph—OCHj3), methoxy phenol (Ph—OCHs), alkyl phenol (R—Ph), and
phenol (Ph). The selectivity of the phenolic compound originating from the Comm-OS-lignin and BG-lignin
pyrolysis at various temperatures are displayed in Fig. 9 and Fig. 10, respectively. Temperature is a key player
of phenolic selectivity, as it enhances the cleavage of methoxy and others aromatic substitution groups [48]. The
cleavage of strong aromatic and aliphatic side chain bonding are driven by the hydrogen transfer reaction in
aromatic ring during the secondary pyrolysis [49,50]. Thus, transformation of primary pyrolysis products, including
guaiacol and syringol to phenol compound, could possibly proceed in the following order. First, the elimination
of oxygen atom from oxygenated-alkyl methoxy phenol (OR-Ph—OCHj3;) at C4 position due to deoxygenation
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Table 7. Phenol products from Comm-OS-lignin pyrolysis at various temperature.

RT (min) Formula Compound % Area

400 °C 500 °C 600 °C 700 °C
19.62 Ce¢HgO Phenol 5.47 5.34 5.28 7.89
20.20 C7HgO» Phenol, 2-methoxy- 11.69 9.83 8.08 2.35
21.31 C7HgO Phenol, 2-methyl- (o-Cresol) - 0.66 0.86 1.77
22.21 CgHgO, 3-Hydroxy-4-methylbenzaldehyde - - - 0.10
22.57 C7HgO Phenol, 3-methyl- (m-Cresol) 1.64 2.37 2.51 4.18
23.76 CgHjpO2 Creosol 4.05 4.59 4.05 0.74
23.97 CgHoO Phenol, 3-ethyl- - - - 0.37
24.15 CgH;poO Phenol, 3,4-dimethyl- - 0.23 0.44 1.22
25.53 CgH 9O Phenol, 4-ethyl- 3.07 3.62 3.48 6.91
26.39 Ci10H140; (6-Hydroxymethyl-2,3-dimethylphenyl)methanol - - - 0.60
26.58 CoH{,0, Phenol, 4-ethyl-2-methoxy- 4.46 4.87 - 1.51
26.98 CyoH |0 Phenol, 4-ethyl-3-methyl- - - - 0.94
27.33 CoH{,0 Phenol, 3-(1-methylethyl)- - - - 1.46
29.04 CioH140 2,5-Diethylphenol 0.66 - - 0.58
29.23 C11H160 2-Ethyl-5-n-propylphenol - - - -
29.32 CioH1203 Phenol, 4-(3-hydroxy-1-propenyl)-2-methoxy- - 0.48 - -
29.82 CoH¢O 2-Allylphenol - - 0.22 1.79
30.13 CgHjpO3 Phenol, 2,6-dimethoxy- 8.79 8.31 6.44 1.09
30.65 CoH 9O 2-Allylphenol 1.50 - - 1.13
31.41 CoH19O4 Benzoic acid, 2-hydroxy-4-methoxy-6-methyl- 0.21 0.29 0.37 0.30
31.91 CioH120 Phenol, 2-(2-methyl-2-propenyl)- - - - 1.59
32.56 Ci10H120; Phenol, 2-methoxy-6-(1-propenyl)- 0.47 0.74 0.78 0.20
32.93 CoH,03 Phenol, 4-methoxy-3-(methoxymethyl)- 2.57 2.85 2.16 -
33.18 CgHgO3 Vanillin 0.69 0.75 - -
33.87 C1oH 1203 Phenol, 4-(3-hydroxy-1-propenyl)-2-methoxy- - - 0.22 0.29
35.11 CioH1403 5-tert-Butylpyrogallol 1.56 1.66 1.04 -
35.59 C1oH 1402 Phenol, 3-methoxy-2,4,6-trimethyl- 0.32 0.40 0.40 -
36.76 C11H1602 Phenol, 3-(1,1-dimethylethyl)-4-methoxy- 3.83 3.23 2.93 0.56
37.07 C1oH1203 Phenol, 4-(3-hydroxy-1-propenyl)-2-methoxy- 0.36 0.48 - -
37.28 C11H 1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 0.93 1.22 0.94 -
38.68 C11H 1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 0.33 0.47 0.51 -
39.66 Ci12H1607 Phenol, 2-(1-methyl-2-buthenyl)-4-methoxy- - 0.20 - -
40.06 C11H1404 Methyl 3-(4-hydroxy-3-methoxyphenyl) propanoate 0.25 0.32 - -
40.31 C11H 1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 3.31 3.18 2.76 0.33
41.10 CoHj9O4 Benzaldehyde, 4-hydroxy-3,5-dimethoxy- 0.18 0.32 0.44 -
42.86 Ci1oH1204 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- 0.97 1.09 1.09 -
43.97 C11H1404 trans-Sinapyl alcohol 0.46 0.51 0.34 -
44.93 C11H204 trans-Sinapaldehyde 0.71 0.65 - -
Total 58.47 58.69 43.35 37.88

