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Abstract

Organosolv lignin extracted from sugarcane bagasse (BG-lignin) and commercial grade lignin (Comm-OS) were use as
starting materials in this study. From our previous work, aromatic furan (2,3-dihydrobenzofurn) was mainly produced from fast
pyrolysis of BG-lignin and Comm-OS at 400-600 °C while alkyl phenol and phenol are more favorable at 700 °C. However,
more thermal fragmentation was simultaneously redundant which results in low aromatic selectivity. In this work, aromatic
production from lignin with molecular sieve ZSM-5 catalysts was studied using Py-GCMS instrument with biomass to catalyst
ratio (B:C) of 1:1, 1:5, and 1:10. Aromatic furan and monolignol (H-unit, G-unit, and S-unit) were transform to hydrocarbon
species with addition of ZSM-5 catalyst according to elimination of side chain by demethoxylation, dehydroxylation, and
dealkylation reactions. Maximum aromatic production was found at B:C of 1:10 for both Comm-OS and BG-lignin of 87.31%
and 88.22%, respectively, while aliphatic hydrocarbon was more abundant for BG-lignin of 43.21% (1:5). Moreover, ZSM-5
exhibit instinctive performance on MAHs and PAHs production especially at B:C of 1:5 and 1:10. Nevertheless, polymerization
between MAHs results in PAHs also observed for both Comm-OS and BG-lignin. From the result, transformation of aromatic
furan could be limited by introduction of molecular sieve ZSM-5 which enhance the oxygen elimination from phenol derivative
and favorable for aromatic and BTX production.

(© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Biorefinery of lignocellulosic materials focuses on the utilization of cellulose, hemicellulose, and lignin as fine
chemical platform to replace petroleum-based counterpart [15]. Though in many instances such as pulp and paper
industry, cellulose and hemicellulose are separated and used as pulp leaving lignin as waste and incinerated for
power generation [7]. Unquestionably, lignin is promising bio-based aromatic with great potential as a source for
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Nomenclature

Comm-OS Commercial organosolv lignin
BG-lignin Bagasse lignin

Py Pyrolyzer

GC Gas chromatography

MS Mass spectrophotometer
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

MAHs Monocyclic aromatic hydrocarbons
PAHs Polycyclic aromatic hydrocarbons

phenol-derived products and benzene, toluene, and xylene (BTX) that is a key strategic for BCG economy. “Lignin-
first” process is isolation protocol to preserve lignin by protection-group chemistry for further reaction at the end
of biorefinery process [1,12]. Commonly, solvent-based isolation process or organosolv process is preferable for
preservation of lignin structure and functional group [1]. On the other hands, the reaction during kraft process is
quite vigorous resulting in thiol, organosulfur, that is not suitable for biorefinery process. Soda process using NaOH
is also not suitable to refine due to high alkali containing.

Lignin depolymerization to monolignol aromatic structure is one of the valorization strategies to achieve
biorefinery competitiveness. Production of phenol-derive compound and aromatic chemicals by degradation of lignin
under inert atmosphere is strongly related with raw material, temperature, heating rate, and catalyst [23,27]. Thermal
effect plays important role on phenol-derivative selectivity by various reactions. However, undesirable products such
as aromatic furan (2,3-dihydrobenzofuran) was found from primary pyrolysis reaction and shown high thermal
stability until 700 °C [29]. In the other words, thermal does not promote elimination of hydroxyl side chain of
phenol to aromatic hydrocarbon. Zeolite materials is promising catalyst for gas cleaning and oxygen elimination
of fuel gas and bio-oil [32]. Resemblance between pore framework and dynamic molecular diameter of benzene,
toluene, and xylene (BTX) enhance aromatic selectivity of ZSM-5 have been reported by Yu and co-worker [37].
Mochizuki and co-workers [22] studied fast pyrolysis of jatropha residue under catalytic condition using zeolites H-
USY, H-Mordenite, H-Beta, and H-ZSM-5. They reported MAHs and PAHs selectivity when ZSM-5 was introduced
with weight ratio of 1:5. To and co-workers [31] studied pyrolysis of m-cresol with HZSM-5 and HY as catalyst at
400-600 °C. They reported higher selectivity on aromatic (20%-30%) compound than HY (10%-15%). Li and co-
workers [17] suggest that the mechanism pathway of aromatic production from lignocellulosic materials are mainly
contribute by deoxygenation, cracking, hydrocarbon pool, and aromatization. Brgnsted acid sites on the ZSM-5
surface donate the acidic proton to diffused molecule and form unstable compounds. The protonated compounds
were possibly formed in active carbon species (hydrocarbon pool) which leading to elimination the oxygen atom
and were subsequently transformed by aromatization reaction to aromatic structure. The aromatization is supposed
to occur at temperature higher than 370 °C [17].

This study aims to minimize the undesirable aromatic furan as major contributor from bagasse lignin (BG-
lignin) and commercial organosolv lignin (Comm-OS) pyrolysis and to promote aromatic hydrocarbon generation
by using ZSM-5 as catalyst in Py-GCMS instrument at 600 °C. Effect of biomass to ZSM-5 ratio of 1:1, 1:5,
and 1:10 on selectivity of chemical compounds such as phenol derivative, aromatic furan, aliphatic hydrocarbon,
aromatic hydrocarbon, and oxygenated compound were evaluated and discussed. Moreover, hydrocarbon species
were categorized to monocyclic aromatic hydrocarbon (MAHSs) and polycyclic aromatic hydrocarbon (PAHs) and
examined in detail. The data from this work would be useful for strategize biorefinery process for target chemicals
such as BTX or other chemical reactants for many downstream chemical productions.

