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Get wisdom, get understanding. Though it cost all you have.

Do not forsake wisdom, and she will protect you.
Love her, and she will watch over you
Cherish her, and she will exalt you.
Embrace her, and she will honor you.

She will give you a garland to grace your head.
She will present you with a glorious crown.
(Proverbs 4:5-9)



Abstract

The rapid increase in energy demand, the extensive use of fossil fuels, and the urgent need to
reduce carbon dioxide emissions have raised concerns in the transportation sector, since
transportation has been primarily dependent on fossil fuels. Biofuel from biomass can make
significant contributions to overcome the expected depletion of fossil fuels and reduce carbon
emissions. The availability and wide diversity of biomass resources have made them an
attractive and promising source of fuels. Biomass can be converted into biofuel by
thermochemical pyrolysis process.

Improvements on the pyrolysis process of biomass fuels are needed to obtain a high-quality of
bio-oil. Pre-treatment by acid leaching prior to the pyrolysis process is considered to remove
Alkali and Alkaline Earth Metal (AAEM) from the biomass, since AAEM adversely affect the
catalytic pyrolysis process. Information about biomass pyrolysis kinetics is also important to
evaluate biomass as a feedstock for fuel or chemical production as well as efficient design and
control of thermochemical processes. Further, the use of H-ZSM-5 and AI-MCM-41 as a
mesoporous and a microporous catalyst has been proved to improve the quality of bio-oil. The
influence of a catalyst regeneration on the chemical composition of the upgraded oil is also one
of the factors pertaining to the catalytic process.

In this study, the catalytic pyrolysis kinetics of lignocellulose biomass with a mixed catalyst of
H-ZSM-5 and AlI-MCM-41 at different ratios for both, un-leached and leached biomass, is
analyzed. The derived activation energies are determined based on the solid-state reaction
mechanism. Bench-scale experiments have also been investigated to improve the quality of
bio-oil, in terms of Organic Fraction (OF), water content, acidity, favorable fractions, as well
as gasoline-range chemicals. The effect of a mixed-catalysts and staged-catalysts consisting of
H-ZSM-5 and AlI-MCM-41 at different ratios in a lignocellulose biomass pyrolysis has been
compared. The ratio of H-ZSM-5 and AlI-MCM-41 in the catalyst mixtures for lignocellulose
biomass catalytic pyrolysis has also been optimized. Further, the effect of sequential catalyst
regenerations of H-ZSM-5 and Al-MCM-41 catalyst mixtures on the obtained catalytic
pyrolysis products has been analysed.

The bench-scale experiments of lignocellulosic biomass pyrolysis and catalytic pyrolysis were
performed using a fixed bed reactor equipped with oil condensers and a gas collection sample
bag. The quality of bio-oil produced from the thermal pyrolysis of lignocellulosic biomass,
catalytic pyrolysis with single catalyst, catalytic pyrolysis with staged catalyst system, as well
as catalytic pyrolysis with mixed catalyst system were studied. Later, the catalyst was
regenerated several times and the regenerated catalyst was reloaded in the reactor to proceed
with the next run. The composition of the derived upgraded pyrolysis oils in relation to the
catalyst regeneration was determined.

The results from the acid leaching treatment showed that the optimum leaching process was
set to 30 minutes, 30°C and 5 wt.% acetic acid in the leaching liquid. This resulted in 59%,
95%, 99%, and 96% reduction degree of Calcium (Ca), Magnesium (Mg), Potassium or Kalium
(K), and Natrium (Na), respectively. The use of the acid leaching process as a treatment prior
to catalytic pyrolysis is positive, since it resulted in high devolatilization and reaction rate. For
the kinetic studies, the second order (F2) mechanism was able to illustrate the catalytic
pyrolysis process, proven by the result that the coefficient of determination (R2) was higher
than 0.99, which was high compared to other mechanisms.
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The bench-scale experiments show that that AI-MCM-41 with H-ZSM-5 in the staged catalyst
system enhanced the production of favorable compounds: hydrocarbons, phenols, furans, and
alcohols. The favorable compounds yield that boosted 5.25-6.43% of that with single H-ZSM-
5 catalyst was produced with H-ZSM-5:Al-MCM-41 mass ratio of 3:1 and 7:1. The pyrolysis and
catalysis temperature of 500°C with H-ZSM-5:A1-MCM-41 ratio of 3:1 obtained the optimum
quality of bio-oil with 11.08 wt.% of Organic Fraction (OF), 76.20% of favorable fractions, 41.97
wt.% of water content, low TAN of 43.01 mg-KOH/g, high deoxygenation, as well as high
gasoline-range production of 97.89%.

The catalyst mixture of H-ZSM-5 and AI-MCM-41 with a ratio of 7:1 resulted in a 65.75%
deoxygenation degree. An organic-rich bio-oil was obtained with 74.90 wt.% of carbon content,
8 wt.% of hydrogen content, 15 wt.% oxygen content, a 0.39 wt.% water content, and a high
heating value of 34.15 MJ/kg. The highest amount of favorable compounds among the studied
catalytic experiments was obtained with a value of 95.89%. The significant improvement in the
quality of bio-oil with the utilisation of H-ZSM-5 and AI-MCM-41 catalyst mixtures was the
rise of favorable compounds in bio-oil.

The experiments of sequential catalyst regenerations of H-ZSM-5 and Al-MCM-41 catalyst
mixtures show that the catalytic activity decreased as the number of reaction cycles increased,
albeit an increase yield of Organic Fraction (OF) and a decrease in water as well as coke yields.
The HHYV of bio-oils decreased. However, the minimum value of HHV (22.42 MJ/kg) after 6
sequential usage was still higher than the value for the non-catalytic experiment (19.55 MJ/kg).
The favorable compounds yield, which includes hydrocarbons, phenols, furans, and alcohol,
decreased. The dominant components contributed to the yield of favorable compounds were
hydrocarbon aromatics and phenols.

Keywords: Al-MCM-41, lignocellulose biomass, H-ZSM-5, kinetic study, -catalyst
regeneration



Sammanfattning

Den snabba okningen av energibehovet, den omfattande anvandningen av fossila branslen och
det bradskande behovet av att minska koldioxidutslappen har vickt oro inom
transportsektorn, eftersom transport fraimst har varit beroende av fossila brianslen. Biobrénsle
frdn biomassa kan ge betydande bidrag for att overvinna den forvintade uttomningen av
fossila branslen och for att minska koldioxidutsldppen. Tillgdngen och den stora mangfalden
av biomassaresurser har gjort dem till attraktiva och lovande kallor for branslen. Biomassa kan
omvandlas till biobransle genom anviandandet av en termokemisk pyrolysprocess.

Forbattringar av pyrolysprocessen av biomassabranslen behovs for att erhélla en hogkvalitativ
bioolja. En forbehandling med syralakning fore pyrolysprocessen anses kunna avldgsna
alkalimetaller och alkaliska jordartsmetaller (AAEM) fran biomassan, eftersom AAEM
negativt paverkar den katalytiska pyrolysprocessen. Information om kinetik vid pyrolys av
biomassa ar ocksa viktig information for att utvardera biomassa som ravara for bransle- eller
kemisk produktion samt for en effektiv design och kontroll av termokemiska processer. Vidare
har anvandningen av H-ZSM-5 och AI-MCM-41 som en mesoporos katalysator respektive en
mikroporos Kkatalysator visat sig forbattra kvaliteten pa bioolja. Péaverkan av en
katalysatorregenerering pa den kemiska sammansattningen av den uppgraderade oljan ar
ocksé en av de faktorer som ar relaterad till den katalytiska processen.

I denna studie analyseras kinetiken for den katalytiska pyrolysen av en lignocellulosbaserad
biomassa genom anvidndande av en katalysatorblandning bestidende av H-ZSM-5 och Al-
MCM-41 for olika forhéllanden och for bade olakade och urlakade biomassor. De erhéillnaa
aktiveringsenergierna bestdms baserat pa fastfas reaktionsmekanismen. Experiment i
bankskala har ocksé genomforts for att studera hur det 4r mojligt att forbattra kvaliteten pa
bioolja med avseende pa organisk fraktion (OF), vatteninnehéll, surhet, ggnnsamma fraktioner
samt kemikalier som ar av vikt i bensinprodukter. Effekten av anvindningen av blandade
katalysatorer och iscenesatta katalysatorer bestdende av H-ZSM-5 och AI-MCM-41 for olika
forhéllanden vid pyrolys av en lignocellulosabaserad biomassa har jamforts. Studier av
optimering av forhallandet mellan H-ZSM-5 och AI-MCM-41 i katalysatorblandningarna vid
en katalytisk pyrolys av lignocellulosabaserad biomassa har ocksd genomforts. Vidare har
effekten av sekventiella katalysatorregenereringar av H-ZSM-5 och Al-MCM-41-
katalysatorblandningar pa de erhéllna katalytiska pyrolysprodukterna studerats.

Bankskalaexperimenten med en lignocellulosabaserad biomassapyrolys och en katalytisk
pyrolys utférdes med anvindning av en reaktor bestdende av en fast badd utrustad med
oljekondensatorer och en provpase for uppsamling av gas. Kvaliteten pa biooljan producerad
genom anvandande av en termisk pyrolys av lignocellulosamassa, en katalytisk pyrolys med
enstaka katalysatorer, en katalytisk pyrolys med anvindande av iscensatt katalysatorsystem
samt en katalytisk pyrolys med anvidndande av ett blandat katalysatorsystem studerades.
Darefter sa regenererades katalysatorn flera ginger och den regenererade katalysatorn
laddades om i reaktorn for att utfora nasta forsok. Dessutom sd bestaimdes sammansittningen
av de hiarledda uppgraderade pyrolysoljorna i forhéllande till katalysatorregenerationen.

Resultaten fran syralakningsbehandlingen visade att den optimala urlakningsprocessen
erhills om foljade parametrar anvindes: 30 minuter, 30°C och 5 vikt-% attiksyra i lakvatskan.
Detta resulterade i 59%, 95%, 99% och 96% reduktionsgrader med avseende pa kalcium (Ca),
magnesium (Mg), kalium (K) och natrium (Na). Anvandningen av syralakningsprocessen som
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en behandling fore en katalytisk pyrolys gav positiva resultat, eftersom den resulterade i en
hog devolatilisering och en hog reaktionshastighet. For de kinetiska studierna kunde en andra
ordningens (F2) mekanism anviandas for att illustrera den katalytiska pyrolysprocessen.
Denna slutsats baserades pa resultatet att bestimningskoefficienten (R2) var hogre dn 0,99,
vilket var hogt jamfort med de andra undersokta mekanismerna.

Experimenten i bankskala visar att anvindandet av en kombination av AI-MCM-41 och H-
ZSM-5 i det iscensatta katalysatorsystemet forbattrade produktionen av féljande gynnsamma
foreningar: kolviten, fenoler, furaner och alkoholer. De gynnsamma foreningarna som gav
5,25-6,43% med anvindande av en enkel H-ZSM-5-katalysator framstilldes med ett H-ZSM-
5: AI-MCM-41 massforhallande motsvarande 3:1 respektive 7:1. Anvindande av pyrolys- och
katalystemperaturer som var 500°C och ett H-ZSM-5: Al-MCM-41-forhéllande som var 3:1
resulterade i en optimal kvalitet pa biooljan som inneholl 11,08 vikt-% av en organisk fraktion
(OF), 76,20% av gynnsam fraktioner, 41,97 vikt-% vatten, en 14g TAN miangd motsvarande
43,01 mg-KOH/g, en hog deoxygenering och en hog bensinproduktion motsvarande 97,89%.

Katalysatorblandningen bestaende av H-ZSM-5 och AI-MCM-41 med ett forhallande av 7:1
resulterade i en 65,75% deoxygeneringsgrad. Dessutom sa erholls en organisk rik bioolja
erholls med ett 74,90 vikt-% kolinnehall, ett 8 vikt-% viteinnehall, ett 15 vikt-% syreinnehall,
ett 0,39 vikt-% vatteninnehall och ett hogt virmevarde motsvarande 34,15 MJ/kg. Vardet pa
den hogsta mangden gynnsamma foreningar bland de studerade katalytiska experimenten var
95,89%. Den signifikanta forbattringen av kvaliteten av bioolja genom anviandning av en H-
ZSM-5 och AI-MCM-41-katalysatorblandning forklarades med okningen av forekomsten av
gynnsamma foreningar i biooljan.

Experiment med anviandande av  sekventiella  katalysatorregenereringar  av
katalysatorblandningar innehallande H-ZSM-5 och Al-MCM-41 visar att den katalytiska
aktiviteten minskade nar antalet reaktionscykler okade, aven om utbytet av organisk fraktion
okar och vattenhalten och koksutbytet minskar. HHV av biooljor minskade. Minimivardet for
HHYV (22,42 MJ/kg) efter 6 sekventiella anviandningar var dock fortfarande hogre an vardet
for experimentet som utfordes utan att anvdnda katalysatorer (19,55 MJ/kg). Dessutom sé
visade resultaten att utbytet av de gynnsamma féreningarna kolviten, fenoler, furaner och
alkohol, minskade. De dominerande komponenterna bidrog till det okade utbytet av
gynnsamma foreningar var kolvitearomater och fenoler.

Nyckelord: Al-MCM-41, lignocellulosa biomassa, H-ZSM-5, Kkinetisk studie,
katalysatorregenerering
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Abstrak

Permintaan energi dan penggunaan bahan bakar fosil secara ekstensif oleh sektor transportasi
menimbulkan keprihatinan akan tingginya emisi karbon dioksida. Untuk menanggulangi
menipisnya persediaan bahan bakar fosil, serta mengurangi emisi karbon dioksida, biofuel
dari biomasa merupakan salah satu solusi yang potensial. Ketersediaan dan keragaman
sumber daya biomasa menjadikannya sebagai sumber bahan bakar yang menarik dan
menjanjikan. Biomasa dapat diubah menjadi biofuel melalui proses pirolisis termokimia.

Perbaikan proses pirolisis bahan bakar biomassa diperlukan untuk mendapatkan bio-oil yang
berkualitas. Perlakuan awal dengan pencucian asam sebelum proses pirolisis dapat
menghilangkan kandungan logam alkali dan alkali tanah (Alkali dan Alkaline Earth Metal,
AAEM) dari biomasa yang berpengaruh buruk pada proses pirolisis katalitik. Informasi
tentang kinetika pirolisis biomasa juga penting untuk mengevaluasi proses termokimia yang
efisien. Lebih lanjut, penggunaan H-ZSM-5 dan AI-MCM-41 sebagai katalis mesopori dan
mikropori telah terbukti meningkatkan kualitas biofuel. Pengaruh regenerasi katalis pada
komposisi kimia biofuel juga penting untuk diteliti.

Dalam studi ini, kinetika pirolisis katalitik biomassa lignoselulosa dengan katalis campuran
H-ZSM-5 dan Al-MCM-41 pada rasio yang berbeda untuk biomassa dengan dan tanpa
perlakuan awal, dianalisis. Energi aktivasi ditentukan berdasarkan mekanisme reaksi untuk
senyawa padat. Eksperimen skala laboratorium juga telah diteliti untuk meningkatkan kualitas
biofuel. Fraksi organik (Organic Fraction, OF), kadar air, keasaman (Total Acid Number,
TAN), fraksi kimia menguntungkan, serta fraksi kimia menyerupai bensin dianalisis. Pengaruh
katalis campuran dan katalis bertingkat yang terdiri dari H-ZSM-5 dan AI-MCM-41 pada rasio
yang berbeda dalam pirolisis biomassa lignoselulosa dibandingkan. Rasio H-ZSM-5 dan Al-
MCM-41 dalam campuran katalis untuk pirolisis katalitik biomassa lignoselulosa juga
dioptimalkan. Selanjutnya, pengaruh regenerasi katalis secara sekuensial dari campuran
katalis H-ZSM-5 dan AI-MCM-41 pada produk pirolisis katalitik dianalisis.

Percobaan pirolisis dan pirolisis katalitik biomasa lignoselulosa skala laboratorium dilakukan
menggunakan reaktor unggun tetap (fixed bed reactor) yang dilengkapi dengan kondensor
dan kantong sampel pengumpulan gas. Kualitas biofuel yang dihasilkan dari pirolisis termal
biomasa lignoselulosa, pirolisis katalitik dengan katalis tunggal, pirolisis katalitik dengan
sistem katalis bertingkat, serta pirolisis katalitik dengan sistem katalis campuran diteliti.
Kemudian, katalis diregenerasi beberapa kali dan katalis yang diregenerasi dimasukkan
kembali ke dalam reaktor untuk proses selanjutnya. Komposisi biofuel dari proses
menggunakan katalis yang telah diregenerasi dianalisis.

Hasil dari perlakuan awal biomass menggunakan larutan asam menunjukkan bahwa proses
pelindian yang optimum dilakukan selama 30 menit, pada 30°C dan dengan 5%-berat asam
asetat dalam cairan pelindian. Penurunan kadar Kalsium (Ca), Magnesium (Mg), Kalium (K),
dan Natrium (Na) masing-masing sebesar 59%, 95%, 99%, dan 96%. Penggunaan proses
pelindian asam sebagai perlakuan sebelum pirolisis katalitik menunjukkan reaksi yang positif
dengan tingginya tingkat devolatilisasi dan laju reaksi. Studi kinetika mekanisme orde dua
(F2) mampu menggambarkan proses pirolisis katalitik, dibuktikan dengan hasil koefisien
determinasi (R2) lebih tinggi dari 0,99.
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Percobaan skala laboratorium menunjukkan bahwa Al-MCM-41 dengan H-ZSM-5 dalam
sistem katalis bertingkat menghasilkan senyawa kimia yang menguntungkan: hidrokarbon,
fenol, furan, dan alkohol. Proses dengan menggunakan H-ZSM-5: AI-MCM-41 3:1 dan 7:1
menghasilkan senyawa kimia menguntungkan 5,25-6,43% lebih tinggi dibandingkan dengan
proses menggunakan katalis H-ZSM-5 tunggal. Kualitas biofuel yang optimum didapatkan
dari proses dengan suhu pirolisis dan katalisis 500°C, dengan menggunakan H-ZSM-5: Al-
MCM-41 3:1. Biofuel yang diperoleh memiliki karakteristik: 11,08%-berat fraksi organik (OF),
76,20% fraksi kimia menguntungkan, 41,97% kadar air, TAN 43,01 mg-KOH/g, deoksigenasi
tinggi, serta fraksi kimia menyerupai bensin 97,89%.