reaction, resulting in alkyl phenol methoxy (R-Ph—OCHj3) and phenol methoxy (Ph—OCH3) products. The cleavage
of methoxy group continuously takes place in order to form phenol (Ph) and alkyl phenol (R—Ph) products, especially
at a high temperature. However, transformation of phenol to gas as a result of phenoxy radical decomposition
into permanent gas and smaller molecules was reported [35]. Nevertheless, the details regarding the decomposition
mechanism is still not well understood. Partial decomposition of suspected phenol compound is exhibited in Fig. 11,
in which the total phenol production considerably decreases from 58.47% (400 °C) to 37.88% (700 °C) and 53.35%
(400 °C) to 39.23% (700 °C) for Comm-OS-lignin and BG-lignin, respectively.

The selectivity of particular phenolic compounds from different lignin feedstock is observed. For Comm-OS-
lignin, methoxy phenol is a major compound as a result of pyrolysis at 400 °C, 500 °C, and 600 °C with product
quantities of 25.99%, 23.24%, and 18.92%, respectively. This result corresponds with Fan et al. [51] that reported
methoxy phenol (57.6%) and alkyl methoxy phenol (32.4%) as the major parts of phenolic compounds from co-
pyrolysis of alkali lignin and waste cooking oil at 550 °C. Increasing the temperature to 700 °C showed significantly
reduction of methoxy phenol contents to 4.18%, while alkyl phenol (R-Ph) was enhanced to 22.52% from 8.56%.
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The selectivity of oxygenated-alkyl methoxy phenol (OR-Ph—-OCHj3) and alkyl methoxy phenol (R-Ph—OCH;3)

is related to the pyrolysis temperature in the same fashion, as methoxy phenol is reduced dramatically when
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Table 8. Phenol products from BG-lignin pyrolysis at various temperature.