831



K. Soongprasit, V. Sricharoenchaikul and D. Atong Energy Reports 7 (2021) 830-843

2. Experimental procedure

2.1. Organosolv lignin

The extraction process of lignin from sugarcane bagasse was explain elsewhere [29]. Essentially, ground and
sieved sugarcane bagasse was homogenized with extractive solution (Ethanol:H,O in ratio 75:25) and transfer into
50 ml PTFE-line stainless steel autoclave and placed into heating oven at 180 °C for 3 h. Lignin was isolated from
solution by rotary evaporator and was dried at 60 °C overnight. For comparison, commercial lignin (Comm-OS)
was procured from Chemical Point UG (CP8068-03-9).

2.2. ZSM-5 catalysts

Commercial NH4-ZSM-5 catalysts was supplied by Zeolyst (CBV-3024E) with SiO,/Al,03 mole ratio of 30
with surface area of 403 m?/g. The commercial ZSM-5 was calcined at 600 °C for 2 h. to eliminate ammonium and
form H-ZSM-5 prior to use. The textural properties of ZSM-5 obtained by Surface area analyzer (Quantachrome;
Autosorb-1) according to Brunauer—-Emmett-Teller (BET) theory and acid site obtained from NHj3-Temperature
program desorption (NH3-TPD) were shown in Table 1.

Table 1. Textural properties of H-ZSM-5 catalyst (Sigma-Aldrich; CBV-3024E).

Zeolite  Surface area (mz/g) Pore volume (cm3/g) Pore diameter  Acidic site determined by
A) NH;-TPD
(mmol NH3/g)
BET Micropore External Micropore Meso/macopore  Total Weak acid Strong acid Total
ZSM-5 403 310 93 0.17 0.14 031 30.28 0.90 1.42 2.32

2.3. Catalytic fast pyrolysis using Py-GC-MS technique

The analytical instrument setup using a Pyrolyzer (Frontier; Py-2020iD) with a auto-shot sampler (Frontier;
AS1020E) that interfaced with chromatography unit (Thermo Scientific; TRACE 1300) and mass spectrophotometer
detector (Thermo Scientific; ISQLT) is illustrated in Fig. 1. For each run, 0.4 mg of BG-lignin was kept in stainless
steel crucible which covered with glass wool to prevent sample loss during the experiment. For catalytic conditions,
quantities of ZSM-5 were varied to achieve biomass to catalysts weight ratio (B:C) of 1:1, 1:5, and 1:10 then placed
over biomass and cover with glass wool prior to fast pyrolysis at 600 °C. Instruments setup for pyrolyzer (Py), gas

Ch em‘ic.al Phenol derivative
selectivity
Sample tray
Aromatic furan
Auto-shot
Pyrolyzer
= Comm-0S
=  BG-lignin
Furnace
I MS
Monocyclic aromatic
W"mm" hydrocarbon (MAHs)
'” ”"“ Mass
‘ I ‘“WN detector Polycyclic aromatic

Zeolite CBV-3024E

_l hydrocarbon (PAHs)

Fig. 1. Py-GCMS experimental set up.
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chromatography (GC), and mass spectrophotometer (MS) could be found elsewhere [29]. Identification of each
chromatography peak was compared with National Institute of Standards and Technology (NIST) and Wiley mass
spectrum libraries. Chemical compound were categorized as Pheol derivative (H-unit, G-unit, and S-unit) Aromatic
furan, Aromatic HC, Aliphatic HC, and O-compound with criteria as reported previously [29].

3. Results and discussion

3.1. Organosoly lignin characteristics

Our previous work [29] reported characteristic of extracted lignin by organosolv process from sugarcane
bagasse. Basically, their contain 93%—-96% of combustible compounds including volatile matters and fixed carbon
while ash content is lower than 1.05% for both Comm-OS and BG-lignin. Degradation of lignin analyzed by
Thermogravimetric analysis (TGA) found in broad region from 150-800 °C which respond to breakdown of bonding
between aromatic structure in lignin and side group such as methoxy, alkyl, and hydroxyl [36]. Functional group
of extracted lignin is accordingly with aromatic skeleton of monolignol including H-unit, G-unit, and S-unit with
aliphaic structure and non-conjugated carbonyl group which are related to extraction method by organic solvent [30],
organosolv process. Properties of lignin raw materials were summarized in Table 2.

Table 2. Properties of lignin raw materials use in this work.

Lignin Chemical composition (%wt)Degradation temperature (°C)Structure ("H-NMR)

MoistureVOCsFixed CAsh Onset  Endset H/G/S Pheon/Aliog*
Comm-0S5.69 56.9136.35 1.05 140 680 0.26/0.71/0.030.81/0.19
BG-lignin 3.78 67.3428.80 0.09 140 680 0.16/0.82/0.020.44/0.56

?Pheon = Phenolic hydroxyl group, Alioy = Aliphatic hydroxyl group.