Campuran katalis H-ZSM-5 dan Al-MCM-41 dengan perbandingan 7:1 memiliki derajat
deoksigenasi 65,75%. Biofuel kaya organik diperoleh dengan 74,9%-berat kandungan karbon,
8%-berat konten hidrogen, 15%-berat konten oksigen, 0,39%-berat kadar air, dan nilai panas
tinggi (High Heating Value, HHV) 34,15 MJ/kg. Jumlah fraksi kimia menguntungkan
sebanyak 95,89%.

Eksperimen dari regenerasi katalis secara sekuensial dari campuran katalis H-ZSM-5 dan Al-
MCM-41 menunjukkan bahwa aktivitas katalitik menurun dengan meningkatnya jumlah
siklus reaksi, meskipun fraksi organik (OF) meningkat dan kandungan air serta kokas
menurun. HHV biofuel menurun. Namun demikian, nilai HHV minimum (22,42 MJ/kg)
setelah 6 kali penggunaan katalis lebih tinggi dibandingkan nilai HHV biofuel tanpa katalis
(19,55 MJ / kg). Kadar fraksi kimia yang menguntungkan, seperti hidrokarbon, fenol, furan,
dan alkohol, menurun. Komponen dominan dalam fraksi kimia yang menguntungkan adalah
hidrokarbon aromatik dan fenol.

Kata kunci: AI-MCM-41, biomasa lignoselulosa, H-ZSM-5, studi kinetik, regenerasi katalis
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1 Introduction

1.1 Background

The demand for energy is expected to rise globally. According to the International Energy
Agency, a 55 percent increase of the energy needs is predicted during 2005 and 2030 due to
the growing population and economic developments [1]. Currently, the primary energy supply
for global energy needs is based on fossil fuels. The energy from domestic heating and
electricity to fuel for transportation relies mostly on oil, coal, and natural gas. Oil based
products in the form of petrol, diesel, and aviation fuel are mainly used in the transportation
sector. Thus, the growth in oil demand is mainly due to the growth in the transportation sector.
However, fossil fuels are non-renewable. The continuous consumption will conclude in its final
depletion [2]. Thus, a great deal of development and production of energy from alternative
sources other than fossil fuels need to be developed [3].

On the other hand, the emissions of carbon dioxide from fossil fuels and industry rose by 1.6
percent from 35.7 gigatons CO. in 2016 to 36.2 gigatons CO. in 2017. Further, the Global
Carbon Project reported 2.7 percent increase in 2018, giving a record 37.1 gigatons CO, [4].
Displacing fossil fuels with a low-carbon fuel or energy source is one of the ways to reverse the
upward trend in CO, emissions [5].

Biomass is considered to be one of the most potential renewable energy sources to replace fossil
fuels, since it can be converted into liquid, solid, and gaseous fuels [6], [7]. Its contribution
towards the world annual energy consumption equals 14% [8], in comparison to coal and gases
with 12% and 15% contributions, respectively [9]. The production of bio-oil, also known as
biofuel, from biomass can alleviate the demand for petroleum products [10] and contribute to
decarbonisation, especially for the transport sector [11]. In addition, the rational use of
biomass does not contribute to a net rise in the level of CO, in the atmosphere [12], [13]. One
of the promising biomass materials for fossil fuel replacement is a lignocellulose biomass.

The lignocellulose biomass is recognized for its availability to cover the global energy demand
[14]-[16]. It is also known as the fastest growing of biomass materials [15], scalable [17],
economically viable [15]-[17], and potential carbon neutral feedstock for the production of bio-
oil [17]. A challenge for the efficient conversion of biomass is to produce fuels which are
compatible with the existing refinery and internal combustion engines [18]. In response to the
challenge for producing biofuels, pyrolysis has been getting consideration as a method for
transforming biomass into liquid fuel.

The pyrolysis process runs in the absence of oxygen. However, the resulted bio-oil from a
pyrolysis process contains highly oxygenated compounds and a high concentration of water,
which causes bio-oil to retain particular properties. Besides having high viscosity and acidity,
bio-oil has poor storage stability, is thermally unstable, has a low heating value, and suffers
from poor mixing with fossil fuels [18]—[21], which limits its application in engines and
traditional refineries [22]. The elimination of oxygen is thus necessary to transform bio-oil into
a liquid fuel that would be broadly accepted and economically attractive [20]. Based on the
engine performance test, the highest oxygen content in biofuel permitting engine to work



normally is 19.5% [23]. The use of heterogeneous catalysts in biomass pyrolysis is regarded as
a possible technology to boost bio-oil quality and expand the use of bio-oil.

In this study, the effect of heterogeneous catalysts mixture, H-ZSM-5/A1-MCM-41, on the bio-
oil quality from the pyrolysis of lignocellulose biomass has been evaluated. The influence of
biomass leaching as a pre-treatment before catalytic pyrolysis process as well as sequential
catalyst regeneration of H-ZSM-5/Al-MCM-41 on the catalytic oils have also been investigated.

1.2 Objective

This study aims to improve the quality of bio-oil from lignocellulose biomass by catalytic
thermochemical conversion. The more specific objectives of this study are as follows:

1.

To determine the effective mechanism for a catalytic pyrolysis of lignocellulose biomass
using a mixture of H-ZSM-5 and Al-MCM-41 based on the solid-state reaction
mechanisms from nucleation models to reaction-order models,

To compare the effect of a mixed-catalysts consisting of H-ZSM-5 and AI-MCM-41 at
different ratios in a lignocellulose biomass pyrolysis via TGA using both un-leached and
leached biomass,

To improve the quality of bio-oil, in terms of Organic Fraction (OF), water content,
acidity, favorable fractions, as well as gasoline-range chemicals, from catalytic pyrolysis
of lignocellulose biomass using staged-catalysts of H-ZSM-5 and AI-MCM-41,

To verify an optimum proportion of H-ZSM-5 and AI-MCM-41 in the catalyst mixture to
produce a high quality of bio-oil with a low content of oxygen and a high amount of
favorable compounds during the ex-situ catalytic pyrolysis of lignocellulose biomass,

To investigate the effect of sequential catalyst regeneration of H-ZSM-5/A1-MCM-41
catalyst mixture on the obtained catalytic pyrolysis products.

Table 1 shows the objectives and parameters for each supplement. Based on the objectives of
the work, Figure 1 shows an overview of research study for each supplement.

Catalyst
Regeneration

T

i Catalytic
Biomass ——p» Biomass —> Pyro\;’sis ——» Bio-0il

Pre-Treatment

> < >

Supplement 1 Supplement 2
Supplement 3
Supplement 4
Supplement 5

Figure 1. Outline overview of research study for each supplement.



Table 1. Overview of the objectives for each supplement

Supplement Title Objective Parameter
1 The Thermal Reduce the contents of Kalium, Natrium, Calcium,
Degradation of the alkaline metals and Magnesium contents from
Lignocellulose (Kalium and Natrium) leaching process with different
Biomass with an Acid  and alkaline earth metals  acid concentrations, leaching
Leaching Pre- (Calcium and temperatures, and residence
Treatment using a H-  Magnesium) in the times.
éif:l-is/t Al\l/;il\;[tili_éu D Thermal properties of un-
Determine and compare leached and leached
the effect of a mixed- lignocellulose biomass with
catalyst consisting of H- different heating rates and
ZSM-5 and AI-MCM-41 at  different ratios of H-ZSM-
different ratios in a 5/A1-MCM-41 mixtures.
hgnocel.lulc.)se biomass Activation energies and
pyrolysis via Thermo- . .
; . . reaction mechanism of
Gravimetric Analysis catalytic pyrolysis of un-
(TGA) using both un- Jeached and leached
eached and leache
leached and leached i llulose bi th H-
. ignocellulose biomass wi
biomass. ZSM-5/Al-MCM-41 ratio of 3:1
at different heating rates.
2 Kinetic Study of an H-  Determine the activation = Activation energies of
ZSM-5/Al-MCM-41 energy of lignocellulose lignocellulose biomass with
Catalyst Mixture and biomass with different different ratios of catalyst
Its Application in ratios of catalyst mixtures mixtures H-ZSM-5/Al-MCM-
Lignocellulose H-ZSM-5/Al-MCM-41 41 at different heating rates

Biomass Pyrolysis

using the Coats-Redfern
integral method.

Investigate the catalytic
pyrolysis of lignocellulose
biomass with mixed
catalyst of H-ZSM-5/Al-
MCM-41 at different
ratios using a bench-scale
fixed bed reactor.

Evaluate the effect of
catalyst ratios on the yield
of Benzene, Toluene, and
Xylene (BTX).

using Coats-Redfern First-
Order Equation.

BTX yields resulted from
catalytic pyrolysis of
lignocellulose biomass in a
bench-scale reactor with
different ratios of catalyst
mixture H-ZSM-5/Al-MCM-41
at different temperatures.




Table 1 (continued).

Supplement Title Objective Parameter
3 Two-Stage Ex-Situ Evaluate the effect of Product distributions (liquid,
Catalytic Pyrolysis of staged catalyst H-ZSM- gas, solid char), Water content
Lignocellulose for the 5/AlI-MCM-41 on the bio-  and Total Acid Number (TAN),
Production of oil quality. chemical compositions, and
Gasoh.ne—Range Determine the influence favm:able/ unfavorabl_e
Chemicals fractions from catalytic
of the temperature on the ) .
.o . pyrolysis of lignocellulose
composition of the oils . .
and gases during the biomass using staged catalyst
. H-ZSM-5/Al-MCM-41
staged catalyst pyrolysis . .
. . catalysts with different ratios.
of lignocellulose biomass.
Product distributions (liquid,
gas, solid char), Water content
and Total Acid Number (TAN),
chemical compositions, and
favorable/ unfavorable
fractions from catalytic
pyrolysis of lignocellulose
biomass with different
operation temperatures using
staged catalyst H-ZSM-5/Al-
MCM-41 catalysts.
4 Effect of H-ZSM-5 and  Verify an optimum mixing Product distribution (liquid,

Al-MCM-41
Proportions in Catalyst
Mixtures on the
Composition of Bio-Oil
in Ex-Situ Catalytic
Pyrolysis of
Lignocellulose
Biomass

proportion of H-ZSM-
5/Al-MCM-41 to produce
a bio-oil with low content
of oxygen and high
amount of favorable
compounds during ex-situ
catalytic pyrolysis of
lignocellulose biomass

gas, and solid coke/char),
elemental composition (C, H,
O, N), deoxygenation degree,
High Heating Value (HHV),
water content, and chemical
compositions from catalytic
pyrolysis of lignocellulose
biomass using catalyst mixture
H-ZSM-5/Al-MCM-41 with
different ratios.

Brunauer-Emmett-Teller
(BET) surface area of fresh and
spent catalysts from the
catalyst mixtures with different
ratios.




Table 1 (continued).

Supplement Title Objective Parameter
5 The Effect of Investigate the effect of Product distribution (liquid,
Sequential Catalyst sequential catalyst gas, solid coke), elemental
Regeneration on the regeneration of H-ZSM- composition (C, H, O, N), High
Product Distribution 5/Al-MCM-41 catalyst Heating Value (HHV), and
during Catalytic mixture on the obtained chemical compositions from
Pyrolysis of catalytic pyrolysis catalytic pyrolysis of
Lignocellulose products. lignocellulose biomass with
Biomass using H- sequential catalyst
ZSM-5/Al-MCM-41 regeneration.
Catalyst Mixture Brunauer-Emmett-Teller
(BET) surface area of fresh,
spent, and regenerated
catalysts from the catalyst
mixtures with different ratios.
Objective:
Improving the quality of bio-oil from catalytic pyrolysis of lignocellulosic hiomass HZSM-5 and Al-MCM-41 catalysts.
(Chapter 1)
Overview:
Biomass catalytic pyrolysis process.
(Chapter 2)
Materials and Methods
(Chapter 3)
Results and Discussion:
(Chapter 4)
Kinetic study of lignocellulose Catalytic pyrolysis of Ll inﬂue?cle gt
Acid leaching biomass in catalytic pyrolysis lignocellulose ‘E.equcn 1a .
- - graceT H-ZSM-5/Al-MCM-
pre-treatment of using a catalyst mixture of biomass using catalvst
lignocellulose H-ZSM-5/Al-MCM-41 via H-ZSM-5/Al-MCM-4. e eﬁeraty‘iin on
biomass. thermogravimetric analysis in a bench-scale fixed g Ivti Juct
(Chapter 4.1) (TGA). bed reactor. P‘W?_ﬁ?c produc
(Chapter 4.2) (Chapter 4.3) distribution.
’ ’ (Chapter 4.4)

$

Conclusion and Future Work

(Chapter 5)

Figure 2. Thesis structure

1.3 Thesis structure

This thesis is organized into five chapters based on five supplements and work performed
during the doctoral study, as shown in Figure 2. Following this introductory chapter, chapter



2 provides a brief overview of biomass pyrolysis and catalytic pyrolysis process, biomass
leaching pre-treatment, characteristics of derived liquids, as well as catalyst regeneration
process. Chapter 3 presents the materials and methods used in the experimental studies.
Chapter 4 discusses the results of the works during the doctoral study. Sub-chapter 4.1 is based
on the work conducted for Supplement 1, acid leaching pre-treatment of lignocellulose biomass
was investigated. Sub-chapter 4.2 set out a kinetic study of lignocellulose biomass in catalytic
pyrolysis using a catalyst mixture of H-ZSM-5/A1-MCM-41 via thermogravimetric analysis
(TGA), as documented in Supplement 2. Sub-chapter 4.3 is focused on experimental study of
catalytic pyrolysis using H-ZSM-5/AI-MCM-41 in a bench-scale fixed bed reactor with
reference to Supplement 3 and 4. Sub-chapter 4.4 discusses the influence of sequential H-
ZSM-5/Al-MCM-41 catalyst regeneration on pyrolytic product distribution, attributed to the
work in Supplement 5. This thesis closes with Chapter 5, which provides the main conclusions
and suggestions for future research on the topic.

1.4 Thesis contribution to sustainability

Biomass utilization in catalytic pyrolysis process, as presented in this thesis, can contribute to
achieve the United Nations (UN) Sustainable Development Goals (SDGs). Energy and
commodity chemicals produced from the utilization of biomass [24] support the UN SDGs, in
the context of energy security and climate change [25].

A reduction in fossil fuel use can be achieved by converting biomass to liquid bio-oil through
catalytic pyrolysis process. The current practical application of bio-oil is for aviation, marine
shipping, and heavy freight transport [25], [26]. Since the biomass waste is cheap with a high
availability, the application of bio-oil can be economically viable [27]. On the other hand,
biomass conversion to fuels could produce energy in carbon-neutral and even carbon-negative
ways, only when its use does not lead to a net reduction in global forest area or plant cover
[24], [26], [28]. The emissions of sulfur dioxide is also lower compared to fossil fuel [28]. The
utilization of biomass waste also reduces the need for landfills, which can reduce associated
emissions of methane. Thus, the use of bio-oil can ensure the access of affordable, reliable,
sustainable, and modern energy (SDG 7). Additionally, converting biomass to fuel contributes
to mitigate climate change (SDG 13) [28] as well as meet environmental objectives (SDG 14
and 15) [25].

Furthermore, converting biomass to fuel interacts with SDG 3, 4, and 5. In many regions,
women and children collect and carry woodfuel for cooking and heating purposes. Typically,
the woodfuel is burned in highly inefficient polluting stoves [24], [26]. Shifting away from
woodfuel-based cooking to cookstove fuel from biomass utilization process can prohibit
women spending many hours per week gathering woodfuel (SDG 5). Moreover, a better
conversion of traditional biomass to cookstove fuel can ensure healthy lives (SDG 3), resisting
severe health consequences from woodfuel-biomass cooking. Harnessing electricity from
biomass can contribute to improve education opportunities (SDG 4). By providing lighting,
student can study after sunset [26].



2 Literature Review

2.1 Pyrolysis of biomass

Thermochemical conversion is known as a method to convert the biomass into liquids, gas
fuels, and high-value chemicals [29]. One of the most promising methods that directly can
produce bio-oil from biomass is pyrolysis [30]-[32]. Pyrolysis refers to a thermal degradation
process of biomass with a high temperature in the absence of oxygen. The process is followed
by rapid cooling to form aliquid pyrolysis oil (hereinafter ‘bio-o0il’) [18]. Besides the bio-oil, the
pyrolysis results in non-condensable gases as well as char [33].

The bio-oil resulting from the pyrolysis of biomass is a complex mixture consisting of organic
components and water. It is highly oxygenated with an oxygen content of 35-40 wt.% and its
water content amounts to 15-30 wt.%. It is very viscous due to the presence of large molecules.
It is corrosive with typical pH values of 2-3 due to the presence of organic acids. It is thermally
unstable owing to a high content of reactive components, and it has a low heating value (17-19
MJ/kg) due to its low hydrogen and high oxygen contents [34]—[36]. It is also immiscible with
hydrocarbon fuels [18]—[21], [31], [37], [38]. Thus, the direct application of biomass-derived
pyrolysis oil as a fuel in engines, turbines, and existing refineries may be limited without
further upgrading [22], [32], [38], [39].