RT (min) Formula Compound % Area

400 °C 500 °C 600 °C 700 °C
19.62 C¢HgO Phenol 1.39 1.42 1.70 3.70
20.16 C7HgO, Phenol, 2-methoxy- 3.46 3.09 2.16 0.91
21.31 C7HgO Phenol, 2-methyl- (o-cresol) - - 0.24 1.01
22.54 C7HgO Phenol, 3-methyl- (m-cresol) 1.29 1.96 2.10 5.14
23.76 CgH90O2 Creosol 3.15 3.32 2.30 0.47
24.15 CgH;oO Phenol, 3,4-dimethyl- - - 0.34 1.59
25.51 CgH;pO Phenol, 4-ethyl- 2.27 1.99 1.91 6.46
26.56 CyH 7,0, Phenol, 4-ethyl-2-methoxy- 1.01 0.94 0.57 0.74
26.98 CoH,0 Phenol, 4-ethyl-3-methyl- - - - 0.88
27.33 CoH 20 Phenol, 3-(1-methylethyl)- - - - 1.66
29.05 CioH 140 2,5-Diethylphenol - - - 0.81
29.23 Ci1oH120; Phenol, 2-methoxy-3-(2-propenyl)- 0.85 0.88 0.88 0.73
29.82 CoHpO 2-Allylphenol - - - 2.24
30.11 CgH0O3 Phenol, 2,6-dimethoxy- 6.45 5.24 3.71 1.22
30.74 CoH¢O 2-Allylphenol - - - 0.88
30.95 CioH120; Phenol, 2-methoxy-4-(1-propenyl)- - - 0.30 -
31.93 CoH¢O Phenol, 4-(2-propenyl)- - - 0.40 2.71
32.54 Ci1oH120; Phenol, 2-methoxy-6-(1-propenyl)- 2.25 2.42 2.48 1.34
32.93 CoH,03 Phenol, 4-methoxy-3-(methoxymethyl)- 4.62 4.85 3.19 -
33.18 CgHgO3 Vanillin 2.33 2.35 241 2.39
35.09 CioH1403 5-tert-Butylpyrogallol 1.17 0.96 0.56 -
35.59 CioH140; Phenol, 3-methoxy-2,4,6-trimethyl- 0.65 0.66 0.55 -
36.76 C11Hi60; Phenol, 3-(1,1-dimethylethyl)-4-methoxy- 3.18 3.17 3.11 0.75
37.07 CioH1203 Phenol, 4-(3-hydroxy-1-propenyl)-2-methoxy- - - 0.43 -
37.28 C11H 1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 1.67 1.82 1.68 0.65
38.68 C11H 1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 0.75 1.02 1.08 -
39.66 C2H 1602 Phenol, 2-(1-methyl-2-buthenyl)-4-methoxy- - 0.31 - -
39.89 C11H1203 Benzaldehyde, 3-hydroxy-4-methoxy-2-(2-propenyl)- - 0.28 - -
40.31 C11H 1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 5.32 5.35 4.53 0.71
41.10 CoHj9O4 Benzaldehyde, 4-hydroxy-3,5-dimethoxy- 2.07 2.53 2.75 1.57
42.86 C1oH1204 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- 1.12 1.34 1.27 -
43.32 Ci1oH1203 Phenol, 4-(3-hydroxy-1-propenyl)-2-methoxy- 1.02 1.23 1.00 -
43.53 C12H1604 Ethyl-8-(4-hydroxy-3-methoxy-phenyl)-propionate 2.10 1.98 1.82 0.67
43.97 C11H1404 trans-Sinapyl alcohol 1.77 1.70 1.25 -
46.60 C12H1404 Ethyl (2E)-3-(4-hydroxy-3-methoxyphenyl)-2-propenoate 0.95 0.86 0.68 -
46.85 C11H 203 p-Hydroxycinnamic acid, ethyl ester 0.91 0.94 0.86 -
49.72 C11H1404 trans-Sinapyl alcohol 1.60 1.52 0.94 -
Total 53.35 54.15 47.22 39.23

temperature raised to 700 °C. Meanwhile, the selectivity to phenol was quite stable at 5.28-7.89% even at an
increased temperature. For BG-lignin, alkyl methoxy phenol was found as a dominant structure at 18.38-21.70%,
while methoxy phenol was found to be 10.36-16.42% at 400-600 °C. The appearance of alkyl methoxy phenol as
the main component of BG-lignin may straightforwardly be explained by its higher aliphatic structure that Comm-
OS-lignin as detected by 'H-NMR. The significant increase of alkyl phenol (23.38%) was also detected, similar to
Comm-OS-lignin when the temperature raised to 700 °C. Abundance of alkyl phenol selectivity is strongly related
to the cleavage of aromatic side chains, such as oxygen-containing group, alkyl group, and methoxy group.