Nuclear magnetic resonance (NMR) is a crucial technique to assess structure of organic substance such as lignin.
BC-NMR of Comm-OS and BG-lignin was illustrated in Fig. 2 with signal assignment in Table 3. Chemical
shift of aliphatic structure region of 10-35 ppm is a clear difference between Comm-OS and BG-lignin, possibly
due to the lignin isolation parameters [2,30]. However, spectra at 40—180 ppm were very similar that possibly
results from biomass feedstock of both lignin are herbaceous. Signal according to —OCHj side group was found
at 55.94 ppm while 3 others majors peak of spectra was detected at 115 ppm (C5, aromatic C—H), 130 ppm (CS5,
aromatic C-C), and 144 ppm (C3, C4 aromatic ether or hydroxyl) that agree with Casas and co-worker [4] who
analyzed lignin extracted from softwood and hardwood lignin. The presence of chemical shift at 115 ppm was
corresponding to guaiacylpropane structure [6]. Moreover, present of CB-O, Cw-O, and Cy-O signal at 84, 72,
and 60 ppm, respectively, identified formation of 8 -O-4 structure in both Comm-OS and BG-lignin. In addition,
C2 and C6 in synringyl structure also presented at 103—105 ppm. Adjaoud and co-worker [2] reported significant

BG-lignin

E DMSO-d6
Intensity (a.u.)

Comm-0S LJ M

200 180 160 140 120 100 80 60 40 20 0
ppm

Fig. 2. 3C-NMR of organosolv lignin as starting feedstock.
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Table 3. 3C-NMR assignment of selected chemical compound [2,6,21].

Signal (ppm) Assignment

167-178 Unconjugated -COOH

162-168 Conjugated -COOH

140-155 C3, C4 aromatic ether or hydroxyl (etherified)
127-140 C1, aromatic C-C

123-127 C5, aromatic C-C

117-123 C6, aromatic C-H in guaiacyl unit
114-117 CS5, aromatic C-H in guaiacyl unit
106-114 C2, aromatic C-H in guaiacyl unit
105-103 C2/C6, aromatic C-H in syringyl unit
78-90 Aliphatic CB-O

67-78 Aliphatic Ca-O

60-59 Aliphatic Cy-O

54-57.5 Methoxy (-OCH3)

40 DMSO-d6

36-30 Aliphatic structure

Lignin structure

(or lignin)

increase in aliphatic carbon atom signal at low chemical shift after esterification of soda lignin with propionic acid.
From the results, characteristics of organosolv lignin extracted from sugarcane bagasse (BG-lignin) seem to be
similar to Comm-OS in terms of chemical composition and thermal behavior. However, differences in constituent
monolignols and aryl side group were observed (Table 2.) that BG-lignin shows higher guaiacyl (G-unit) type
monolignol building unit with same proportion of aliphatic and phenolic hydroxyl group while Comm-OS holds
greater aromatic hydroxyl (Pheoy) content. Regarding on high aliphatic hydroxyl fraction as evaluated by 'H-NMR
in Table 2, BG-lignin contains more aliphatic side group than Comm-OS and possible related to chemical compound
of pyrolysis products that will describe and discussed in the next section.

3.2. Study on production of aromatic products using ZSM-5 catalyst using Py-GC-MS

Py-GCMS technique is usually employed to study degradation behavior of biomass for renewable substance
and value-added chemical production whether thermal or catalytic condition. From our previous work, pyrolysis
temperature strongly effect to selectivity of chemical compound produced during fast pyrolysis of Comm-OS and
BG-lignin [29]. In brief, distribution of H-unit, G-unit, and S-unit produced from depolymerization of Comm-OS
and BG-lignin is significantly affected when pyrolysis temperature is raised from 400 °C to 700 °C. Enhancement
of H-unit selectivity is abundant at 700 °C resulting from demethoxylation of S-unit and G-unit [3,8]. However,
aromatic furan with high selectivity than 30% was still found at any non-catalytic conditions. Aromatic furan,
assigned as 2,3-dihydrobenzofuran, emerged as dominant species from fast pyrolysis of 38.83% and 50.39% at 600
°C for comm-OS and BG-lignin, respective, while aromatic and aliphatic hydrocarbon production lower than 10%.
The reaction pathways of aromatic furan from lignin depolymerization is still unclear. However, the suspected
reactions are clevage and structure rearrangement of ether linkage between monolignol unit [9,29] which result
in benzene ring coupling with 2,3-dihydrofuran ring. Detection of aromatic furan (12.12% [25] and 24.1% [18])
also reported by researchers who studied pyrolysis of kraft lignin and lignin model compound, respectively.
Elimination of benzofuran to aromatic hydrocarbon using molecular sieve catalysts such as ZSM-5 was studied
at 600 °C with various catalysts content (1:1, 1:5, and 1:10). Chromatograms of pyrolyzed products analyzed by
gas chromatography unit were illustrated in Fig. 3.

From the results, signal of chemical species produced under catalytic condition were dramatically different
from thermal condition for both Comm-OS (Fig. 3(a)) and BG-lignin (Fig. 3(b)). Benzofuran was identified at
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Fig. 3. Chromatogram of pyrolyzed products with (a) Comm-OS and (b) BG-lignin as raw materials.

retention time (RT) of 28 min while phenol and oxygenated compound was identified at RT 30—42 min for thermal
condition at 600 °C. Monocyclic aromatic hydrocarbon (MAHs) product such as toluene, benzene, and xylene were
detected at RT 5-10 min while polycyclic aromatic hydrocarbon (PAHs) were found at RT 15-35 min. Phenol
derivative appeared in wider region from RT 15 min to 45 min as found in non-catalytic condition. Hyrocarbon
selectivity is enhanced in proportional with ZSM-5 content. For example, stronger signal of toluene, napthalene,
and 1-methylnapthalene at RT 6.70, 22.20, and 25.95 min, respectively, were detected with decreasing intensity
of benzofuran at RT 28 min. Moreover, intensity of carbon dioxide (CO;) at RT 1.3 min were distinctly increased
which is responsible for oxygen atom elimination from aromatic furan or oxygenated compound by decarbonylation
and decarboxylation reaction on the surface of ZSM-5 [33,34].