In the case where bio-oil is intended for a transportation fuel or fuel additive, a low yield of
oxygenated compounds and a high hydrocarbon content in the bio-oil is required [38].
According to EN ISO 22854:2016 and EC Directive, the maximum oxygen content allowed in
fuel blending is from about 1.5 wt.% to 3.7 wt.%. The hydrocarbon contents include olefins (1.5-
30.0% v/v) and aromatics (50.0% v/v) [40]—[43]. The elimination of oxygen is thus necessary
to transform bio-oil into a liquid fuel that would be broadly accepted and economically
attractive [20]. The use of heterogeneous catalysis in biomass pyrolysis is regarded as a
possible technology to boost bio-oil quality and expand the use of bio-oil.

2.2 Catalytic pyrolysis of biomass

A concept from the petrochemical industry is taken for the biomass pyrolysis process, where
the heterogeneous catalyst is used to convert the heavy fractions into light fuels and chemicals
[44]. Catalytic pyrolysis of biomass is considered as a promising method to produce
transportation liquids that are compatible with the current petroleum products and the
existing infrastructure [39]. A catalyst can remove oxygenates [20], [21] and unfavorable
compounds, such as acids and carbonyls [19] in the bio-oil. It can also increase the production
of specific compounds, such as benzene, toluene, and xylene (BTX) and preserve the carbon
number in the product [39], [45].

Lappas et al. claimed that an ideal catalyst should promote the biomass pyrolysis process to
produce not only a high yield of bio-oil, but also a high-quality product with low oxygen and
water contents [44]. Ultimately, the target of the process is to produce a bio-oil that could be
used either directly as a liquid fuel or as a drop-in feedstock (or co-feedstock) in modern
refineries, much like fossil crude oil. A suitable catalyst needs to be employed to achieve the
desired products [46].



2.2.1 H-ZSM-5 catalyst performance for catalytic pyrolysis of biomass

Among the zeolite catalysts, the most prominent catalyst to produce aromatic hydrocarbons
and lighter fractions with a high activity in deoxygenation is a H-ZSM-j5 catalyst [47], [48]. Due
to the size of the micropores [49], the shape selectivity of pore structure [50], and its strong
acidity [49], [51], H-ZSM-5 catalyst induces changes in the composition of bio-oil by reducing
the amount of oxygenated compound via deoxygenation reaction [49], [51], [52] and
promoting the formation of aromatic hydrocarbons [49]—[51], [53]. H-ZSM-5 catalyst has been
widely investigated [54]-[58] as a catalyst for oil and fuel production as well as for the
production of renewable oil and chemicals from biomass [59], [60].

Jae et al. [61] reported that medium pores zeolite, ZSM-5 with pore sizes in the range of 5.2-
5.9 A, led to the highest aromatic yield and the least amount of coke for the conversion of
glucose to aromatics in a pyro-probe reactor. However, due to its porosity, ZSM-5 is not able
to break down the heavier oxygenates [62]. The high-molecular-weight oxygenates from lignin,
which are considerably larger than the ZSM-5 pore size, cannot penetrate the internal structure
of ZSM-5 and leads to a coke formation on the catalyst surface [31], [50], [59], [63]. Further,
the coke deposition will degrade the catalytic performance of ZSM-5 [48]—[50], [53], [62],

[64].

2.2.2 Al-MCM-41 catalyst performance for catalytic pyrolysis of biomass

As a comparison to the catalytic activity of ZSM-5, AI-MCM-41, as a mesoporous catalyst with
a pore size (30-40 A [65]-[69]) larger than H-ZSM-5, can convert the high-molecular-weight
oxygenates to a less bulky compound [59], give a high organic yield, as well as reduce the
chances of coke deposition and pore-blocking [31], [47], [51]. The AI-MCM-41 catalyst also has
high surface area and more accessible reaction sites than the traditional H-ZSM-5 catalyst [31],

[47].

A study by Antonakou et al. [70] investigated the effect of employing MCM-41 in the catalytic
pyrolysis process of lignocel from beech wood and Miscanthus. The results showed that a low
Si/Al ratio of MCM-41 as well as the use of metal-containing catalysts, Fe-Al-MCM-41 and Cu-
Al-MCM-41, promoted the production of phenol compounds [70]. Another study by Iliopoulou
et al. [71] showed that AI-MCM-41 not only increased the production of phenols but also
lowered the corrosive acids concentrations [71].

Nevertheless, the AI-MCM-41 had a less ability to deoxygenate and a low selectivity to aromatic
compounds due to the lack of micropores and the presence of large pores [62]. This also
resulted in a high amount of heavy aromatic products [72] and polycyclic aromatic
hydrocarbons (PAHs), which are not favorable products in the bio-oil [31], [47], [73].
Therefore, further developments and applications of catalyst are required to control the
product distribution and selectivity in the process.

2.2.3 Microporous and mesoporous catalysts performance for catalytic

pyrolysis of biomass

Deep deoxygenation can be achieved by using a strong acidic zeolite catalyst. However, it also
results in severe coke formation [74]. In contrast, AI-MCM-41 is one of the mesoporous
materials with a higher surface area, larger pore size and a more accessible reaction sites



compared to traditional zeolites [31], [75]. Nevertheless, the degree of deoxygenation using
these catalysts has been low compared to zeolites [74]. Considering the advantages of H-ZSM-
5 and AlI-MCM-41, researchers have altered the shape selectivity and porosity of catalysts to
allow multi-step/cascade reactions to take place [76]—[79] in order to render a proper design
of catalytic pyrolysis process of biomass and to provide high activity, selectivity, and longer life
catalyst. Other studies have been carried out on the mixture of microporous and mesoporous
catalysts apart from H-ZSM-5 and AI-MCM-41 [80]-[82].

Adjaye et al. [83] investigated the upgrading of biofuels from a rapid thermal processing of
maple wood when using silica-alumina and H-ZSM-5 catalysts in a fixed-bed micro-reactor at
temperature of 370°C. Their results showed that it is possible to change the hydrocarbon
distribution in the Organic Fraction (OF) fraction by physically mixing catalysts with different
functionalities. When the H-ZSM-5 content was increased, in the range between 13 and 27
wt.% of the biofuel feed, the yield of Organic Fraction (OF) was also rose. The main product
was aliphatic hydrocarbons (37-77 wt.% of OF), followed by aromatic hydrocarbons (2-38 wt.%
of OF).

Zhang et al. [81] have studied the effect of adding mesoporous and macroporous catalyst
(Gamma-Al,O;, CaO, and MCM-41) in the microporous catalyst (LOSA-1) by physically mixing
the catalysts for the catalytic pyrolysis of rice stalk in an internally interconnected fluidized
bed. They obtained maximum aromatic and olefin yield of 25.3% with 10% Gamma-Al,O5/90%
LOSA-1 [81]. Biomass is firstly fast heated and converted into pyrolysis vapours, non-
condensable gas, and char. Then, mesoporous catalyst is used to crack the large-molecule
oxygenates into small-molecule oxygenates before zeolite catalyst convert these small-
molecule oxygenates into olefins and aromatics.

Research finding by Zhang et al. [84] also points towards improving the aromatics yield by
adding meso- and macroporous catalysts (CaO, MgO, and FCC) in a microporous catalyst
(ZSM-5). They performed and analysed a catalytic pyrolysis of pine wood with two catalysts
using Thermogravimetry-Fourier Transform Infrared Spectroscopy (TG-FTIR) and Pyrolysis-
Gas Chromatography/Mass Spectrometry (Py-GC/MS). The maximum aromatic yield that
boosted 30 wt.% of that with pure ZSM-5 was obtained with a biomass/CaO/ZSM-5 mass ratio
of 1:4:4 in separate mode of feedstock, CaO, and ZSM-5 inside a quartz filler tube.

As patented by Marker et al. [85], high yield of naphtha and diesel was obtained from catalytic
hydrocracking of lignin. At a temperature between 340 and 435°C under a pressure about 3.4
MPa to about 12 MPa with combined zeolite and amorphous silica-alumina catalyst, about 30
wt.% of gasoline and 8 wt.% of diesel could be recovered.

In the case of the Fluid Catalytic Cracking (FCC) process, a previous study show that a high
gasoline yield is achieved by employing a zeolite catalyst, usually zeolite Y, and a silica-alumina
(Si0:-Al.O3). Zeolite Y contains internal porous structures that can convert large molecules to
the gasoline-range molecules, while silica alumina is made up of a meso- and macroporous
matrix that pre-cracks the larger molecules in the feedstock [86].

Araujo et al. [80] investigated the catalytic effect of mechanical mixtures of H-ZSM-5 and Al-
MCM-41 on the quality of bio-oil from sunflower oil. They found that the mixture of 50% H-
ZSM-5 and 50% Al-MCM-41 resulted in a balance carbon fraction between gasoline (Cs—C.o),



kerosene (C,;—C,5), and diesel (C,s—C.4) ranges, corresponding to 44.7%, 42.2%, and 10.5%,
respectively [80].

More recently, Li et al. [59] studied the online upgrading of vacuum pyrolysis of rape straw in
a two-stage reactor using H-ZSM-5 and MCM-41. They found that 1:1 mixed ratio of H-ZSM-
5:MCM-41 was the best among all ratios in their experiments. The oxygen content, H/C, O/C,
the high heating value of the bio-oil were 12.81%, 1.701, 0.126, and 34.31 MJ/kg, respectively

[59].

2.3 Regeneration of catalysts in catalytic pyrolysis of biomass

For industrial application, catalyst regeneration has the benefit of controlling catalyst costs as
well as limiting the generation of chemical waste [87]-[89]. Compared to the price of fresh
catalyst, the price to regenerate the catalyst is considered lower. By regenerating the catalyst,
the use of new raw material has been minimized and the need for disposal has been reduced
[90]. Thus, it is important to give an indication of the yield and activity of the regenerated
catalyst. Providing the performance comparison between regenerated catalyst and its fresh one
allows a refinery to decide upon its regeneration or disposal [91].

In catalytic pyrolysis of biomass, catalyst deactivation is primarily associated with coke
deposition [51], [92], [93], which is caused by the decomposition of the oxygenates derived
from biomass pyrolysis and the re-polymerization of phenolic oxygenates [92]. Aho et al. [3]
has studied catalytic pyrolysis of pine wood in a fluidized bed reactor at 450°C using Beta, Y,
ZSM-5, and Modernite zeolite catalysts. They have regenerated the spent zeolite in an oven at
450°C for 2 hours and found that the regeneration removed all coke from the zeolite structure
without changing the structure of the zeolite. Another study by Yildiz et al. [37] has investigated
the effect of a repeatedly regenerated ZSM-5-based catalyst (eight reactions/regeneration
cycles in total) on the yields and compositions of the products from catalytic pyrolysis of pine
wood. A regeneration procedure has been carried out in a muffle furnace at a temperature of
600°C for 5 hours. The catalyst has partially lost its activity in terms of product distributions
along the reactions/regeneration sequence. Several attempts [32], [39], [94]-[98] have been
made to investigate the zeolite catalyst regeneration.

Further, several studies [31], [45], [75], [99], [100] have also examined the regeneration of
MCM-41. Stephanidis et al. [38] has investigated the regeneration of AI-MCM-41 from a
catalytic pyrolysis process of lignocellulose biomass. The regeneration at 550°C has resulted in
a burned-off coke in the catalyst and had a small effect on the porosity of catalyst. A study by
Torri et al. [101] has found that MCM-41 catalysts could be re-used six times after regeneration
without apparent loss of activity in the catalytic pyrolysis of cellulose. Also, the regeneration
has been performed at 550°C.

2.4 Thermal behavior and kinetic study for catalytic pyrolysis of

lignocellulose biomass

A kinetic analysis is essential to design and establish efficient, safe, and reasonable processes,
including a catalytic pyrolysis process to produce biofuel from a lignocellulose biomass. A
determination of the thermo-kinetic behavior of biomass allows a control of the decomposition
mechanism of biomass as a function of the pressure, temperature, and combustion. The kinetic
parameters of reaction are necessary to predict the reaction behaviors and to optimize the
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process towards the desired products during the pyrolytic degradation process. The kinetic
parameters of biomass pyrolysis depend not only on the feedstock composition, but also on the
pyrolytic conditions, such as the decomposition temperature, heating rate, and the presence or
absence of catalysts [102].

Thermogravimetric analysis (TGA) is one of the techniques to determine the Kkinetic
parameters and predict the thermal behaviors of lignocellulose biomass pyrolysis and catalytic
pyrolysis [13], [103]-[105]. TGA is known as a general approach to study the kinetic of
decompositions since it has a great virtue of accuracy and the weight loss of the tested sample
and reaction temperature are recorded continuously [106]. The information of biomass
pyrolysis kinetics is important to evaluate biomass as a future feedstock for fuel or chemical
production as well as for an efficient design and control of thermochemical processes [107].

Over decades, there is vast literature on kinetic evaluation methods of thermal analysis for
biomass pyrolysis [13], [107]-[110]. Some researchers [22], [102], [103], [111]-[113] studied
the thermal behavior of catalytic pyrolysis of biomass by physically mixing the biomass with
the catalyst when performing thermogravimetry analysis experiments.

Zakrzewski [114] investigated the degradation of beech wood and its Ea (activation energy) for
different kinetic models using data from thermogravimetric experiments. It was found that the
diffuse kinetic models D3 and D4 were comparable with the experimental data, giving the
activation energies of 175.8 and 168.3 kJ/mol, respectively [114]. Thermogravimetric-mass
spectrometric analysis on combustion of xylan from beech wood was attempted by Lopez-
Gonzélez, et al. [8]. They found the activation energies for xylan from beech wood were 128
and 125 kJ/mol when using heating rates of 10 and 20 K/min, respectively [8]. Another study
by Boukaous, et al. [115] examined the activation energy from the combustion of beech wood.
They obtained an activation energy of 99.26 kJ/mol for the temperature range of 245-339°C
and 79.51 kJ/mol for 431-437°C [115]. The different kinetic parameter values and conclusions
were obtained through various operational conditions and models.

The development of hybrid micro-mesoporous material from H-ZSM-5/AI-MCM-41 and its
application for Vacuum Gas Oil (VGO) pyrolysis was carried out by Coriolano et al. [110]. The
model-free kinetic was applied to determine the activation energy of VGO alone and VGO with
catalyst. It was found that the activation energy decreased with the use of hybrid catalyst [110].

Costa et al. [116] synthesized the hybrid materials of Al-MCM-41/ZSM-5. The
thermogravimetry method was used to monitor the removal of the templates,
cetyltrimethylammonium bromide (CTMA+) and tetrapropylammonium bromide (TPA+)
from a nanostructured hybrid Al-MCM-41/ZSM-5 material. The kinetic model was used to
evaluate the kinetic parameters of the surfactant decompositions from the optimized Al-MCM-
41/ZSM-5 materials.

Kinetic modeling for catalytic cracking of used palm oil and palm oil fatty acid mixture with
composite MCM-41/ZSM-5 was investigated by Ooi et al [105]. The results showed that the
feedstock composition affected the product distribution and that the reaction rate parameters
were dependent on the type of feedstock [105].
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2.5 Acid Leaching Pretreatment of Lignocellulose Biomass

Lignocellulose biomass is constituted principally of hemicellulose, cellulose, and lignin, and
contain low amounts of extractives and ashes [117]—[119]. These latters include significant
quantities of alkali and alkaline earth metallic species (AAEMs), such as potassium (K), sodium
(Na), magnesium (Mg), and calcium (Ca). The AAEMs concentration in the raw biomass will
adversely affect the thermochemical conversion processes [120]—[122], catalyze undesired
dehydration reactions during the pyrolysis process [123], [124], as well as increase the yields
of non-condensable gases [125]—[127] and thermally derived char [34], [128]—[132]. Further,
AAEMs can block the pores or poison the active sites of catalyst, eventually leading to
irreversible catalyst deactivation [133], [134].

Biomass pretreatment has been investigated as an approach to improving the properties of
wood-derived fast pyrolysis oils [135]-[140]. Common pretreatments have included
washing/leaching, steam explosion and torrefaction [140]. Leaching pretreatment has been
developed for the removal of AAEMs from biomass where water or organic/inorganic acid
solutions are conventionally employed as eluent [141]-[145]. Acid leaching pretreatment as a
chemical method is effective in removing AAEMs from lignocellulose biomass and can
significantly increase the organic oil yield in thermal pyrolysis [122], [146], [147]. This
pretreatment will reduce irreversible catalyst poisoning caused by AAEMs during pyrolysis
upgrading and prolong the catalyst lifespan [128], [133], [148], [149].

Jiang et al. [150] demonstrated that acid leaching led to high removal efficiencies of mineral
elements. Several attempts [122], [146], [151] have been made to investigate the aqueous
fraction of pyrolytic liquids, including wood-derived acids, for demineralization of biomass.
Acetic acid was chosen as a model compound for the biomass leaching process, since it is a
major acid resulting from biomass pyrolysis [151]-[153]. Hence, the leached lignocellulose
biomass is seen as a potential feedstock in the conversion of biomass to bio-oil.
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3 Methodology

3.1 Materials

3.1.1 Biomass

The biomass utilized for the experiments was the industrial lignocellulose biomass, Lignocel
HBS 150—-500 by J. Rettenmaier & Sohne GmbH + Co KG, Germany, originating from beech
wood, with particle sizes varying from 150 to 500 um.

Before an experiment, the sample was dried in an oven at 110°C overnight to reduce the water
content [154]. The proximate and ultimate analysis data, as well as the higher heating values
on a dry basis and as received, are listed in Table 2. The proximate and ultimate analysis was
carried out by BELAB AB, Sweden [155].