From the Py-GCMS experiment, it can be noted that most of the phenolic compound selectivity obtained from
Comm-OS-lignin and BG-lignin through fast pyrolysis at 400—600 °C result in the formation of methoxy phenol and
alkylated phenol, while, even though the temperature is raised to 700 °C, the phenol yield is lower than 8%. This
observation concurs Diehl et al. [13], in which the char produced from pyrolysis of softwood and hardwood lignin
at 250-600 °C is analyzed using '*C-NMR techniques. The oxygen functional groups were quickly evolved at
500 °C, leading to an aromatic carbon spinning signal. The low phenol production could possibly be explained
by complexity and instability of the radical cleavage of lignin oligomer during pyrolysis. This means that the
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repolymerization of intermediate radicals and ions of pyrolysis vapors generally occurs and results in the aromatic
substitution side group. Thus, a thermal process is not sufficient to transform lignin to a high-valued chemical such
as phenol and derivatives. The highly selective molecular sieve catalysts are extremely essential to enhance the
production of valued chemicals, such as vanillin, benzene, toluene, xylene, and other aromatics, that are used as
chemical feedstock for chemistry industrial, food, pharmaceutical, and cosmetic industries.

4. Conclusion

The production of phenol-derived chemicals extracted from organosolv lignin was studied using Py-GCMS
technique, in which bagasse from the local industry was used as raw materials (BG-lignin) and evaluated with
commercial organosolv lignin (Comm-OS-lignin). BG-lignin exhibited a slight difference in term of its chemical
and structural composition as compared to Comm-OS-lignin. Combustible constituents, such as volatile organic
compounds (VOCs) and fixed carbon of both lignins, are quite similar with about 93.26% and 96.14% of the
Comm-OS-lignin and BG-lignin, respectively, while BG-linin displayed a significantly lower ash of 0.09%. This
may be due to the difference in the reaction that occurred during the isolation process and the obtained molecular
weight of lignin. The thermal degradation behavior of Comm-OS-lignin and BG-lignin was observed at a wide
decomposition range of 150-800 °C, wherein the highest degree of degradation took place at a temperature of
about 350 °C. The identification of the functional groups using FT-IR reported significant vibration signal of guaiacyl
(G-unit) and syringyl (S-unit), which are monolignol structures with high hydroxyl group content. Although Comm-
OS-lignin and BG-lignin were similarly isolated using the organosolv process, significant variation in the aromatic
and aliphatic contents was still identified by 'H-NMR. Due to greater aliphatic hydroxy content, chemical shift
signal of aliphatic proton in BG-lignin is stronger strong than that in Comm-OS-lignin. Benzofuran emerged as
a dominant species from fast pyrolysis of lignin using the Py-GCMS instrument, and it was suspected of being
a product from Co-O cleavage during the primary pyrolysis stage. Demethoxylation reaction of methoxy group
of G-unit and S-unit is dominated at a high temperature that results in a vastly enhanced H-unit and slightly on
aromatic hydrocarbon products. BG-lignin reaction showed the abundant hydrocarbon production, with 9.47% at
700 °C from dealkylation of monolignol compound, was more vigorous than that in Comm-OS-lignin. Phenolic
selectivity of pyrolyzed products from Comm-OS-lignin and BG-lignin at 400-600 °C mainly include methoxy
phenol (Ph—OCH3) and alkylated methoxy phenol (R-Ph—OCHj3), respectively. A higher pyrolysis temperature of
700 °C led to the elimination of aromatic side group and promoted alkyl phenol selectivity. Low phenol selectivity
strongly resulted due to repolymerization of intermediate radicals and ions of pyrolysis vapors that results in aromatic
substitution side group. Thus, selective catalysts, such as vanillin, BTX, and other aromatics, are strongly required
to upgrade the valued chemical production for chemistry industrial, food, pharmaceutical, and cosmetic industries.
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