Selectivity on the chemical compound of pyrolysis products obtained from Comm-OS and BG-lignin were
illustrated in Fig. 4. Referring to chromatogram (Fig. 3.), aromatic furan as 2,3-dihydrobenzofuran is the most
abundant contributor on pyrolysis products under non-catalytic condition that could possibly produce from cleavage
of ether linkage (Ca—O, CB-0, and Cy—-0) between monolignol compound such as p-hydroxyphenyl, guaiacyl, and
syringyl unit and subsequently structural rearrangement of o-quinone methide by radically induced reaction [20].
However, higher pyrolysis temperature has minor effect on conversion of 2,3-dihydrobenzofuran to phenol or

600C ZSM-51:1 mZSM-51:5 ®mZSM-51:10 600C ZSM-51:1 mZSM-51:5 mZSM-51:10
100 100
80 80 -
S 60 - S 60
St Bt
¥ ¥
X 40 | X 40
20 4 20 A
0 T T T T 0 I-. T T T T —]
Phenol Aromatic  Aliphatic ~ Aromatic O-comp Phenol Aromatic  Aliphatic  Aromatic O-comp
derivative furan HC HC i derivative furan HC HC #
(a) (b)

Fig. 4. Chemical selectivity of pyrolysis products under catalytic condition (a) Comm-OS and (b) BG-lignin.
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hydrocarbon compound [20,29]. During depolymerization of lignin, intermediate compounds such as ion and radical
were produced. Recombination of intermediate radicals such as aryl, alkyl, and methoxy during the lignin pyrolysis
at 400-700 °C was dominated and results in lower phenol (Ph) selectivity [29]. Lou and co-workers [20] reported
36.05-66.26% of 2,3-dihydrobenzofuran production from fast pyrolysis of enzymatic/mild acidolysis lignin (EMAL)
isolated from moso bamboo at 250-600 °C. At high pyrolysis temperature of 800 °C, thermal effect shows superior
reduction of 2,3-dihydrobenzofuran conversion to 19.15%. However, high temperature fast pyrolysis is not practical
for upscale biorefinery process due to prohibitive capital investment and cost. Moreover, elimination of aromatic
hydroxy group was prohibit with results as coke formation instead of aromatic hydrocarbon which possibly related
to the polymerization of o-quinone methide as reported by Hosoya and co-workers [9]. Moreover, they suggested o-
quinone methide reactivity is the key intermediate for char formation during pyrolysis of lignin via various complex
reactions. Thus, selective molecular sieve catalysts could be overcome this boundary by adsorption of intermediate
radicals on acid site and promoted hydrocarbon and others high value chemical substance from lignin.

Introduction of ZSM-5 catalyst seem to promote conversion of aromatic furan to phenol derivative and hydro-
carbon compound especially aromatic structure for both Comm-OS and BG-lignin. Aromatic furan is significantly
reduced from 50.39% and 38.83% to lower than 0.70%, for Comm-OS and BG-lignin, respectively, according
to higher catalyst content from 1:1 to 1:10. Maximum aromatic production was found at 1:10 for both Comm-
OS and BG-lignin of 87.31% and 88.22%, respectively. In addition, dramatically decrease of phenol derivative
was found from 77.75% to 12.07% for Comm-OS and 40.89% to 6.51% for BG-lignin with addition of ZSM-
5 from 1:1 to 1:10. Elimination of aliphatic side chain was more robust in BG-lignin according to higher
aliphatic HC with maximum content at 1:5 of 43.21%. This result is corresponding with 'H-NMR [29] and '*C-
NMR spectra that chemical shift signal of aliphatic structure region is superior for BG-lignin. Enhancement of
aromatic HC portion was quite straightforwardly with the reduction of phenol derivative and aliphatic furan (2,3-
dihydrobenzofuran) by demethoxylation, dihydroxylation, and dealkylation reactions [13,26]. Unfavorable content
of oxygen containing compound such as ether, ester, carboxylic acid, and ketone were detected with lower than 10%
for catalytic conditions and totally disappeared with excess ZSM-5 (1:5 and 1:10). Advantage of zeolite catalysts
on hydrocarbon selectivity have been reported by many researchers [11,13,14,16,25,28,35,39]. Mochizuki and co-
worker [22] demonstrate the reaction pathways of lignin component in jatropha under catalytic condition with
ZSM-5. During the catalytic pyrolysis of lignin, chemical vapor compounds produced from depolymerization of
lignin may accept proton from Brgnsted acid site on ZSM-5 surface leading to the formation of carbocation as
intermediate products [24]. These compounds were subsequently undergo oxygen elimination by decarbonylation
and decarboxylation reaction which results in aromatic and aliphatic hydrocarbons. Adsorption of phenol-like
oxygenated compound on acid active site inside pore framework results in hydrocarbon products by decarboxylation
and decarbonylation reaction. Furthermore, higher catalyst content from 1:1 to 1:10 lean to conduct production of
aromatic HC with highest of 87.31% and 88.22% for Comm-OS and BG-lignin, respectively, by increasing of acid
site. Vichaphund and co-worker [33] reports the same fashion on effect of catalyst content 1:5 was remarkably
promoted aromatic formation with 94% selectivity of pyrolysis vapors of jatropha at 500 °C. Consideration
on hydrocarbon products, different lignin raw materials, Comm-OS and BG-lignin, seem to strongly effect the
configuration aromatic formation. For BG-lignin, aliphatic produced is dramatically reduced when ZSM-5 was
introduced to 1:10 with higher aromatic formation. This incident should be describe with the same reaction pathway
of pyrolysis of cellulose under catalytic condition that demonstrated by Mochizuki and co-worker [22]. Diffusion of
intermediate compound through acid catalyst, ZSM-5, pore size results in formation of MAHs and light hydrocarbon
by series of oligomerization, cyclization, and aromatization [5,10].