Table 2. Properties of the lignocellulosic biomass used for catalytic pyrolysis experiments on dry basis

Proximate Analysis (wt.%)

Volatiles, db 84.2 SS-EN ISO 18123:2015

Moisture, 105°C 14.1 SS-EN ISO 18134-1:2015/-2:2017 [156]
Ash, 550°C 0.8 SS-EN ISO 18122:2015 [157]

Fixed carbon 0.9 Calculated by difference

Ultimate Analysis (wt.%)

Carbon (C), db 49.1 SS-EN ISO 16948:2015 [158]
Hydrogen (H), db 6.1 SS-EN ISO 16948:2015 [158]
Oxygen (0), db 43.8 Calculated by difference
Nitrogen (N), db 0.12 SS-EN ISO 16948:2015 [158]
Sulphur (S), db 0.026 SS-EN ISO 16948:2015
HHV (MJ/kg), db 19.53 Calculated by using the Milne formula [159]
HHV (MJ/kg), ar 17.54 Reference [160]
db = dry basis

ar = as received

3.1.2 Catalysts

3.1.2.1 Catalyst in powder form

The powder catalysts of H-ZSM-5 and Al-MCM-41 were obtained from Alfa Aesar, Germany,
and Nankai University Catalyst Plan, China, respectively. Prior to catalytic pyrolysis
experiments, the catalysts were calcined in a muffle furnace at 550°C for 15 h and dried in an
oven at 110°C for 12 h.
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3.1.2.2 Catalyst in structured forms (pellet and sphere)

The sphere catalyst of H-ZSM-5 used in the experiments was obtained from Pingxiang Naike
Chemical Industry Equipment Packing Co., Ltd., China, while the pellet catalyst of AI-MCM-
41 catalyst was obtained from the Lingsu Group Co. Limited, China. Before the experiment, the
catalysts were calcined at 550°C for 15 hours. The calcined catalysts, then, were dried in an
oven at 110°C for 12 hours.

3.1.2.3 Catalyst characterization: surface area

The N, adsorption-desorption measurement was carried out on a Micromeritics ASAP 2020
instrument and the Brunauer-Emmett-Teller (BET) method was performed to determine the
surface area. The samples were outgassed at 250°C for 3h under vacuum prior to the
measurement. The physicochemical properties of catalysts are shown in Table 3.

Table 3. Properties of the catalysts

Catalyst Silica to Alumina Ratio (SAR) BET Surface Area (m2/g)
H-ZSM-5 powder 30 314.73
Al-MCM-41 powder 25 957.51
H-ZSM-5 sphere 25 174.79
Al-MCM-41 pellet 25 537.60

An experiment using H-ZSM-5 powder and Al-MCM-41 powder was labelled HP and AP,
respectively. When the structured catalysts, H-ZSM-5 sphere and Al-MCM-41 pellet, were
used, they were labelled HS and AS, accordingly. The ratios of H-ZSM-5 and AI-MCM-41 used
in this study were 7:1, 3:1, 2:1, 1:1, and 1:3. They were labelled as HA-71P, HA-31P, HA-11P,
HA-13P for the experiments using powder catalysts and HA-71S, HA-31S, HA-21S, HA-11S for
the experiments using structured form catalysts.

3.2 Experimental method

3.2.1 Acid leaching treatment

The leaching was performed in aqueous solutions consisting of deionized water and acetic acid.
The equipment consisted of a heated plate with a magnetic stirrer, a glass reactor (volume: 2
liters), a temperature measurement device inside the reactor, and a reflux condenser to recover
liquids evaporated during leaching at enhanced temperatures. A Buchner funnel and a water
jet pump were used to remove the leaching liquid from the biomass. In Figure 3, the test run
set-up for the leaching experiment is shown. The experiments were carried out in triplicate and
standard deviation for each set of triplicates was calculated.

A leaching liquid of deionized water and acetic acid was prepared. The concentration of acetic
acid in the leaching liquid was varied between 0.3 and 10 wt.%. The leaching liquid was filled
into the reactor and heated up to the desired reaction temperature using a continuous stirring.
Then, the biomass was added in small batches (to avoid formation of granulates) under the
stirring. Also, the stirring continued for the defined residence time. Thereafter, the stirrer and
the heater were shut down and the reactor was cooled down to about 30°C (to enable further
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handling). The suspension was shaken to re-suspend all solids and poured into the Buchner
funnel and sucked with a water jet pump through the filter. Then, the Buchner funnel was filled
up again with fresh (deionized) water and the water was sucked through the water jet pump to
displace the acid from the biomass cake. This was repeated until a constant pH value of 6-7 in
the liquid downstream the water jet pump was reached.

For an experiment using un-leached lignocellulose biomass, it was labelled L1, while the
leached one was labelled L2.

reflux

temperature
measurement

2L three-necked
round bottom flask

heated plated with
magnetic stirrer

Figure 3. Test run set-up for the acid leaching experiment

3.2.2 Thermogravimetic Analysis (TGA)

The samples for the TGA experiments were prepared at a fixed biomass loading and catalyst
mass loading ratio (biomass: catalyst) of 1:1 and with a total mass of 60 mg. Prior to each run,
the sample and catalysts were mixed thoroughly to ensure a good uniformity of the sample
mixture.

The TGA was carried out in a Netzsch STA 449 F3 Jupiter equipment using the TGA/DTA
configuration. A temperature program with specified heating rates, inert atmosphere flows,
steam ratios and residence times were prepared with Proteus, the software of STA 449 F3
Jupiter. The following temperature program was used with nitrogen (N.) gas as an inert
atmosphere. From an ambient temperature to 110°C, at a heating rate of 10°C/min, for sample
drying (moisture removal); isothermal drying at 110°C, for 10 min (until constant mass was
reached); temperature raising from 110 to 900°C (for pyrolysis and a subsequent release of
volatiles) at different heating rates (10, 20, 30, 50°C/min), and isothermal transformation at
900°C for 10 min (to enhance the devolatilisation process and production of char). From an
ambient temperature to 900°C, an argon at a flow rate of 50 ml/min was used to maintain the
reacting atmosphere inert. The mass loss and mass loss rate were recorded online as functions
of time and temperature.
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3.2.3 Kinetic study

The solid-state reaction kinetics is studied by using the change in extent of reaction ().

mo —my

a=—— (1)

my — Mg

where my, m;, and m,, are the initial masses of the samples, the mass of sample at time t, and
the mass of sample at the end of a reaction, respectively.

By using the extent of reaction, the solid-state reaction rate can be described as follows:

da

= 2

- k(T)f () (2)
The integral rate law is obtained by integrating the above equation:

g(a) =kt (3)

Introducing the Arrhenius equation for replacing k(T) will give the temperature dependence
of the rate constant as the following equation:

g(a) = Aexp (%;a) t (4)

where A and Ea are the pre-exponential factor and activation energy, respectively. The detailed
integral method is describe elsewhere [161]. The calculation of Ea can be carried out by
introducing various expressions for g(a) in Eq. (2). Data acquisition and data processing were
carried out using Microsoft Excel. The different kinetic models for g(a) [162]-[168],
commonly known as solid-state reaction mechanism, are listed in Supplement 1 (S1).

3.2.4 Catalytic pyrolysis process

A fixed bed reactor equipped with oil condensers and a gas collection bag was used for the
bench-scale non-catalytic and catalytic pyrolysis processes (Figure 4). Initially, the reactor was
heated up to the chosen temperature for the experiment. After the temperature in the furnace
reached the desired level, a stainless-steel rod enabled to push a movable crucible containing
the unreacted biomass from the water condenser tube to the middle of furnace. A non-catalytic
experiment was labelled NC.
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Figure 4. Schematic diagram of the two-stage catalytic pyrolysis reactor

For the catalytic pyrolysis experiment, 100 grams of staged catalysts or mixed catalysts bed
were placed inside the reactor, and 100 grams of biomass was put in the crucible attached to
the stainless-steel rod. The ratio of biomass to catalyst (B/C) was maintained at 1:1. Inert gas
(N,) entered the system from the top of the reactor. An N, flow rate of 350 ml/min was applied
in all experiments. The reactor pressure was around ambient. At the beginning of an
experiment, the reactor was preheated to 500°C along with the catalyst bed inside. As soon as
the reactor reached 500°C, the unreacted biomass was pushed to the middle of the furnace
from the water condenser tube by using a stainless-steel rod and started to be pyrolyzed. For a
typical run, after lignocellulosic biomass was fed to the reactor, the catalytic pyrolysis process
was carried out for 15 minutes. Thereafter, the crucible containing the reacted biomass was
pulled-out from the middle of furnace back to the water condenser tube by using a stainless-
steel rod, following a purge of reactor with nitrogen for another 15 minutes at reaction
temperature to strip any remaining product from the catalyst. The mass yield of catalytic
pyrolysis products was calculated according to Equation (5), where i is Organic Fraction (OF),
Aqueous Fraction (AF), Non-Condensable Gase (NCG), char, and coke.

Mass yield i (wt.%) = (mass i (g)/biomass (g)).100 (5)

The catalytic pyrolysis experiments were replicated at least three times to verify the
reproducibility of the data. The precisions of each analysis were expressed as a 95% Confidence
Interval (CI). Data acquisition and data processing were carried out using Analysis ToolPak,
an add-in program in Microsoft Excel.

3.2.5 Sequential regeneration of catalysts

The effect of catalyst regenerations on the product distributions and compositions of bio-oil as
well as NCGs yields were investigated. After each experiment, the char and spent catalyst
mixture were removed from the rector. The spent catalyst was subjected to a regeneration

17



procedure in a fixed bed reactor by using an airflow, which was adapted from Yildiz et al. [37]
and Aho et al. [3]. The furnace temperature was increased from ambient temperature up to
250°C with a ramping rate of 4.5°C min-. Thereafter, it was kept at an isothermal condition at
250°C for 40 min. Then, the temperature was raised to 600°C with a temperature increase of
5°C min and kept at 600°C for 5 h. The temperature was then decreased to 105°C (instead of
using an ambient temperature) to prevent moisture absorption. Finally, the catalyst mixture
was stored in the oven at 105°C until the next experiment was started. Subsequently, it was fed
back to the pyrolysis reactor, and the experiment was repeated. In total, ten reactions were
carried out, and they were labelled as R1, R2, R3, ..., R10.

3.3 Product analysis

3.3.1 Liquid product analysis

Condensable liquid products were collected in five condensers, which were preserved at —15°C
by being kept in an isopropanol bath. Before and after each experiment, the condensers were
weighed. The mass difference should be equal to the total liquid yield produced. Further, the
two phases within the liquid products, the OF and AF, were separated using a decanting funnel.

Gas chromatography Agilent 7890A coupled to a mass spectrometer Agilent 5975C was used
to identify the compounds present within the liquid. The column used in the GC method was
an HP-5 capillary column of 60m x 0.250mm x 0.25um for organic fraction analysis and a DB-
1701 capillary column of the same size for aqueous fraction analysis. The carrier gas was helium
at a constant flow rate of 1 ml/min with splitless injection. The GC/MS injector and interface
temperature were maintained at 280°C. The GC oven temperature was initially set at 45°C for
2 minutes. Then, the temperature was programmed to rise from 45°C to 230°C with the heating
rate of 20 °C/min and held at 230°C for 10 minutes. For the MS measurements, electron
ionization (EI) was used with ionization energy of 70 eV. The mass spectra were recorded at
1.49 scans per second with the m/z range of 45—550 amu and ion source temperature of 230°C.
The peak area was obtained by automatic integration with Agilent ChemStation and
interpreted using the NIST11 Library with a high degree of certainty (over 80%). The relative
proportion of each identified compound was based on its selective ion peak area relative to the
total selective ion peak area, following Equation (6), where i is the identified compound.

Area i (%) = (area i/total area).100 (6)

Water content of liquid products was determined using a Mettler-Toledo volumetric Karl-
Fischer titrator T5 [169]. Total Acid Number (TAN) of the liquid products was determined by
titrating bio-oil solution in methanol with KOH solution in methanol of known concentration
[170].

The elemental compositions of the bio-oil samples were determined by using a Thermo
Scientific Flash 2000 Organic Elemental Analyzer. The higher heating value (HHV) of bio-oil
samples was estimated using the Dulong equation [171], where C, H, and O are carbon,
hydrogen, and oxygen in weight percentages, respectively.
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The degree of deoxygenation of bio-oils was calculated using Equation (8) [74].
9%0) i _ i
Deoxygenation degree (%) = (1 - M) x100 (8)
( %0 ) biomass

3.3.2 Gas product analysis

The condenser system was connected to a Tedlar™ gas sample bag to enable a collection of
non-condensable gases. Gases collected in the Tedlar™ gas sample bag were analysed
immediately after each experiment by using an Agilent 490-micro Gas Chromatograph (GC).
The mass of gas was calculated from the gas chromatography data and the flow of gases related
to the flow rate of nitrogen purge gas and gas concentration in the gas sample bag. The average
NCG flow rate was calculated by subtracting the average inert gas flow from the total gas flow.
The following gaseous compounds were measured: CO, CO,, H,, CH,, C.H,, C.Hs, CsHs, and
C;Hs. The sum of C.H,, C.Hs, C3He, and C3Hg will from now on be referred to as C...

3.3.3 Solid product analysis

The coke yield on the catalyst surface has been calculated by direct weighting. There was no
major shift in the composition of the chars since there was no physically mixing of biomass and
catalysts.

The BET surface areas of the spent and regenerated catalysts were determined by using a
micromeritics ASAP 2020 instrument. The catalysts were outgassed at 250°C for 3h under
vacuum, before performing the measurements.
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4 Results and Discussion

4.1 Acid leaching pretreatment of lignocellulose biomass

Supplement 1 observed the effect of acid leaching pre-treatment on the removal of Alkali and
Alkali Earth Metal (AAEM) in lignocellulose biomass.

Table 4 show the results of the leaching tests at different acetic acid concentrations at a liquid
to solid (1/s)-ratio of 10:1, a temperature of 90°C, and a residence time of 120 minutes. It is
apparent that a decrease of the leaching efficiency for Ca was observed to be connected to a
reduction of the acetic acid concentrations. Leaching efficiencies of 60% and 59% and a
decrease in Ca contents from 1790 mg/kg to 717 and 739 mg/kg were achieved when using 10
wt% and 5 wt% of acetic acid concentrations, respectively. Further reductions of the acetic acid
concentrations led to a larger decrease in the leaching efficiencies and promoted an increase
of the Ca contents. A leaching efficiency of 45% and a Ca content of 987 mg/kg were obtained
when using a 1 wt% of acetic acid concentration, while an efficiency of 39% and a Ca content of
1098 mg/kg were reached when using a leaching process with a 0.3 wt% of acetic acid
concentration. This finding provides an evidence that an acid leaching process is effective to
lower the Ca content. As a comparison, Oudenhoven, et al. [172] investigated the leaching
process for pinewood, straw, and bagasse with demineralized water and the results showed
that it was only possible to remove 20% of calcium using this process [172].

A decrease of the leaching efficiencies for Mg content was also noticed with a reduction of the
acetic acid concentrations. By using an acetic acid concentration of 10 wt%, the leaching
efficiency reached 97% with a significant reduction of the Mg content from 385 mg/kg to 10.1
mg/kg. Aleaching process using a 0.3 wt% acid concentration gave an efficiency of 79% as well
as a Mg content of 82.6 mg/kg. This was higher than that from a process using an acid
concentration of 10 wt%. Although the differences of the leaching efficiencies when using 10
wt% and 5 wt% acetic acid concentrations in the leaching liquid slightly differed, a strong
decrease when using 1 wt% and 0.3 wt% acetic acid prevailed.

The above findings contradict the results by Davidsson, et al. [173]. They found that the
removal of alkali metals (Ca and Mg) when using acid leaching reached 70% at temperatures
below 600°C [174]. However, in the current study a 60% removal of Ca and a 97% removal of
Mg was achieved at a temperature of 90°C. A study by Wu, et al. [175] also attained a lower
percentage of Ca removal (5-30 wt%) when using a water leaching process, as compared to the
current study. Specifically, they only reached an 80% removal of the Mg content. The alkali
earth metal (Ca and Mg) are hardly water-soluble [175]. Hence, higher leaching efficiencies are
expected from an acid leaching compared to a water leaching. Nevertheless, the results of the
current study agrees relatively well with the results of Davidsson, et al. [174] study showing
that the acid leaching process does not completely remove the alkali metals. This is due to a
strong bond of the compounds to the material. In the case of this study, 40% of Ca remained
in the biomass after the completed leaching process.

The K content was reduced from 1020 mg/kg to a level below 15 mg/kg, corresponding to a
leaching efficiency of 99%, when applying a minimum of 1 wt% acetic acid. The leaching
efficiency decreased to 97% (on average 34.2 mg/kg) when using a 0.3 wt% acetic acid. For Na,
leaching efficiencies of at least 96% were achieved for all tested concentrations of acetic acid.
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This resulted in a reduction of the Na contents from 54 mg/kg to values of less than 2.4 mg/kg.
As compared to the leaching process with demineralized water [172], the leaching efficiency in
this study was able to completely remove Na and K and reaching up to 96-99% efficiencies.
Oudenhoven, et al. [172] obtained lower efficiencies than the present study, amounting to 75-
90%.

The findings of Liu and Bi [176] supports the present findings. They investigated the removal
of Ca, Mg, Na, and K from pine barks by acid leaching using a 0.5 M HCl solution for 48 hours
at a temperature of 20°C. They found that the removal efficiencies for Ca, Mg, Na, and K were
90, 98, 100, and 92%, respectively [175]. Although the results from the present study were
lower than the findings of Liu and Bi [176], the present finding showed comparable results
when using a weak acid, CH;COOH, instead of a strong acid, e.g. HCl. Furthermore, the
residence time was short, 2 hours, as contrasted to 48 hours in Liu and Bi’s [176] study.