Phenolic selectivity and aromatic structure related with catalysts content were illustrated in Fig. 5. The phenolic
compound were categorized as oxygenated-alkyl methoxy phenol (OR-Ph—OCH3), alkyl methoxy phenol (R-Ph-
OCHj3;), methoxy phenol (Ph—OCHj3), alkyl phenol (R-Ph), and phenol (Ph) with criteria that reported elsewhere [29]
while aromatic is categorized as monocyclic aromatic hydrocarbons (MAHs) and polycyclic aromatic hydrocarbon
(PAHs). It is clearly noticed that ZSM-5 catalysts promoted elimination of phenolic side chain such as methoxy,
alkyl, and hydroxyl group by demethoxylation and dealkylation reactions. Kim and co-workers [11] studied pyrolysis
of methylated lignin over zeolite Y catalyst. The reaction pathway of lignin inside catalyst pore was discussed with
dealkylation of aliphatic alkyl group (R-Ph) to phenol (Ph) with MAHs such as cresols and ethylphenol as products.
Combination between neighboring phenol results in PAHs by dihydroxylation, aromatization, isomerization, and
oligomerization. Elimination of oxygenated-alkyl group on OR-Ph—OCH3;, primary pyrolysis products, was more
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Fig. 5. Selectivity of aromatic compound under catalytic condition. (a) Comm-OS and (b) BG-lignin.

abundant in Comm-OS with 1:5 catalysts with rising of R-Ph—OCHj3 (37.01%) and Ph—-OCHj3 (10.44%). Cleavage
of methoxy group continuously proceeded with formation of alkyl phenol (R-Ph) and phenol (Ph) of 6.56-17.44%
and 2.50-7.26% for Comm-OS, respectively, while BG-lignin was 1.35-7.28% and 1.70-7.29%, respectively.

From our previous work, non-catalytic condition could not drive the dehydroxylation of phenol to aromatic
compound [29]. Regarding on complexity and instability of radical during depolymerization of lignin, intermediate
radical and ion may recombine with phenol as aromatic substitution group and result in phenol derivative with low
aromatic selectivity. Despite the decomposition of phenol derivative and conversion to aromatic compound at high
temperature, lower yield of valuable products also found with decomposed to gas such as CO,, CO, and alcohol.
Thus, selective catalyst could overcome this boundary by transforming phenol derivative and unfavorable aromatic
furan to aromatic hydrocarbon. ZSM-5 exhibits instinctive performance on MAHs and PAHs selectivity especially
at 1:5 and 1:10. Liu and co-worker [19] reported that ZSM-5 was superior selectivity on aromatic structure than
BETA, HY-25 and SAPO-34 with lower coke formation. The advantage of aromatic selectivity is strongly related to
ZSM-5 framework that influence on adsorption of precursor [24]. The geometry of ZSM-5 catalyst with sinusoidal
and straight channel is similar to dynamic diameter of aromatic such as benzene. Toluene, and xylene (BTX) results
in shape selectivity was suggest by Zhang an co-worker [37,38]. Higher aromatic production at B:C 1:5 and 1:10
of 36.48-41.51% and 38.49-45.79% for MAHs and PAHs, respectively was obtained for Comm-OS lignin. Phenol
derivative and aromatic products from catalytic fast pyrolysis of Comm-OS was shown in Table 4. At low catalyst
content (1:1), phenol, 2-methoxyphenol, 2-methoxy-4-vinylphenol, and 2,6-dimethoxyphenol are found in high
proportion of 7.26%, 5.29%, 18.51%, and 4.79%, respectively. These phenol derivatives were substantially reduced
with excess of catalyst at 1:5 and 1:10 corresponding with rise of aromatics such as benzene, toluene, o-xylene,
naphthalene, and 1-methylnaphthalene with total aromatic were 74.97% and 87.31%, respectively. For BG-lignin,
difference between MAHs and PAHs is clearly noticed with 19.15-36.86% and 21.59-51.37%, respectively. Lower
aromatic selectivity observed on BG-lignin is related to disproportionation of alkly and oxygenated-alkyl side chain
that is more favorable under catalytic condition as shown in Fig. 4(b). Phenol, 2-methoxy-4-methylphenol, p-tert-
butylphenol and 1,2,3-Trimethoxybenzene (Table 5.) are major compounds of 7.29%, 2.01%, 3.46%, and 4.17% at
1:1 that were suddenly transform to aromatic products under ZS-5 1:5 and 1:10 such as benzene, toluene, o-xylene,
naphthalene, 2-methylnaphthalene, and propylbenzene with total aromatic of 40.75% and 88.22%, respectively.

From the result, formation of aromatic furan could be limited by introduction of molecular sieve ZSM-5 catalyst
which enhance the oxygen elimination from phenol derivative as described pathway. However, yield of phenol as
high value chemical substance is directly reduced. The data from this work is valuable information for biorefinery
process design for consideration of the proper process for target chemical. For example, ZSM-5 is more favorable for
aromatic and BTX production while thermal condition is more appropriate for phenol and its derivative production
for fine chemical substance.