The influences of the temperatures and residence times on the leaching efficiency were
investigated. The residence time was set to 30 minutes for all test runs, while the temperature
was varied from 30°C to 90°C. The test runs were performed with acid concentrations of 10
wt% and 5 wt%, to reach the leaching efficiencies, as shown in the previous tests. The results
of these test runs are shown in Table 4.

As shown in Table 4, there was no significant influence of the temperature on the Ca content
at a residence time of 30 minutes. The leaching efficiencies varied between 50% and 64% when
using a 10 wt% of acid concentration. Accordingly, a reduction of the Ca contents was observed
from 1,790 mg/kg to 725 and 639 mg/kg. In a process using an acid concentration of 5 wt%,
the leaching efficiency was slightly lower than using an acid concentration of 10 wt%. The
efficiency decreased with an increased temperature, from 59% with a Ca content of 739 mg/kg
at 30°C to 56% with a Ca content of 783 mg/kg at 90°C.

For Mg, a trend of increasing leaching efficiencies with increasing temperatures was observed.
In the case of a 10 wt% acetic acid, the Mg contents were reduced from 385 mg/kg to 10.5 and
14.0 mg/kg (leaching efficiencies 96-97%). The leaching efficiencies in the process when using
an acid concentration of 5 wt% was slightly lower, namely 95-96%, as the Mg contents were
reduced from 17.1 to 20.8 mg/kg.

The highest leaching efficiencies for K was noticed at all temperatures. The K contents in the
treated biomass decreased with the increasing temperatures, namely from 1,020 mg/kg to 14.0
and 12.4 mg/kg with an acid concentration of 5 wt% and to the range of 10.7-11.8 mg/kg with
an acid concentration of 10 wt%.

The contents of Na in the leached biomass were reduced from 54.3 mg/kg to below 1.6 mg/kg
when using an acid concentration of 10 wt% at all temperatures. This resulted in leaching
efficiencies of more than 97%, while the Na content in a process with an acid concentration of
5 wt% scattered between 1.7 and 2.0 mg/kg and leaching efficiencies from 96% to 97% result.

21



[44

00T , (SSBWOIq PaTeaIIun 3} UI UOIFRI}UIOUOD JUSWIS / SSEWIOIq PIeal} 9} UI UOTJRIFUIIUOD JUSWS[R — T) = AOUSIONJO SUIYIRI,4

siseq ATp : 'q'px

0 F 96 0 F 66 €0 ¥ 96 g0 F 9 00 F O0¢ 60 ¥ Ver ol F T4 9¢r F €gL 0,06
o F L6 00 F 66 2o ¥ S6 Go ¥ LS 0 F L1 ¢o F ©6C1 Lo F 061 6 F CLL 0,09
L0 F 96 0 ¥ 66 o ¥ S6 1 F 69 o F 671 1 ¥ ot 60 ¥ goc GEL F 6EL D,0¢
:Jo saanjeradural yIm ‘prnbrg
3uryoes Ul proe 01jade %M G
‘senuriu O€ JO aUII] S0UIPISAI Y
L6< 10> F 66 0 ¥ L6 €0 F 69 91> G0 ¥ Lor €0 F Gor ot ¥ Gal 0,06
L6< 10> F 66 20 F L6 L€ F V9 91> G0 ¥ g1 90 F Ler T99 F 6€9 0,09
L6< 10> F 66 0 F 96 60 F 09 91> o F G 2o F obr 991 F 91l D,0%
:Jo saanjeradua) yIIm ‘prnbrg
SUIYOLI[ Ul PIOE D1}90R 9%"IM OT
‘sonurx O€ JO SUIL} 9USPISAI Y
96< OT F L6 OT F 64 9 F 6¢ oec> TII F gbe 09 F 9y €or ¥ g601 %M €0
'O F 96 T1TO0> F 66 710> F 68 T F S 0> F TG 60 F 6C1 T F LE&b QT F Lg6 9% IM T
oLl F 96 10> F 66 I'0 ¥ 96 ¢ F 69 Yo ¥ ve e F v S0 F 191 S F 6%L %'IM S
96< T1TO> F 66 TO> F L6 Z F 09 0'c> 91T F TII 60 F 101 ch ¥ LiL 9% 1M OT
:pmbi| Suryoea[ ul proe o110y
‘S9INUIW OTT JO SWIL} 9OUIPISAI B
3,06 Jo aunjeraduel v
¥S 02Or1 g€ 0641 9so[N[[9o0uSI] PaYoea[-U()
eN bl SN €D eN | SN €D

(%1M) y,Aoudtoyyy Suryoeay

(+'q'P $Y/Sw) 1uLIU0)) JUSWA[H

uonIpuo) juowLdxy

1:0T JO onel-s/[ & Je sanjeladurs) JUSISJJIP PUE SUONBIIUSOUO0D PIOR J11908 JUISJJIP YHM SUNI 1$3) 91} JO S}Nsay ‘¥ 9[qe],



Wigley [177], who investigated the influence of acid leaching with 1% nitric acid (HNO,) on the
torrefaction of Pinus radiata, found that 4 hours was the minimum time for leaching of P.
radiata. A shorter time than 4h was assumed to be not sufficient to allow for the leaching
solution to penetrate deeply into the biomass micropores, while a long residence time of 8h
gave no further reduction on the AAEM content. The present study provided an effective
leaching method, giving more than a 55% of leaching efficiency for Ca and more than 95%
efficiencies for Mg, K, and Na for a 30 minutes leaching process. Furthermore, leaching with a
weak acid, CH;COOH, would avoid environmental penalties, as compared to a process using
strong acids, e.g. HNOs. Nonetheless, in regards to the influence of temperatures, the above
results are in the lines with the results by Wigley [177]. He found that an increase of the
temperature from 30°C to 90°C had no significant advantage on the reduction of the AAEM
content. Moreover, that an increase of the leaching temperature to 150°C initiated a hydrolysis
reaction, which was not a favorable effect [177].

The results of the present study suggest that the reduction of the residence time to 30 minutes
as well as the decrease of the temperature to 30°C have no significant influence on the leaching
efficiency for both acetic acid concentrations (10 wt% and 5 wt%). The obtained leaching
efficiencies from these processes were in the same range (59-99 wt%) as the results for a
residence time of 120 minutes and a temperature of 90°C.

Table 5. Properties of un-leached (L1) and leached lignocellulose (L2) biomasses for TGA experiments

Analysis L1 L2
Proximate analysis d.b.a wt.% d.b.a wt.%
Volatiles 84.2 88.3
Moisture 14.1 4.3
Ash 0.8 0.30
Fixed carbonP 0.9 7.1
Ultimate analysis d.b.2wt.% d.b.2 wt.%
Carbon (C) 48.5 49.1
Hydrogen (H) 6.3 5.9
Oxygen (O)P 44.65 44.80
Nitrogen (N) <0.10 0.18
Sulphur (S) 0.026 0.012
Elements mg/kg d.b.2 mg/kg d.b.2
Calcium (Ca) 1790 739
Magnesium (Mg) 385 20.8
Natrium (Na) 54.3 1.9
Potassium (K) 1020 14.0

ad.b.: dry basis
b Calculated by difference

With respect to economic aspects, the leaching parameters to produce leached biomass for the
TGA experiments were set to 30 minutes, 30°C and 5 wt% acetic acid in the leaching liquid. At
these parameters a significant reduction of the AAEM content in the leached biomass could be
achieved (Ca: 59%, Mg: 95%, K: 99%, and Na: 96%).

The physicochemical analysis was carried out for the leached biomass. The results are
compared to the physicochemical analysis for the un-leached biomass. As shown in Table 5,
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the samples contain low nitrogen (<0.2 wt.%) and sulfur (<0.03 wt.%) contents. This indicates
that the risk for emission of toxic gases (NOy, SOy) is low.

The Higher Heating Value (HHV) is used to express the calorific value of the biomass, which
indicates the amount of energy available from the biomass. The value is calculated by using the
Milne formula [178]. The estimated HHV values of L1 and L2 samples are 19.42 and 19.14
MJ/kg, respectively. These values are higher than the HHV values of wood, which was
investigated by Jahirul, et al. [179] (16 MJ/kg). A study of Acar and Ayanoglu [180] showed
similar HHV values for beech wood as found in the present study. They measured the HHV
values of beech wood with a bomb calorimeter according to the ASTM D2015 standard [181]
and obtained a HHV value of 19.2 MJ/kg [180].

The L2 sample was expected to have higher HHV values compared to L1, as concluded by
Jenkins, et al. [182], Sheng and Azevedo [183], and Jenkins, et al. [184]. This is due to the low
contents of minerals in the biomass, which leads to high HHV values. The HHV value
represents mass-based measurement. However, the results of the present study showed that
the HHV value is not significantly influenced by the acid-leaching pre-treatment. The HHV
value of leached biomass (L2) was 0.28 MJ/kg lower than the value of un-leached biomass
(L1), even though it should be noted that the mineral content in L2 is clearly decreased. This is
shown in Table 5 by the decreased value of ash as well as for the Ca, Mg, Na, and K contents.

4.2 Kinetic study of lignocellulose biomass in catalytic pyrolysis
using a catalyst mixture of H-ZSM-5 and AI-MCM-41

Supplement 1 and 2 investigated the kinetic study of catalytic pyrolysis of unleached and
leached lignocellulose biomass with catalyst mixtures consisting of H-ZSM-5 and AI-MCM-41
at ratios of 7:1 (HA-71P), 3:1 (HA-31P), 1:1 (HA-11P), and 1:3 (HA-13P). The experiments were
carried out by Thermogravimetric Analysis (TGA) instrument to gain an overall understanding
of the interactions between the biomass and the catalyst. The solid-state reaction mechanisms
from nucleation models to reaction-order models have also been put into consideration to
determine the effective mechanism for a catalytic pyrolysis of lignocellulose biomass using a
mixture of H-ZSM-5 and AlI-MCM-41.

4.2.1 Thermal decomposition characteristics of unleached and leached

lignocellulose biomass

Figure 5(a) and (b) show thermogravimetric (TG) and differential theremogravimetric (DTG)
curves at different heating rates for pyrolysis of un-leached and leached lignocellulose biomass,
respectively. All test runs showed similar trends with respect to the mass loss as a function of
temperature. Four stages are observed for both biomasses: Phase 1, a drying stage; Phase 2, a
devolatilization stage, which started approximately at 160°C. El-Sayed, et al. [185] revealed
that during this phase, cellulose and hemicellulose degradations occurred. Raveendran, et al.
[186] added that the small fraction of lignin component might be given off during this phase.
A Phase 3 followed approximately at 360°C, where lignin and heavier hydrocarbons are
decomposed; and Phase 4, a residual stage, where a slight mass loss up to the end temperature
(900°C). According to Figure 5, the TGA and DTG curves of un-leached and leached biomass
follow the usual shape for lignocellulose biomass materials [187]. This behaviour is in

24



agreement with the previous findings [188], [189] during the investigation of biomass
degradation under inert (N.) atmosphere.
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Figure 5. TG and DTG curves of (a) un-leached (L1) and (b) leached lignocellulose (L2) biomass at
various heating rates.

The important characteristic parameter for pyrolysis performance analysis are shown in Figure
6. T-onset is defined as the start of the biomass devolatilization, determined by the
extrapolation of the DTG curve. The temperature which corresponds to the maximum weight
loss of hemicellulose is labelled as T-hc, while the T-peak represents the maximum mass loss
rate and the corresponding temperature. When the weight of the biomass remains unchanged,
the temperature represented is marked as the T-offset value. The thermal properties of
lignocellulose biomass, un-leached and leached, for different heating rates are summarized in
Table 6.
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Figure 6. Definition of the characteristics of thermogravimetric curves
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As shown in Table 6, the devolatilization of un-leached lignocellulose biomass starts at a
temperature of 228°C for a heating rate of 10 K/min. This T-onset decreased with an increased
heating rate. The lowest T-onset, 166°C, was observed at a heating rate of 50 K/min. In
thermogravimetric analysis of un-leached biomass, the temperatures which corresponds to the
maximum weight loss of hemicellulose were noticed at the heating rates of 10 and 20 K/min
and was absence at temperatures of 30 and 50 K/min. The trend for the T-peak was similar to
the T-onset, which showed decreasing values when the heating rates increased. However, the
temperature for T-offset increased with an increased heating rate.

Similarly, a decrease of the T-onset was also observed for leached biomass at increased heating
rates. At the heating rates of 10 and 30 K/min, the T-onsets for leached biomass (221 and
196°C, respectively) were slightly lower than those for un-leached biomass (228 and 197°C,
respectively). Then, the temperature corresponding to a maximum mass loss of hemicellulose
was only noticed at a heating rate of 10 K/min. For the T-peak, a decreasing trend was detected
from the heating rates of 20 K/min with 323°C to 50 K/min with 290°C. The T-peak at 10
K/min was insignificantly different from the value at 20 K/min. Compared to the data for un-
leached biomass, there was a decreasing value of the T-peak for leached biomass at heating
rates of 10 and 20 K/min. A shift from 330°C for un-leached biomass to 323°C for leached
biomass was noticed at 10 K/min and from 326°C to 323°C at 20 K/min. Also, there was an
increase in the T-offset value, giving 363°C at 10 K/min and 447°C at 50 K/min.

In contrast, the study by Jenkins, et al. [184] found that there was a delayed value for leached
rice straw, compared to un-leached rice straw. The T-peak value for leached biomass occurred
around 325°C, while for un-leached biomass, it occurred at approximately 280°C [184].
Interestingly, Lv, et al. [190] found that the thermal behaviour of the acid-washed biomass
showed a similar phenomenon to that of un-washed cellulose, corncob, and rice husk. It is
expected that the thermal characteristics of biomass are strongly correlated to the biomass
components, which are also different between biomass species. The finding of the present
study suggests that the removal of AAEM through an acid-leaching process promoted a slightly
shifting of T-hc and T-peak toward lower temperatures (278-323°C), compared to the values
from un-leached biomass (280-330°C). However, there was significant difference of mass
losses (12.4-18.2%) between leached and un-leached biomass.

A different mass loss had evolved from different heating rates. Table 7 presents and compares
the mass losses from un-leached and leached biomass at different heating rates in its respective
phases. The moisture removal process was observed during the Phase 1 for both the un-leached
and leached lignocellulose. The mass losses percentage for Phase 1 is in the range of 0.48-
3.14%, Table 7. It implies that the lignocellulose biomass, either un-leached or leached, can be
used directly in thermochemical processes, such as a catalytic pyrolysis, where the moisture
content of the biomass is lower than 10 wt.% [191]. The low moisture content will increase the
heating value of lignocellulose biomass and enhance the quality of bio-oil [185]. Similarly,
some studies [192]-[194] found that the rate of pyrolysis from room temperature to around
200°C was very slow and resulted in a less than 5% mass loss, corresponding to the moisture
content release process. Since the 50-70% mass loss occurred in a temperature range of 160-
450°C, the kinetic study was focused on the process during Phase 2.
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During the Phase 2, the thermal degradation hastens as the heating rate is increased. Although
the mass loss percentage decreased from 68.62 wt.% at 10 K/min to 68.34 wt.% at 20 K/min,
a strong increase of the mass loss percentage to 75.54 wt.% at 50 K/min prevailed. The
decreased value of the mass loss percentage in Phase 3 shows that the lignin decomposition
was hindered by the increase of the heating rates. The highest percentage of mass loss, 12.05
wt.%, was achieved at a heating rate of 10 K/min, while the lowest value (5.20 wt.%) was
obtained at a heating rate of 50 K/min. Additionally, there was a decrease in mass loss
percentage for Phase 4, which represent the residual solid from the process, as the heating rate
increased from 20 K/min (19.88 wt.%) to 50 K/min (16.43 wt.%). However, a 2.07 wt.%
increase in mass loss percentage was noticed from 10 K/min to 20 K/min.

A similar trend in Phase 2 occurred for the leached biomass, as a 84.72 % of weight loss was
observed at a heating rate of 10 K/min and increased to 87.97% at a heating rate of 50 K/min.
An increase of 12.4-18.2% was noticed for the mass loss percentage for leached biomass
compared to un-leached biomass. This finding implies that a pre-treatment leaching process
prior to a thermal conversion led to a high devolatilization. Nevertheless, the lignin
decomposition, represented in Phase 3, followed a decreasing trend, giving mass loss
percentage from 5.37 wt.% at 10 K/min to 2.83 wt.% at 50 K/min. The mass loss percentages
in Phase 3 for leached biomass was 2.3-6.7% lower than the percentages for un-leached
biomass. It is assumed that the lignin was mostly decomposed in Phase 2 for leached biomass.
Furthermore, the residual solid in Phase 4 decreased from 8.54 wt.% at 10 K/min to 6.42 wt.%
at 50 K/min.

The findings above is consistent with the result of Gomez, et al. [195]. They investigated the
thermal characteristics of beech wood chips and found that the water-washed sample had a 3%
less solid residual compared to un-treated samples. The water-washed sample gave a 11 wt.%
of solid residual, while the un-leached sample obtained 14 wt.% [196]. Varhegyi, et al. [197]
also observed that the effect of water-washing pre-treatment had smaller effects for beech
wood. There was only small increases by 9K for T-peak, even though there was a significant
decrease of the solid residual by 7% when using hot water washing [198].

4.2.2 Influence of catalyst ratio loading on biomass degradation

Considering the potential mixture H-ZSM-5:Al-MCM-41 ratio of 3:1 with respect to favorable
compounds [199] as well as Benzene, Toluene, and Xylene (BTX) [200] contents in bio-oil, as
shown in the later section (4.3.1.3), the influence of this catalyst mixture was studied in the
pyrolysis of leached lignocellulose biomass. Other variation of H-ZSM-5:Al-MCM-41 ratios: H
(1:0), HA-71(7:1), HA-31 (3:1), HA-11 (1:1), and A (0:1) were also investigated and the complete
results of them were provided in the Supplement 1 and 2.

TG and DTG curves from the un-leached and leached lignocellulose pyrolysis process with H-
ZSM-5:A1-MCM-41 ratio of 3:1 are shown in Figure 7. Figure 7(a) and (b) can be compared with
Figure 5(a) and (b), respectively. This comparison shows that all test runs showed similar
trends of mass loss as a function of temperature. Figure 7 also illustrates four stages, Phase 1,
2, 3, and 4, of the biomass decomposition. In general, the trend was close to the experiments
without using a catalyst. Phase 1 represents a drying stage, Phase 2 started around 160°C,
followed by Phase 3 at 360°C and Phase 4 up to 900°C. The difference was found with respect
to the range of temperature corresponding to Phase 2. For the experiments with catalyst, Phase
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2 indicated a range of temperature from 160 to 486°C, while the experiments without using a
catalyst showed a range of 160-447°C. The process operated using a catalyst run to a 39°C
higher temperature compared to that without catalyst.
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Figure 7. TG and DTG curves of (a) un-leached (L1 H-31) and (b) leached (L2 H-31) lignocellulose
biomass with the addition of H-ZSM-5:A1-MCM-41 ratio of 3:1 at various heating rates.

The thermal properties of lignocellulose biomass, un-leached and leached, with the addition of
H-ZSM-5:A1-MCM-41 ratio of 3:1 for different heating rates are summarized in Table 6. The T-
onset, which represents the start of the devolatilization, decreased as the heating rates
increased from 221°C at 10 K/min to 166°C at 50 K/min. The hemicellulose devolatilization
was only noticed at 10 K/min with a temperature of 278°C. The decreased values were also
observed for the T-peak from 323°C at 10 and 20 K/min to 290°C at 50 K/min. Additionally,
the T-offset showed an increase from 363°C at 10 K/min to 447°C at 50 K/min.

Comparably, a decrease of T-onset value was also observed in the case of leached biomass using
a H-ZSM-5:A1-MCM-41 ratio of 3:1. As the heating rates increased from 10 to 50 K/min, the T-
onset values decreased from 237 to 166°C. There was no significant shifting in temperature
between un-leached and leached biomass experiments, even though a 7°C increase in
temperature for leached biomass was observed at 10 K/min. The temperature corresponding
to hemicellulose devolatilization was only indicated at heating rate of 10 K/min. For the T-peak
value, a decrease from 332°C at 10 K/min to 296°C at 50 K/min was detected, whereas for T-
offset, there was an increase from 368°C at 10 K/min to 371°C at 50 K/min. The finding of the
present study suggest that the rate of degradation is delayed for leached lignocellulose
compared to the un-leached lignocellulose with 3:1 ratio of H-ZSM-5/Al-MCM-41.

The thermal properties from lignocellulose biomass with the H-ZSM-5:AlI-MCM-41 ratio of 3:1
can be compared to the thermal properties of it without catalyst, presented in Table 6, which
shows the degradation peak temperatures (T-peak). For both cases of un-leached
lignocellulose and leached lignocellulose, mostly shifted to higher values when using H-ZSM-
5/AlI-MCM-31 ratio of 3:1. Wang, et al. [201] found differences suggesting that H-ZSM-5
catalyst led to a lowering of the values of the degradation peak temperatures for the blended
mixture of corn stove and HDPE. The negation effect of catalyst mixture in the present study
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may be explained by the correlation between the degradation rate and coke formation rate,
which will be presented later as mass losses during the thermal degradation.

Table 7 shows the mass losses from un-leached and leached biomass with H-ZSM-5:AlI-MCM-
41 ratio of 3:1. During the Phase 1, the moisture removal was at the level below 5.5% for all test
runs. For Phase 2, the mass loss percentages increased with increased heating rates for both
un-leached and leached biomasses. From the un-leached biomass experiments, the percentage
of mass loss increased from 64.95 wt.% at 10 K/min to 68.33 wt.% at 50 K/min, while for the
leached biomass, it rose from 65.71 wt.% at 10 K/min to 66.73 wt.% at 30 K/min, before
decreasing to 62.44 wt.% at 50 K/min.

A similar trend was observed during Phase 3. The experiments with un-leached biomass
obtained a decrease of the mass loss percentages from 4.31 wt% at 10 K/min to 1.46 wt% at 50
K/min, whereas for leached biomass experiments, the percentages decreased from 4.51 wt% at
10 K/min to 4.11 wt% at 30 K/min and increased to 5.88 wt.% at 50 K/min. The decreasing of
mass loss percentage during Phase 3 is assumed to reflect the decay in the reaction intensity.
Within Phase 4, coke, catalyst, and ash left from the process as the final residual.

A decrease of mass losses during Phase 2 was observed for the measurements using a catalyst
mixture compared to measurements without a catalyst, Table 7. In the case of un-leached
biomass, Phase 2 from the measurement with catalyst mixture gave mass losses that were 3.2-
7.2 wt.% lower compared to when no catalyst mixture was used. The decrease of mass losses
was more significant for leached biomass cases. Specifically, the measurement with catalyst
mixture obtained 19-26 wt.% lower than without catalyst.

Furthermore, an increase of solid residual was observed in Phase 4. The mass losses of 9.1-12.7
wt.% more was observed from the measurement with catalyst mixture for the un-leached
biomass and 18.5-21.6 wt.% more for the leached biomass, in comparison to the measurements
without catalyst. These results clarify that using the catalyst mixture lowers the rate of
degradation due to a coke deposition in the catalyst pores. The formation of coke was up to two
times more severe in the case of leached biomass compared to un-leached biomass, even
though the leaching affected positively on the devolatilization of biomass with a value of 3.5-
6.4 times higher than without an acid leaching pre-treatment.

4.2.3 Kinetics and reaction mechanisms parameters

Several forms of mechanism functions, Supplement 1 (S1), were used to find a better
approximation for the activation energy. The activation energies obtained from calculations
with those mechanisms are given in the supplement pages. Jankovic and Jankovic [202] found
that a three-dimensional (D4) diffusion could be used to describe the thermal degradation of
beech wood with Ea value of 155.5 kJ/mol. This value is in agreement with the result for un-
leached biomass at 20 K/min (Ea = 156.5 kJ/mol) when using the same reaction model (D4).
This value of 156.5 kJ/mol is also comparable with the value of Ea reported by Blasi and Branca
[203] (Ea = 157.0 kJ/mol). However, the diffusion mechanisms (D1, D2, D3, and D4) in the
present study were not statistically satisfactory. The square-R for these mechanisms showed
less than 0.99 in most cases.

Another study by Radojevic, et al. [204] resulted in 225.04 and 227.76 kJ/mol as Ea values for
beech sawdust, calculated by Friedman and Kissinger-Akahira-Sunose (KAS) methods,
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respectively. By using a first order mechanism (F1), Grenli, et al. [205] found an Ea value of
127 kJ/mol for beech wood. Ding, et al. [206] estimated that the activation energies of beech
wood were 148.63-174.44 kJ/mol by using the Flynn-Wall-Ozawa method (FWO) and 146.84-
172.21 kJ/mol by KAS. The findings of the present study also suggest that different values of
activation energies were obtained from different kinetic mechanism. It can be concluded that
the apparent activation energy (Ea) depends on the considered kinetic functions [202].

This study indicates that the F2 mechanism was able to illustrate the catalytic pyrolysis
process, proven by that the coefficient of determination (R2) was more than 0.99 compared to
other mechanism and it applied to every heating rates. Results of the kinetic calculation of
lignocellulose biomass with second-order reaction model (F2) under different heating rates,
either without catalyst or with the catalyst addition, are shown in Table 8.

Table 8. TGA kinetic calculations of un-leached and leached lignocellulose biomass with second-order
reaction model (F2) as the selected mechanism at various heating rates

Heating rates (K/min)

Samples
10 20 30 50
Un-leached lignocellulose
Ea (kJ/mol) Ea (kJ/mol) Ea (kJ/mol) Ea (kJ/mol)
L1 26.94 19.93 16.38 15.35
L1 HA-31 25.56 19.05 18.92 18.29
Leached lignocellulose
Ea (kJ/mol) Ea (kJ/mol) Ea (kJ/mol) Ea (kJ/mol)
L2 24.05 20.40 11.01 15.91
L2 HA-31 21.80 19.29 17.62 16.88

As observed from Table 8, as the heating rates increased, the activation energies decreased for
the process without using catalysts (L1 and L2), either for un-leached or leached lignocellulose.
Similar case occurred in the processes using catalysts (L1 H-31 and L2 H-31). However, for the
un-leached lignocellulose, the activation energies from the catalytic process (L1 HA-31) at
heating rate 30 and 50 K/min were 15-20% higher compared to the process without using a
catalyst (L1). However, for the leached lignocellulose, the activation energies for the catalytic
process (L2 HA-31) were 6-48% higher than un-catalysed process (1.2). In most of cases,
leaching resulted in a reduction of the activation energies, which implied an increase in the
reaction rate [184]. The results of the present study suggest that it is advantageous to use acid
leaching as a treatment prior to the catalytic pyrolysis to reach high devolatilization and
reaction rates.
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4.3 Catalytic pyrolysis of lignocellulose biomass using H-ZSM-5/Al-
MCM-41 catalysts

4.3.1 Preliminary catalytic pyrolysis of lignocellulose biomass using
staged-catalysts and physically mixed-catalysts consisting of H-
ZSM-5/Al-MCM-41 in powder form

Supplement 3 considered using a staged mesoporous and microporous catalyst to enhance the
bio-oil quality. By employing mesoporous catalyst, AI-MCM-41, and microporous catalyst, H-
ZSM-5, in staged layers, and considering a continuous flow of carrier gas, the pyrolysis vapour
is constrained to pass through a layer of catalyst one after another. The purpose of using two
catalysts staged one after another in layers was: firstly, to induce the pre-cracking of the large
molecule oxygenates produced from pyrolysis into smaller molecules via the larger
mesoporous of the AI-MCM-41 catalyst; secondly, the resultant smaller oxygenates produced
from the AI-MCM-41 catalyst layer may then enter the smaller microspores of the H-ZSM-5
catalyst for further cracking, as seen in Figure 8. A comparison was made with catalytic
pyrolysis of lignocellulosic biomass using physically mixed of H-ZSM-5 and Al-MCM-41. The
ratios of H-ZSM-5 and AI-MCM-41 used for the catalytic pyrolysis process were 7:1 (HA-71P),
3:1 (HA-31P), 1:1 (HA-11P), and 1:3 (HA-13P). Furthermore, the influence of the temperature
on the composition of the oils and gases during the staged catalyst pyrolysis of biomass was
observed.
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Figure 8. Catalytic pyrolysis of biomass with mesoporous and microporous catalyst
(adapted from Zhang et al. [21]).

4.3.1.1 The influence of H-ZSM-5/AI-MCM-41 catalyst ratio on the composition of

catalytic pyrolysis products

Table 9 shows the product yields from catalytic pyrolysis of lignocellulosic biomass over
different systems with 95% mean Confidence Intervals (CIs). In general, the repeatability of
the catalytic pyrolysis systems was shown by more than 90% of mass balance in most of cases.
The measurements for each case were found to be statistically identical. The significant
differences in the production of oil, water, gas, and char were also encountered among all
systems, apart from the oil and gas yields from the experiments with H-ZSM-5:A1-MCM-41
ratio of 7:1 and 3:1, both in staged-catalyst and mixed-catalyst systems.
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All runs except those with staged-catalyst 3:1 of H-ZSM-5:A1-MCM-41 ratio always exhibited
good mass balance closures. The lack in mass balance for runs with staged-catalyst 3:1 of H-
ZSM-5:Al-MCM-41 ratio was attributed to the product collection system, especially to the loss
of condensable organic vapours rather than to gaseous and solids. This is mainly due to the
difficulty in the collection of the liquid product during the experiments. Moreover, the
calculation of gases concentration was assumed to be ideal, which in reality is not the case.
During the catalytic experiments, the reproducibility of the experimental data is calculated to
be within + 5% with a 95% CI.

The liquid from pyrolysis of lignocellulosic biomass (NC) was homogeneous and single phase.
However, two phases of bio-oil (OF and AF) was observed after the pyrolysis vapours were
passed over the catalyst bed. This is due to the significant amount of hydrocarbons, mainly
aromatics, in the oil phase. The highest yield of OF, was obtained in thermal processing or non-
catalytic system of lignocellulosic biomass, amounting to 28.43 wt.%. In catalytic runs, Al-
MCM-41 led pyrolysis vapours mainly to OF with the yield of 23.37 wt.%, compared to single
HZSM-5 and catalysts with HZSM-5 contents.

The application of H-ZSM-5 decreased the OF due to the increased production of non-
condensable gases. As seen in Table 9, the gas yield increased with increasing H-ZSM-5
content, either in staged-catalysts or mixed-catalysts. The present finding also supports Imran
et al. [207] study. They investigated catalytic flash pyrolysis of biomass using different types of
zeolite. They reported that the catalytic pyrolysis of lignocellulosic biomass using zeolite
catalysts produced 9-23 wt.% of OF, while thermal processing of biomass resulted OF of 46
wt.%. The high content of H-ZSM-5 with catalyst/biomass ratio of 1:1 also increased the gas
fraction from 11.6% to 46.8% compared to the non-catalytic experiment [207]. Atutxa et al.
[208], Du et al. [209], and Zhang et al. [210] also found that the presence of H-ZSM-5
promoted the transformation of heavy liquid fraction into light liquid fraction and gases that
led to an increase of gas yields and a decrease of OF, which was consistent with the finding of
this study.

Interestingly, the oil yields in staged-catalysts systems were lower than the yields in mixed-
catalysts systems, while for the gas yields, the staged-catalysts systems produced more gaseous
products than the mixed-catalysts systems. This finding suggested that the deoxygenation and
secondary cracking reaction of the product vapours was effectively occurred in staged-catalysts
systems, when the large-molecule oxygenates from pyrolysis vapours were broken down into
small-molecule oxygenates with AI-MCM-41 catalyst, which was employed as the first layer of
staged-catalyst, before passing through H-ZSM-5 catalysts as the second layer of staged-
catalyst.

The finding also revealed that the high production of OF along with low formation of gaseous
products in the mixed-catalysts systems has been linked to the influence of AI-MCM-41 and H-
ZSM-5 pore sizes. Since the pore size of AI-MCM-41 is larger than H-ZSM-5 pore size, the
oxygenate-molecules easily entered the pore of AI-MCM-41 compared to the H-ZSM-5 pores.
Alternatively, by physically mixing the catalysts, there was no certain pathway for the
oxygenate molecules to enter H-ZSM-5 pores after AI-MCM-41 pores. Due to the large pore
size of AI-MCM-41, the oxygenate-molecules were assumed to preferably enter AI-MCM-41
pores. Thus, the presence of AI-MCM-41 in the mixed-catalyst more highly affected the product
yields in mixed-catalyst systems.
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Table 9. Product yields (wt.%) from catalytic pyrolysis of lignocellulosic biomass (L1) over different
systems with 95% mean Confidence Intervals (CIs).

Product yield
Experiment Mass Balance
OF Water Gas Char
NC 28.43 +0.01 28.87+0.01 11.93+0.02 30.77 £ 0.02 98.74 + 0.02
HP 9.07+£0.00 43.00+0.02 22.34+0.02 25.50+0.02 93.75+ 0.03
AP 23.37 £ 0.02  31.92 £ 0.02 18.11 £ 0.04 26.60 £ 0.05 99.06 £ 0.03
Staged-Catalyst
HA-71P 9.97 £ 0.01 42.11 + 0.03 22,16 £ 0.05 25.76 £ 0.01 05.25 + 0.04
HA-31P 10.31 £ 0.01 41.58 £ 0.03 22.19 £ 0.04 25.92 + 0.04 90.95 + 0.03
HA-11P 14.51 £ 0.01 38.83+0.02 20.85+0.05 25.80+0.01 02.05 + 0.02
HA-13P 20.76 £ 0.01 33.25+ 0.02 20.28 £0.02 25.71+ 0.04 98.00 + 0.02
Mixed-Catalyst
HA-71P 14.21 £ 0.01  39.38 £ 0.01 21.73 + 0.03 24.69 + 0.04 95.39 + 0.01
HA-31P 15.23 £ 0.01 38.32+0.01 21.88 £0.02 24.57 £ 0.03 98.97 + 0.02
HA-11P 19.67 £ 0.01  34.22 £ 0.02 21.23 + 0.02 24.88 £ 0.01 08.18 £ 0.04
HA-13P 21.36 £ 0.01 32.83+0.01 20.33+0.03 2548 +£0.04 94.73 + 0.02

Table 10 also shows that gas composition from pyrolysis and catalytic pyrolysis of
lignocellulosic biomass with staged-catalysts and mixed-catalysts. The marked increase in gas
yield mainly due to the increase in CO and CO.. The hydrogen and hydrocarbon gases
decreased as the composition of H-ZSM-5 either in staged-catalysts or mixed-catalysts
increased. The finding also revealed that the oxygen species are converted to CO and CO. in
catalytic pyrolysis of lignocellulosic biomass with H-ZSM-5. Therefore, the yields of CO and
CO, gases increased with the increasing composition of H-ZSM-5 in staged- and mixed-
catalyst.