4. Conclusion

Organosolv lignins, Comm-OS and BG-lignin, were pyrolyzed using ZSM-5 as catalysts to curtail the formation
of aromatic furan (2,3-dihydrobenzofuran), undesirable products, and to promote aromatic hydrocarbon. Py-GCMS
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Table 4. Pyrolysis products obtained from fast pyrolysis of Comm-OS using ZSM-5 catalyst.
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RT Formula Compound % Area

Thermal 1:1 1:5 1:10
Phenol and derivative
19.62 C6H60 Phenol 5.28 7.26 4.44 2.50
20.18 C7H802 Phenol, 2-methoxy- 8.08 5.29 - -
21.31 C7H80 Phenol, 2-methyl- 0.86 2.95 2.80 1.24
22.61 C7H80O p-Cresol - 6.48 6.05 3.93
22.54 C7H80 Phenol, 3-methyl- 2.51 — - -
23.76 C8H1002 Creosol 4.05 3.70 0.68 0.45
23.94 C8H100 Phenol, 3-ethyl- 0.46 - - -
24.15 C8H100 Phenol, 3,4-dimethyl- 0.44 2.89 2.59 1.05
25.53 C8H100 Phenol, 4-ethyl- 3.48 2.67 - -
26.56 C9H1202 Phenol, 4-ethyl-2-methoxy- - 3.34 - -
28.46 C9H1002 2-Methoxy-4-vinylphenol - 18.51 1.18 1.08
29.07 C10H140 2,5-Diethylphenol - 0.74 - -
29.82 C9H100 2-Allylphenol 0.22 - - -
30.13 C8H1003 Phenol, 2,6-dimethoxy- 6.44 4.79 1.28 -
30.65 CI11H160 Benzene, 1-methoxy-4-methyl-2-(1-methylethyl)- 1.19 - -
31.41 C9H1004 Benzoic acid, 2-hydroxy-4-methoxy-6-methyl- 0.37 0.69 0.34 -
32.56 C10H1202 Phenol, 2-methoxy-4-(1-propenyl)- 0.78 1.64 - -
32.93 C9H1203 Phenol, 4-methoxy-3-(methoxymethyl)- 2.16 3.06 1.63 0.68
33.18 C8H803 4-Hydroxy-2-methoxybenaldehyde - 0.39 - -
33.85 C9H1202 Phenol, 5-methoxy-2,3-dimethyl- - 0.55 - -
33.87 CI10H1203 Phenol, 4-(3-hydroxy-1-propenyl)-2-methoxy- 0.22 - - -
35.11 C10H1403 5-tert-Butylpyrogallol 1.04 1.26 0.85 0.34
35.59 CI10H1402 Phenol, 3-methoxy-2,4,6-trimethyl- 0.40 0.52 - -
36.76 C11H1602 Phenol, 3-(1,1-dimethylethyl)-4-methoxy- 293 2.52 0.38 0.29
37.28 C11H1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 0.94 0.80 - -
38.28 C10H8O 2-Naphthalenol - 0.84 1.25 0.20
38.70 C11H1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 0.51 0.55 0.39 -
40.31 C11H1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 2.76 2.51 0.72 0.31
40.77 CI11H100 1-Naphthalenol, 4-methyl- - 0.35 0.46 -
41.10 C9H1004 Benzaldehyde, 4-hydroxy-3,5-dimethoxy- 0.44 0.41 - -
42.88 C10H1204 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- 1.09 1.05 - -
43.97 C11H1404 trans-Sinapyl alcohol 0.34 0.36 - -
Total 24.12 48.74 8.48 2.90
Aromatic
4.86 C6H6 Benzene - 1.24 6.52 7.73
6.76 C7H8 Toluene 0.30 3.72 12.11 14.43
9.17 C8H10 o-Xylene - - 0.40 0.19
9.40 C8H10 o-Xylene - 3.27 7.70 8.96
10.32 C8H10 o-Xylene - - 0.99 1.88
12.43 CO9H12 Benzene, 1-ethyl-3-methyl- - - 0.34 0.25
13.68 CO9H12 Benzene, 1-ethyl-3-methyl- - - 0.93 1.40
15.44 CI9H10 Indane - - 0.41 0.38
16.42 CO9H8 Indene - 0.96 3.07 3.07
19.10 CI10H12 Benzene, 4-ethenyl-1,2-dimethyl- - - 0.44 0.28
20.14 CI0H10 Benzene, 1-methyl-4-(1-propynyl)- - - 2.29 1.86
20.62 CI10H10 Benzene, 1-methyl-4-(1-propynyl)- - 0.45 0.77 0.66
22.17 C10H8 Naphthalene - 3.52 13.32 16.74
25.95 CI11H10 Naphthalene, 1-methyl- - 4.18 13.19 13.76
26.54 CI11H10 Naphthalene, 1-methyl- - - 1.22 3.53
29.07 CI2H12 Naphthalene, 2-ethyl- - - 0.59 0.60
29.48 CI2H12 Naphthalene, 1,7-dimethyl- - 1.51 4.18 3.21
29.96 CI2H12 Naphthalene, 1,7-dimethyl- - - - 2.50
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Table 4 (continued).
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RT Formula Compound %0 Area

Thermal 1:1 1:5 1:10
30.68 C12H10 Hexa-2,4-diyn-1-ylbenzene - - 0.51 0.42
32.37 C13H14 Naphthalene, 1,4,5-trimethyl- - - 0.38 0.18
35.29 Cl11H14 2,2-Dimethylindene, 2,3-dihydro- - 0.65 - -
35.48 CI3H10 1H-Phenalene - - 0.33 0.50
36.92 CI3H10 1H-Phenalene - - 0.89 0.65
39.91 C14H12 9H-Fluorene, 4-methyl- - - 0.57 0.13
41.50 C14H10 9H-Fluorene, 9-methylene- - - - 0.16
41.75 C14H10 Phenanthrene - - 1.93 2.29
44.66 CI15H12 Naphtho [2,3-b] norbornadiene - 0.56 1.52 1.06
44.95 CI5H12 Naphtho [2,3-b] norbornadiene - - 0.36 0.48
Total 0.30 20.05 74.97 87.31

Table 5. Pyrolysis products obtained from fast pyrolysis of BG-lignin using ZSM-5 catalyst.
RT Formula Compound 9o Area
Thermal 1:1 1:5 1:10

Phenol and derivative
13.39 C10H1002 Benzene, 1,2-(methylenedioxy)-4-propenyl-, (E)- - - 0.09 0.11
14.35 C6H60 Phenol - 7.29 4.64 3.12
14.56 C7H802 Phenol, 2-methoxy- - 1.80 - -
15.94 C7H80 Phenol, 3-methyl- - 1.23 1.30 0.97
16.96 C8H1002 2-Methoxy-5-methylphenol - - 0.11 -
17.15 C7H80 Phenol, 3-methyl- - 1.84 0.46 0.39
17.24 C7H80O Phenol, 3-methyl- - 1.28 1.58 1.20
18.03 C8H1002 Phenol, 2-methoxy-4-methyl- - 2.01 0.27 -
18.70 C8H100 Phenol, 2,6-dimethyl- - 0.68 0.51 0.38
19.62 C6H60 Phenol 1.70 - - -
20.06 C8H100 Phenol, 3-ethyl- - 1.21 -
20.14 C8H100 Phenol, 2,6-dimethyl- - 0.71 0.17 -
20.16 C7H802 Phenol, 2-methoxy- 2.16 - - -
21.31 C7H80 Phenol, 2-methyl- 0.24 - - -
22.54 C7H80 Phenol, 3-methyl- 2.10 - - -
22.65 CI10H140 Phenol, p-tert-butyl- - 3.46 0.10 -
23.76 C8H1002 Creosol 2.30 - - -
24.15 C8H100 Phenol, 3,4-dimethyl- 0.34 - - -
24.36 C9H1004 Benzaldehyde, 4-hydroxy-3,5-dimethoxy- 3.25 - 0.34
25.53 C8H100 Phenol, 4-ethyl- 1.91 - - -
26.58 C9H1202 Phenol, 4-ethyl-2-methoxy- 0.57 - - -
26.72 C10H1202 Phenol, 2-methoxy-4-(1-propenyl)- - 1.80 0.08 -
27.21 C9H1203 1,2,3-Trimethoxybenzene — 4.17 1.31 —
29.23 C10H1202 Phenol, 2-methoxy-3-(2-propenyl)- 0.88 - - -
29.38 C9H1004 3,4-Dimethoxy-5-hydroxybenzaldehyde - - 0.41 -
31.03 C10H1402 Phenol, 2-methoxy-4-propyl- - 247 - -
30.11 C8H1003 Phenol, 2,6-dimethoxy- 3.71 - - -
30.95 C10H1202 Phenol, 2-methoxy-4-(1-propenyl)- 0.30 - - -
31.55 C10H1202 Phenol, 2-methoxy-4-(1-propenyl)- - 1.02 0.19 -
31.93 C9H100 Phenol, 4-(2-propenyl)- 0.40 - - -
32.56 C10H1202 Phenol, 2-methoxy-6-(1-propenyl)- 2.48 - - -
32.93 C9H1203 Phenol, 4-methoxy-3-(methoxymethyl)- 3.19 - - -
33.20 C8H803 Vanillin 2.41 - - -
32.95 C10H1202 Phenol, 2-methoxy-4-(1-propenyl)- - 0.79 - -
33.71 C10H1002 Benzene, 1,2-(methylenedioxy)-4-propenyl-, (E)- - 0.50 - -
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Table 5 (continued).