Non-catalytic process obtained 28.87 wt.% of water content without phase separation. After
the addition of catalysts, the water content increased. This finding provides evidence that the
pyrolysis oil was highly viscous, while the bio-oil obtained via catalytic pyrolysis was less
viscous. Obviously, the large-molecule oxygenates were cracked to lighter fractions and
gaseous components in catalytic pyrolysis. The highest water content of 43.09 wt.% was
observed in the catalytic pyrolysis of lignocellulosic biomass with H-ZSM-5 catalyst. This is
due to the large number of microspores which were beneficial to convert hydrogen and oxygen
as well as pyrolysis vapours into water [211], [212]. Therefore, as seen in Table 9, the water
content increased as the proportion of H-ZSM-5 increased, either in staged-catalysts systems
or mixed-catalysts systems.
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Compared to the runs with single H-ZSM-5 or catalyst systems with H-ZSM-5 contents,
catalytic pyrolysis of lignocellulosic biomass with AI-MCM-41 produced low water content,
which indicates a weak dehydration activity. Due to the high influence of AI-MCM-41 catalyst
in mixed-catalysts systems, the low water contents were observed in mixed-catalysts systems
compared to those in staged-catalysts systems. For example, with the H-ZSM-5 and Al-MCM-
41 ratio of 3:1, the water content in mixed-catalysts system was 38.32wt.%, while it was
41.58wt.% in staged-catalysts system.

The effect of H-ZSM-5 on the water content in the present study is consistent with findings of
past studies by Samolada, et al. [213], which examined the conversion of representative bio-oil
model compounds over different catalytic materials and concluded that the H-ZSM-5 zeolite
completely converted unfavorable carbonyls to hydrocarbons with a simultaneous loss of the
organic liquid fraction and a dramatic increase of H20. Another investigation by Zhang et al.
[210] found that the presence of H-ZSM-5 in catalytic pyrolysis of corncob at 400-700°C in
fluidized bed reactor increased the yields to water and non-condensable gas, while decreased
the liquid yields, which is in good agreement with the results of the present study.

The acidity of the bio-oils was expressed by the TAN, analogous to the commercially accepted
use of TAN values for petroleum feedstock. Figure 9 shows the Total Acid Number (TAN) of
the bio-oils for all systems. TAN of bio-oil from non-catalytic experiment was 155.26 mg-
KOH/g. It increased when single AI-MCM-41 and ratio H-ZSM-5:AI-MCM-41 of 1:3, either
staged-catalyst or mixed-catalyst system, were employed in the catalytic pyrolysis process.
However, when the proportion of H-ZSM-5 in the catalyst systems was increased, the TAN of
bio-oil decreased and reached the lowest point of 19.60 mg-KOH/g with single H-ZSM-5
catalyst.

On the other hand, as seen in Table 11, the acids and carbonyls (such as aldehydes and ketones)
increased with the adding of AI-MCM-41 in the catalysts systems. In non-catalytic run, acids,
aldehydes, and ketones amounted to 15.13, 19.77, and 11.94%, respectively, while they were
16.63, 20.21, and 19.54%, respectively, in catalytic pyrolysis with single AI-MCM-41. This study
indicates that acids and carbonyls affect the acidity of bio-oil.

The present finding also supports Wang et al. [214] study which concludes that TAN is
correlated with the presence of naphthenic acid in the oil. The increasing content of acids in
the oil led to the rising of TAN. Wang et al. [214] found TAN of oil with 61.7% of naphthenic
acid was 95 mg KOH/g, while it was 149 mg KOH/g with 96.7% of naphthenic acid.

Though acids and carbonyls content in the bio-oils from both staged-catalyst and mixed-
catalyst systems with ratio H-ZSM-5:Al-MCM-41 of 1:3 were lower than the content from single
Al-MCM-41 run, the TANs were even higher than those from single AI-MCM-41 experiment.
This is due to correlation of the amount of acids and other groups of compounds in bio-oils,
such as oxygenate molecule or sugar fraction. Compounds with high pKa values may highly
affect TAN, even though their presence was small.

The finding is consistent with findings of past studies by Moens et al. [215] who studied
neutralization and stabilization of fast pyrolysis bio-oils and used the TAN as an indication of
the change in acidity. They indicates that TAN of bio-oil is related to carbonyls contents, which
mentioned by Wang et al. [214] as naphthenic acid.
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Figure 9. Total Acid Number (TAN) in the bio-oils from pyrolysis and catalytic pyrolysis of
lignocellulosic biomass.

Oasmaa and Czernic [216] revealed that acids and sugar fractions are the main factors for
causing acidity of bio-oils, which is in good agreement with the results of the present study. A
good correlation of the amount of acids and oxygen content in bio-oil with the TAN is derived
mainly (60- 70%) from the volatile acids, whose pKa values are the lowest of all of the
compounds in bio-oil. There are also other groups of compounds in fast pyrolysis bio-oils that
influence acidity, such as phenolic (5-10%) and fatty and resin acids (<5%). The acidity of the
‘sugar’ fraction, mainly because of hydroxy acids, covers about 20% of the total acidity [217].

The TAN requirement for upgraded bio-oil to be compatible with a petroleum refinery
infrastructure was a value of 1 or less [215]. Unfortunately, TAN from this study was still too
high for further processing in a petroleum refinery.

Consistent with findings by Mullen and Boateng [218], we found that the H-ZSM-5 catalyst
gave the highest yields of aromatics of 91.75%, as seen in Table 11. In the catalytic pyrolysis
systems, both staged-catalysts and mixed-catalysts, the proportion of H-ZSM-5 affected the
yield of aromatics. The more H-ZSM-5 in the catalysts systems, the more aromatics produced.
The enhanced depolymerisation likely occurred to convert aliphatic linkers of phenolic units
to olefins and then to aromatic compounds by aromatization [218].

Pattiya et al. [219] investigated the upgrading of the vapours from the pyrolysis of cassava
rhizome in a pyrolysis-gas chromatography— mass spectrometry (Py-GC-MS) system using
various catalysts. They concluded that the ZSM-5 catalyst was the most active catalyst and
increased the formation of aromatic hydrocarbons and decreased oxygenated lignin-derived
compounds and carbonyls [219], which is in good agreement with the results of the present
study.
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The OF from catalytic pyrolysis systems, either staged-catalysts or mixed-catalysts systems,
which consisted mostly of aromatics hydrocarbons due to the addition of H-ZSM-5 in the
catalysts systems from the present study agrees relatively well with that from Adjaye et al.
[220]. They studied the effect of mixtures of H-ZSM-5 and silica alumina on the product
distribution during the conversion of maple wood to bio-oil and observed that the gradual
increase of HZSM5 in the mixture changed the hydrocarbon products from aliphatic to
aromatic. However, in the present study, staged-catalysts systems were more effective to
produce aromatics than mixed-catalysts systems since in the staged-catalysts systems, the
pyrolysis vapour was directed to pass through Al-MCM-41 layer before the oxygenates being
cracked in H-ZSM-5 layer, whereas there were no certain pathways for the pyrolysis vapour
cracking in the mixed-catalysts systems.

The oxygenate contents decreased steadily when H-ZSM-5 was adding to the catalysts systems,
either staged-catalysts or mixed-catalysts systems. It decreased to 6.05% from 94.23% in the
non-catalytic oil. The remarkable increase was observed in aromatic compounds when using
H-ZSM-5, which was consistent with the finding of Zhang et al. [210]. By increasing the
proportion of H-ZSM-5 in the catalysts systems, the amount of acid and ketone decreased
compared to the pyrolysis oil, which was good for improving the quality of oil.

On the other hand, the use of AI-MCM-41 enhanced the formation of phenols as favorable
fractions. Rising the proportion of AI-MCM-41 in the catalysts systems promoted the
increasing of phenols. The present finding agrees relatively well with Antonakou et al. [68].
They found that AI-MCM-41 with Si/Al ratio (SAR) of 20 led to the production of phenols.
Adam et al. [221] tested AI-MCM-41 for catalytic pyrolysis of spruce wood in Py-GC/MS with
biomass/catalyst ratio of 1:1 at temperature of 500°C to improve the quality of bio-oil in terms
of phenol yields. The results showed that there was an increase in phenols yields, which is in
good agreement with the result of the present study. However, the large pore of the AI-MCM-
41 seemed to have a deteriorating effect on the quality of the bio-oil. The acids and carbonyls
(such as aldehydes and ketones) increased with the adding of AI-MCM-41 in the catalysts
systems.

To simplify the results of oil analysis, the products were grouped into favorable and
unfavorable product groups. Hydrocarbons and phenols are considered to be the favorable
fractions due to their high commercial value. Additionally, furans and alcohols are also
classified as favorable compounds since furans are stable compounds with high energy value
and alcohols are considered as fuels. Contrarily, oxygenate compounds, such as acids,
carbonyls, and Polycyclic Aromatic Hydrocarbons (PAHs) are unfavorable compounds among
the pyrolysis and catalytic pyrolysis products.

As shown in Table 12, all runs with catalysts reduced the amounts of unfavorable compounds,
while more favorable compounds were obtained. Non-catalytic system produced 25.25% of
favorable compounds, while single AI-MCM-41 and H-ZSM-5 resulted 30.05% and 70.93% of
them, respectively. Both staged-catalysts and mixed-catalysts systems showed similar trends
and obtained more favorable compounds in most cases compared to single catalyst systems.
The yield of favorable products increased by adding high content of H-ZSM-5 in the catalysts
systems. This was an evident that H-ZSM-5 is effective in deoxygenation reactions and
successful in enhancing the yields of the favorable compounds and reducing the undesired
compounds in the bio-oil.
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Interestingly, it is revealed from Table 12 that the favorable compound resulted from catalytic
pyrolysis using mixed-catalyst system with H-ZSM-5:Al-MCM-41 ratio of 7:1 was 4.67% higher
than it from catalytic pyrolysis using single H-ZSM-5. Similar trends were observed with
staged-catalyst system with H-ZSM-5:A1-MCM-41 ratio of 3:1 and 7:1, which give 5.25 and
6.43% higher than with single H-ZSM-5. These findings suggest that the synergistic effects
between H-ZSM-5 and Al-MCM-41 may occur in the staged-catalyst and mixed-catalyst
system.

Table 12. Favorable and unfavorable compounds (%area) in the bio-oils from pyrolysis and catalytic
pyrolysis of lignocellulosic biomass (L1). Favorable compounds: aliphatics, benzene, toluene, xylene,
styrene, alcohols, phenols, furans. Unfavorable compounds: naphthalene, PAHs, other aromatics,
ethers, aldehydes, ketones, acids and esters, amines and amides, carboxylics, other oxygenates, other
compounds.

Compound Group

Systems Favorable compound Unfavorable compound
NC 25.25 74.75
HP 70.93 29.07
AP 30.05 69.95
Staged-Catalyst
HA-71P 77.36 22.64
HA-31P 76.20 23.82
HA-11P 69.42 30.58
HA-13P 43.78 56.22
Mixed-Catalyst
HA-71P 75.60 24.40
HA-31P 69.13 30.87
HA-11P 50.21 49.79
HA-13P 35.28 64.72

However, the low amount of favorable products in mixed-catalysts systems was observed
compared to the amount in staged-catalysts system. This is due to the possibility that a certain
amount of large molecules oxygenates only enter the pores of AlI-MCM-41 without being
converted further by H-ZSM-5. Consequently, the cracking of oxygenates with mixed-catalyst
system was less effective compared to with staged-catalyst system.

In terms of gasoline-range chemicals, it can be seen from Table 13 that the use of H-ZSM-5 led
to the formation of gasoline-range chemicals, whereas AI-MCM-41 promoted the production
of C1-C4 as well as >C12 fractions. In the staged-catalysts systems, increasing the content of
H-ZSM-5 in the catalyst systems enhanced the yields of gasoline-range chemicals and
decreased C1-C4 as well as >C12 yields, whereas no regularity was observed in the mixed-
catalysts systems. No certain pathways for oxygenate molecules to catalytically react is a reason
of irregularity in the results from mixed-catalysts systems.
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Table 13. Distribution of gasoline-range chemicals (C5-C12) in the bio-oils from pyrolysis and catalytic
pyrolysis of lignocellulosic biomass (%area).

Carbon range

Systems C5-C12
’ C1-C4 (Gasolisne—range) >C12
NC 22.84 69.78 7.38
HP 0.00 98.64 1.36
AP 18.23 66.74 15.03
Staged-Catalyst
HA-71P 0,00 98.52 1.48
HA-31P 0.16 97.89 1.95
HA-11P 2.74 96.01 1.26
HA-13P 14.33 84.50 1.17
Mixed-Catalyst
HA-71P 0.00 98.80 1.20
HA-31P 1.91 92.50 5.58
HA-11P 13.27 78.55 8.17
HA-13P 16.39 80.90 2.71

The results is in the lines of earlier literature [222] that found AI-MCM-41 was not as effective
at deoxygenating the liquid phase as H-ZSM-5. Instead, AI-MCM-41 gave more phenols than
simple aromatics. The use of H-ZSM-5 was also successful at the reduction of acids and
carbonyls which have an influence on the corrosive nature and stability of the bio-oil. However,
higher deoxygenation and improvement with H-ZSM-5 was at the costs of a lower yield of
organic liquid, compared with AlI-MCM-41. When the bio-oil from catalytic pyrolysis is
targeted as a transportation fuel, the production of liquid fractions is important. Thus, catalytic
pyrolysis with staged-catalysts and mixed-catalysts could be applied to produce high-quality
bio-oil.

The current findings suggest that the best compromise to obtain bio-oil with more than 75% of
favorable fractions in the Organic Fraction (OF), and low TAN as well as low amount of acids
and carbonyls, were using staged-catalysts with the H-ZSM-5:A1-MCM-41 ratio of either 3:1 or
7:1 since there was insignificant differences between the liquid products from both systems.

4.3.1.2 The influence of reaction temperature on the composition of catalytic
pyrolysis products

The influence of reaction temperature was investigated on the product distribution of the
suggested system to produce high-quality bio-oil, in this case, staged-catalyst with H-ZSM-
5:A1-MCM-41 of 3:1. The following temperatures were examined: 400, 500, and 600°C.

Table 14 shows the influence of the catalyst temperature on the product yields for a catalytic
pyrolysis of lignocellulosic biomass when using staged catalysts consisting of H-ZSM-5 and Al-
MCM-41 with a ratio of 3:1. The measurements for each case were found to be statistically
identical. The significant differences in the production of oil, water, gas, and char were also
encountered among all systems.
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Table 14. Product yields (wt.%) from catalytic pyrolysis of lignocellulosic biomass (L1) with staged-
catalyst 3:1 of H-ZSM-5:A1-MCM-41 over different catalytic pyrolysis temperatures with 95% mean
Confidence Intervals (CIs).

Temperature (°C)

Product yield
400 500 600
OF 14.67 £+ 0.01 10.31 + 0.01 9.46 + 0.01
Water 43.20 + 0.02 41.58 + 0.03 39.43 + 0.01
Gas 15.47 £ 0.04 22,19 + 0.04 26.22 + 0.04
Char 16.66 + 0.04 25.02 + 0.04 24.80 + 0.03
Mass Balance 94.08 + 0.05 90.95 + 0.03 93.57 + 0.03

In this study, increasing the reaction temperature caused a decrease in liquid fractions (OF and
water content) and increased gaseous products. The water content of the bio-oils decreased to
39.43 wt.% at temperature of 600°C from 43.20 wt.% at 400°C and 41.58 wt.% at 500°C, which
indicates that the OF decreased from 14.67 wt.% at temperature of 400°C to 10.31 wt.% at
500°C and 9.46 wt.% at 600°C. As for the gaseous products, it showed an increasing trend from
15.47 wt.% at 400°C to 22.19 wt.% and 26.22 wt.% at 500°C and 600°C, respectively. This
finding suggests that the increasing temperature in the catalytic pyrolysis of lignocellulosic
biomass with staged-catalyst HZSM:5:A1-MCM-41 ratio of 3:1 enhanced the deoxygenation
process and gave off high non-condensable gases. Thus, less OF was observed with the
increasing of temperature. Table 15 shows the influence of temperatures on gas composition
from pyrolysis and catalytic pyrolysis of lignocellulosic biomass. The hydrogen, CO, CO., and
hydrocarbon gases increased as the temperature was increased.

Table 15. The influence of temperature on gas composition (wt.%) from pyrolysis and catalytic pyrolysis
of lignocellulosic biomass (L1)

Temperature (°C)
Gas

400 500 600
H- 0.37 %= 0.05 0.52 + 0.04 0.76 + 0.03
CO 3.55 + 0.02 5.07 £ 0.04 6.12 £+ 0.01
CO- 9.50 £ 0.03 13.37 = 0.04 14.21 £ 0.04
CH, 0.76 + 0.05 0.83 + 0.05 1.34 + 0.04
Ca+ 1.29 + 0.08 240 £ 0.07 3.79 + 0.06
Total 15.47 + 0.04 22,19 + 0.04 26.22 % 0.04

Figure 10 shows the Total Acid Number (TAN) of bio-oils from catalytic pyrolysis with staged-
catalyst H-ZSM-5:Al-MCM-41 ratio of 3:1 at different temperatures. TAN of bio-oil decreased
from 84.29 mg-KOH/g at temperature of 400°C to 44.70 mg-KOH/g at 500°C, then further
decreased at 600°C to 32.85 mg-KOH/g. On the other hand, as seen in Table 16, the acids and
carbonyls (aldehydes and ketones) content in the bio-oils from the run at 400°C was 1.19%,
and then it decreased to 0.58% and 0.31% at 500°C and 600°C, respectively. This study
indicates that acids and carbonyls highly influence the acidity of bio-oil. Thus, the TAN reached
the lowest point and underwent high deoxygenation at the temperature of 600°C. However,
TAN from this study was still too high for further processing in a petroleum refinery.
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Figure 10. Total Acid Number (TAN) of bio-oils from catalytic pyrolysis with staged-catalyst H-ZSM-
5:Al-MCM-41 ratio of 3:1 at different temperatures.