RT Formula Compound %o Area

Thermal 1:1 1:5 1:10
33.73 C15H140 Benzene, 1-methoxy-4-(2-phenylethenyl)- - - 0.17 -
34.19 C15H140 Benzene, 1-methoxy-4-(2-phenylethenyl)- - - 0.10 -
34.58 C10H1202 Phenol, 2-methoxy-4-(1-propenyl)- - 2.84 0.37 -
35.11 C10H1403 S-tert-Butylpyrogallol 0.56 - - -
35.29 C9H1004 Benzaldehyde, 4-hydroxy-3,5-dimethoxy- - 1.65 0.30 -
35.59 C10H1402 Phenol, 3-methoxy-2,4,6-trimethyl- 0.55 - - -
36.36 C11H1204 Glycidic acid, trans-3-[4-methoxyphenyl]-, methyl ester 0.40 - - -
36.76 C11H1602 Phenol, 3-(1,1-dimethylethyl)-4-methoxy- 3.11 - - -
37.07 C10H1203 Phenol, 4-(3-hydroxy-1-propenyl)-2-methoxy- 0.43 0.90 0.12 -
37.28 C11H1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 1.68 - - -
38.43 C14H220 Phenol, 2,4-bis(1,1-dimethylethyl)- - - 0.63 -
38.68 C11H1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 1.08 - - -
40.31 C11H1403 Phenol, 2,6-dimethoxy-4-(2-propenyl)- 4.53 - - -
41.10 C9H1004 Benzaldehyde, 4-hydroxy-3,5-dimethoxy- 2.75 - - -
41.21 C14H220 Phenol, 2,4-bis(1,1-dimethylethyl)- - - 0.09 -
41.84 CI12H1603 1,2-Dimethoxy-4-(1-methoxy-1-propenyl) benzene 1.23 - - -
42.88 CI10H1204 Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)- 1.27 - - -
43.32 C10H1203 (E)-4-(3-Hydroxyprop-1-en-1-yl)-2-methoxyphenol 1.00 - - -
43.55 CI2H1604 Ethyl 3-(4-hydroxy-3-methoxyphenyl) propionate 1.82 - - -
43.97 C11H1404 trans-Sinapyl alcohol 1.25 - - -
46.60 C12H1404 Ethyl ferulate 0.68 - - -
46.85 C11H1203 p-Hydroxycinnamic acid, ethyl ester 0.86 - - -
48.25 CI13H1804 1,2-Dimethoxy-4-(1,3-dimethoxy-1-propenyl) benzene 0.36 - - -
49.74 C11H1404 trans-Sinapyl alcohol 0.94 - - -
Total 49.20 40.89 13.01 6.51
Aromatic
2.23 C6H6 Benzene - 0.88 1.81 4.38
3.34 C7H8 Toluene - 2.15 5.38 11.41
5.07 C8H10 o-Xylene - 0.57 0.68 0.67
5.26 C8H10 o-Xylene - 3.55 7.62 13.59
591 C8H10 o-Xylene - - 0.81 1.94
6.14 C8HS Styrene - - 0.09 -
7.60 C9H12 Benzene, 1,2,4-trimethyl- - 0.90 0.59 0.60
8.65 C9H12 Benzene, 1,2,4-trimethyl- - - 0.70 1.51
10.11 C9H10 Indane - - 0.20 0.41
10.99 COH8 Indene - - 1.07 1.44
13.45 COH10 Benzene, 1-propenyl- - - 0.21 0.27
14.87 CI10H8 Naphthalene - - 0.34 0.29
16.27 C10H8 Naphthalene - 1.95 9.19 22.13
18.30 C10H8 Naphthalene - - 0.13 -
19.95 CI11H10 Naphthalene, 2-methyl- - 2.11 8.66 16.28
20.52 CI11H10 Naphthalene, 2-methyl- - - - 2.26
20.52 C11H10 Naphthalene, 2-methyl- - - 0.22 -
22.38 COH12 Benzene, propyl- - 0.49 - -
22.90 CO9H12 Benzene, propyl- - 22.29 - -
23.05 CI11HI10 Naphthalene, 1-methyl- - - - 0.60
23.15 C13H14 Naphthalene, 1-(1-methylethyl)- - - - 0.12
23.44 CI3H14 Naphthalene, 1-(1-methylethyl)- - 1.47 1.70 2.62
23.92 CI13H14 Naphthalene, 1-(1-methylethyl)- - - - 0.84
24.01 CI3H14 Naphthalene, 1-(1-methylethyl)- - - - 0.56
24.61 CI2H10 Acenaphthene - - - 0.20
26.37 CI3H14 Naphthalene, 2-(1-methylethyl)- - - - 0.19
27.18 C13H12 1,1’-Biphenyl, 2-methyl- - - - 0.63

(continued on next page)
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Table 5 (continued).

RT Formula Compound % Area

Thermal 1:1 1:5 1:10
27.94 CI12H18 Benzene, hexyl- - 0.62 0.13 -
29.32 CI13H10 Fluorene - - - 0.53
30.72 CI13H10 Fluorene - - 0.38 0.56
32.47 CI9HS Benzene, 1-ethynyl-4-methyl- - - - 0.64
35.25 C14H10 Phenanthrene - - - 0.28
32.47 CI9HS Benzene, 1-ethynyl-4-methyl- - 0.70 - -
35.48 C14H10 Phenanthrene - - 0.84 1.84
38.43 CI13H10 Fluorene - - - 0.99
38.72 C13H10 Fluorene - - - 0.35
39.83 CI16H10 Pyrene - - - 0.09
49.47 C26H38 Benzene, 1,1 -tetradecylidenebis- 2.15 - - —
Total 2.15 37.67 40.75 88.22

chromatogram clearly indicated the transformation of pyrolyzed products from non-catalytic condition such as
aromatic furan and monolignol (H-unit, G-unit, and S-unit) to hydrocarbon species with addition of ZSM-5 catalyst.
The decreasing of phenol derivative was found from 77.75% to 12.07% for Comm-OS and 40.89% to 6.51% for BG-
lignin with addition of ZSM-5 from 1:1 to 1:10 according to elimination of aliphatic side chain by demethoxylation,
dihydroxylation, and dealkylation reactions. Aliphatic hydrocarbon was more abundant for BG-lignin that contains
more aliphatic side chain which observed by 'H-NMR and '*C-NMR spectra. However, aliphatic produced from
BG-lignin is dramatically reduced when ZSM-5 was introduced to 1:10 with higher aromatic formation. ZSM-5
exhibits instinctive performance on MAHs and PAHs selectivity especially at 1:5 and 1:10. Comm-OS seem to be
suitable for aromatic compound generation than BG-lignin with the latter is more favorable on aliphatic hydrocarbon.
Nevertheless, polymerization between MAHs to PAHs also observed for both Comm-OS and BG-lignin. From the
result, transformation of aromatic furan could be limited by the introduction of molecular sieve ZSM-5 which
enhance the oxygen elimination from phenol derivative and favorable for aromatic and BTX production.
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