The highest aromatics content of 93.13% was achieved from the run at 600°C, as seen in Table
16. The temperature of catalyst in catalytic pyrolysis of biomass affects the rates of thermal and
catalytic reactions such as cracking, dehydration, decarbonylation, decarboxylation, and
aromatisation [223], thus affecting the selectivity of aromatic hydrocarbons and the
deoxygenation pathways. Increasing catalyst temperature leads to high selectivity and yields
of aromatic hydrocarbons [223], [224].

As shown in Table 17, the highest amount of favorable compound was obtained at temperature
of 500°C, amounting to 76.20%. The yield of phenols also reached the highest point at 500°C,
while at 600°C the high production of xylene and naphthalene was detected. This finding
suggests that catalytic pyrolysis of lignocellulosic biomass with staged-catalysts H-ZSM-5:Al-
MCM-41 ratio of 3:1 was effective to produce favorable compound at temperature of 500°C.

In terms of gasoline-range chemicals, it can be seen from Table 18 that the highest gasoline-
range chemicals was achieved for the run at 500°C. It can also be seen that the low
temperature, in this case at 400°C, the oil products consisted C1-C4 and >Ci2 fractions,
amounting to 2.12% and 3.56%, respectively, while at the high temperature of 600°C, the
staged-catalyst led to the light carbon molecule formation. As for the run at 500°C, most of the
fractions was in gasoline-range chemicals, 0.16% of C1-C4, and 1.95% of >C12 fractions.

The results of the present study suggest that the effective temperature for catalytic pyrolysis of
lignocellulosic biomass with staged-catalyst H-ZSM-5:A1-MCM-41 ratio of 3:1 to produce bio-
oil with more than 75% of favorable fractions in the OF, low acidity, high deoxygenation, as
well as high gasoline-range production, were at 500°C.
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Table 16. Detailed analysis of the bio-oils derived from catalytic pyrolysis of lignocellulosic biomass (L1)
using staged-catalysts with different reaction temperatures (%area)

Temperature (°C)

Compound Group

400 500 600

Aliphatics 0.00 0.21 % 0.05 0.00

Alkanes 0.00 0.00 0.00

Iso-Alkanes 0.00 0.00 0.00

Cyclo-Alkanes (Naphtenes) 0.00 0.00 0.00

Olefins 0.00 0.21 + 0.05 0.00

Others 0.00 0.00 0.00
Aromatics 82.48 + 0.05 90.76 + 0.04 93.13 + 0.05

Benzene and derivatives 24.94 + 0.05 19.02 + 0.05 17.39 + 0.05

Toluene 20.49 + 0.01 1843 + o0.02 15.03 + 0.02

Xylene 22.87 + 0.02 31.58 £ 0.05 37.22 £ 0.05

Naphtalene 11.29 + 0.05 14.50 + 0.03 20.44 + 0.03

Styrene 0.00 0.00 0.00

Polycyclic Aromatic Hs (PAHs) 0.00 0.41 + 0.04 0.00

Others 7.80 + 0.05 6.82 + 0.04 3.30 % 0.01
Oxygenates 14.58 + 0.05 857 + 0.04 6.65 + 0.03

Alcohols 0.49 + 0.04 0.02 *+ 0.04 0.00

Ethers 0.00 0.06 + 0.01 0.00

Aldehydes 0.00 0.00 0.00

Ketones 0.84 + o0.01 0.46 + 0.01 0.20 £ 0.05

Acids and Esters 0.35 + 0.05 0.12 + 0.05 0.11 + 0.02

Phenols 3.25 + 0.04 6.21 + 0.05 4.79 + 0.02

Furans 1.24 + 0.03 0.72 £ 0.05 0.38 + 0.04

Amines and Amides 3.14 + 0.04 0.64 + 0.05 0.38 + 0.03

Carboxylics 0.00 0.33 + 0.03 0.00

Others 0.28 + 0.05 0.00 0.79 + 0.04
Other compounds 2.94 + 0.02 048 + 0.03 0.22 + 0.03

Table 17. Favorable and unfavorable compounds of bio-oils from catalytic pyrolysis of lignocellulosic
biomass at different temperatures (%area).

C dG
Temperature (°C) ompound Group

Favorable compound Unfavorable compound
400 73.27 26.73
500 76.20 23.82
600 74.81 25.44

Table 18. Distribution of gasoline-range chemicals (C5-C12) in the bio-oil from catalytic pyrolysis of
lignocellulosic biomass with different temperatures (%area).

Carbon range

Temperature (°C) C5-C12
’ C1-C4 (Gasoli5ne—range) >Ci2
400 2,12 94.32 3.56
500 0.16 97.89 1.95
600 2.89 96.05 1.06
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4.3.1.3 The influence of H-ZSM-5/AI-MCM-41 catalyst ratio and reaction
temperature on the yields of Benzene, Tolune, and Xylene (BTX)

A HP-5 column 60m x 0.25mm x 0.25um was installed before the calibrating process. A pre-
testing was conducted in order to prevent leaking, followed by a conditioning of the column.
An injection test was done by using Dichloromethane (DCM) and the calibration could be
processed when only one peak of DCM was shown in the chromatogram.

A single point internal standard was chosen as the method for calibrating the GC-MS. A
calibration ampule of P-I-A-N-O (Paraffin — Isoparaffin — Aromatics — Naphthenes — Olefins)
DHA (Detailed Hydrocarbon Analysis) from LGC Group, Germany, was used as a calibration
solution. The calibration was carried out with five different concentrations to draw the
calibration curve. A R-squared value of 0.990 from the calibration curve was taken as an
evidence of the validity of the calibration method.

Figure 11 shows the effect of the catalyst ratio loading on the yields of BTX. The highest
percentages of BTX were achieved by employing a single H-ZSM-5 catalyst during the pyrolysis
of lignocellulose biomass. The mass percentage of BTX present in the catalytic pyrolysis vapor
decreased with a decreased H-ZSM-5 amount in the catalyst mixture, except for the L1H-31
sample. This finding confirms the results from the thermogravimetric experiments in the
previous section, which showed that a H-ZSM-5 and Al-MCM-41 ratio of 3:1 worked best in
cracking the biomass molecules. Although the values of BTX in L1H-31 was lower than in L1H,
a previous study showed that the favorable compounds in the biofuel resulted from L1H-31
exceeded the quality of biofuel from a process using a single H-ZSM-5 catalyst [199]. Among
the catalytic pyrolysis samples, the process with a single AI-MCM-41 catalyst resulted in the
lowest BTX yields.

The selectivity of benzene and toluene decreased when the amount of H-ZSM-5 in the catalyst
mixture was reduced. However, an increased amount of AI-MCM-41 in the mixture led to the
formation of xylene. This can be seen from the 0.68-4.41% higher mass percentages of xylene
compared to the percentages of toluene from L1H-13, L1H-11, L1H-31, and L1H-71. A study by
Jackson et al. [225] supports the results of the present study. A high selectivity of BTX was
observed in the catalytic pyrolysis of lignin when using H-ZSM-5, while the process involving
Al-MCM-41 resulted in a low amount of BTX [225]. The present study provides a pathway of
shifting the product selectivity of biomass catalytic pyrolysis by mixing the H-ZSM-5 and Al-
MCM-41 catalysts to achieve favorable product proportions.

Then, the catalytic pyrolysis of lignocellulose biomass was carried out at temperatures ranging
from 400°C to 600°C to determine the optimum temperature when using a catalyst H-ZSM-5
and Al-MCM-41 ratio of 3:1. The yields of BTX produced from the process are presented in
Figure 12. At temperatures of 400°C, 500°C, and 600°C, BTX levels of 0.49, 0.44, and 0.74
wt.% were obtained, respectively. Besides an increase of the temperature, the yields of BTX
rose and reached in the best cases 0.93 wt.% of Benzene, 1.62 wt.% of Toluene, and 2.07 wt.%
of Xylene. However, increasing the temperature to 600°C had a reverse effect on the BTX
yields. The mass of Benzene decreased to 0.79 wt.%, while the mass of Toluene and Xylene
dropped to 0.75 wt.% and 0.92 wt.%, respectively. The area percentage of the other compounds
are presented elsewhere [199].
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Figure 12. Effect of temperature on the catalytic pyrolysis of lignocellulose biomass
when using a H-ZSM-5: AI-MCM-41 catalyst ratio of 3:1

The results in this study agree with the earlier results by Melligan et al. [226], namely that the
temperature influenced the product selectivity towards BTX. They observed an increase of the
benzene and toluene levels during the catalytic pyrolysis of biomass using Ni-MCM-41 as the
temperature rose from 300 to 450°C [226]. Very similar results were found for another
catalysts at a higher temperature [227]. The present study suggests a temperature of 500°C as
the optimum temperature for the catalytic pyrolysis of lignocellulose biomass when using a H-

ZSM-5: AI-MCM-41 ratio of 3:1 to obtain the highest BTX yields of 0.93, 1.62, and 2.07%,
respectively.
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4.3.2 Catalytic pyrolysis of lignocellulose biomass using physically
mixed-catalysts consisting of H-ZSM-5/AI-MCM-41 in structured

form

Considering the advantages of H-ZSM-5 and Al-MCM-41, researchers have altered the shape
selectivity and porosity of catalysts to allow multi-step/cascade reactions to take place [76]—
[79] in order to render a proper design of catalytic pyrolysis process of biomass and to provide
high activity, selectivity, and longer life catalyst. Other studies have been carried out on the

mixture of microporous and mesoporous catalysts apart from H-ZSM-5 and AI-MCM-41 [80]-
[82].

Nevertheless, the synthesized catalysts have been of limited use on the bench-scale reactor. In
industrial production, factors which influence the preference for catalysts in the industry are
the ease of separation of products from catalysts [228]-[230], reusability [229], relatively
inexpensive [229], [230], and ease to handle [229]. In this study, a simple method is proposed
to improve the quality of bio-oil during the biomass catalytic pyrolysis process by physically
mixing commercial mesoporous catalyst in pellet form, AI-MCM-41, and microporous catalyst
in sphere form, H-ZSM-5. This approach can provide an affordable process that can be easily
adapted in industries.

Supplement 4 attempts to verify an optimum proportion of H-ZSM-5 and Al-MCM-41 in the
catalyst mixture to produce a high quality of bio-oil with a low content of oxygen and a high
amount of favorable compounds during the ex-situ catalytic pyrolysis of lignocellulose
biomass. The emphases of investigations will be put on the elemental compositions, the
heating values of the bio-oil, the degree of deoxygenation, as well as the -catalyst
characterizations before and after the catalytic pyrolysis process.

A physical mixture of mesoporous catalyst, AI-MCM-41, and microporous catalyst, H-ZSM-5,
in structured forms was used to produce bio-oil with a low content of oxygen and a high amount
of favorable compounds from the catalytic pyrolysis of lignocellulose biomass. In the previous
work, Ratnasari et al. [199] studied the effect of two-stage catalyst bed on the bio-oil quality.
Although more product is formed when using two-stage catalyst bed, due to increased
reactant/catalyst contact [199], [231]-[233], the catalyst is difficult to replace [232] as the
entire reactor has to be dismantled for the replacement of catalyst [233] and the unit may be
difficult to service and clean [234]. The use of physically mixed structured catalysts was to
provide an affordable process that can be easily adapted in industries, which mostly use
fluidized bed reactor [235], [236] for continuous process and catalyst regeneration [237].

The product distribution for all catalytic pyrolysis with different proportions of H-ZSM-5 and
Al-MCM-41 is presented in Table 19. The error bars represent standard deviations in absolute
% for all experiments. The standard deviations were calculated by Excel with a non-biased or
n method [238]. The scatter in the product yields is always less than 5%, indicating that the
reproducibility is sufficient for observing trends in all experiments. The organic fraction (OF)
yield increased with an increased H-ZSM-5 proportion in the catalyst. Among the catalytic
pyrolysis tests with different proportions of H-ZSM-5 and Al-MCM-41, the highest OF value
was achieved with HA-71 catalyst. The OF yield obtained with HA-71 was 5.64 wt.%, and the
corresponding aqueous fraction (AF) yield was 4.39 wt.%. It is noteworthy that the H-ZSM-5
catalyst favours the transformation of pyrolysis vapours to OF. Smaller oil yields are associated
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with more deoxygenation—the higher the deoxygenation, the lower the mass yield [239]. Chen
et al. [239] also found that H-ZSM-5 produced higher oil yields than when using an MCM-41
catalyst. Those results are consistent with the results of the current study.

Table 19. Yields of Organic Fraction (OF) in liquid, Aqueous Fraction (AF) in liquid, non-condensable
gases, and coke on catalysts in wt.% for the non-catalytic and catalytic pyrolysis with different

proportions of H-ZSM-5 and Al-MCM-41

Experiment OF AF Water Gas Coke Char Total
NC* 24.60 + 0.04 - 23.35 + 0.03 10.09 + 0.01 - 40.40 + 0.02 98.44 + 0.04
HS 6.84 £+ 0.03 4.65 £ 0.05 20.07 £ 0.04 13.92 £ 0.05 2.78 £ 0.01 40.25 £+ 0.02 97.50 £ 0.02
HA-71S 5.64 £ 0.03 4.39 £ 0.14 32.03 + 0.15 13.36 £ 0.05 2.22 + 0.02 40.25 + 0.05 97.89 £ 0.04
HA-31S 4.24 + 0.05 3.62 £ 0.14 34.02 £ 0.09 11.80 £ 0.05 2.38 £ 0.04 40.48 £ 0.01 96.54 + 0.03
HA-21S 3.53 £ 0.01 3.39 £ 0.09 36.85 + 0.05 11.64 £ 0.02 2.89 £ 0.01 40.14 £ 0.02 08.44 + 0.04
HA-11S 2.79 + 0.02 3.51+ 0.11 38.81 + 0.08 11.41 £ 0.02 3.22 + 0.04 40.17 + 0.03 09.92 + 0.04
AS 1.42 £+ 0.05 2.20 £ 0.12 41.88 + 0.11 10.19 £+ 0.01 3.72 £ 0.02 40.15 £ 0.04 99.56 £ 0.01

*NC: non-catalytic case, OF+AF in one phase

The highest yield of non-condensable gases among the catalytic pyrolysis with catalyst
mixtures was reached when using an HA-71 catalyst, and the value amounted to 13.36 wt.%.
The trend for gaseous products over the catalyst mixture is in the lines of the results of earlier
literature data [240], which showed that H-ZSM-5 produced more gases than when using Al-
MCM-41. Consequently, as the proportion of H-ZSM-5 in the catalyst mixture increased, the
non-condensable gases rose. The active sites of H-ZSM-5 favour the secondary cracking
reactions of hydrocarbon and generate organic liquid fractions and enhance the formation of
gas [241]. The detailed composition of non-condensable gases can be found in the Supplement
4.

The coke yield decreased from 3.72 wt.% when using single AI-MCM-41 catalyst to 2.22 wt.%
when 87.5 wt.% of H-ZSM-5 catalyst was added in the catalyst mixtures. Then, the coke yield
increased to 2.78 wt.% when using single H-ZSM-5 catalyst. The fluctuation of coke yield when
using single H-ZSM-5 catalyst was caused by the microporosity structure of H-ZSM-5, which
hindered the large molecule oxygenates to enter the pores and caused the growth of coke [31],
[501, [59], [63]. In the absence of AI-MCM-41 catalyst, there was no pathway to convert large
oxygenates to small ones before reacting with H-ZSM-5 catalyst. However, the yield of coke in
Al-MCM-41 catalyst was 0.94 wt.% higher than it in H-ZSM-5 catalyst. This result is
contradicted by the experiments of Zhang et al. [81] on catalytic pyrolysis of rice stalk using
LOSA-1, which mainly composed of ZSM-5, and Gamma-Al.O;. The coke yield in their
experiment decreased from 30.3% with pure LOSA-1 to 23.5% with 50% Gamma-Al,Os.
Gamma-Al,O, as a mesoporous catalyst, had strong cracking characteristic and can convert
the large-molecule oxygenates into small-molecule oxygenates. Thus, the oxygenates
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molecules can leave the catalyst after their formation before they polymerize and lead to coke
[68].

Nonetheless, the current finding is consistent with the results of past studies by Adjaye et al.
[83]. They observed that the coke resulting from a biofuel conversion, when using silica—
alumina (6.8—27.9 wt.%), a mesoporous catalyst, was higher compared to when using an H-
ZSM-5 catalyst (2.2-14.1 wt.%) [83]. Twaiq et al. [242] also found that the amount of coke
formed from catalytic pyrolysis of palm oil was higher over MCM-41 compared to ZSM-5 and
USY zeolites. With MCM-41, the coke yield was 5-12 wt.%, whereas with H-ZSM-5, it was
about 2, and 5 wt.% with USY zeolite under the same reaction conditions [242]. In this study,
the high coke deposition in AI-MCM-41 catalyst might be due to their low acidity and high pore
volume, resulting in the inefficient dehydrogenation of pyrolysis vapor and the formation of
coke [243]. Aguado et al. [244] added that due to AI-MCM-41 uniform mesoporosity, the
formation of coke is feasible in AI-MCM-41 unhindered porous structure [244]. Kim et al. [245]
also showed a similar result that the catalytic activity of AI-MCM-41 decreased faster than H-
ZSM-5 due to its low acidity and coking. Among the experiments with catalyst mixture, the
coke yield was reduced with an increased H-ZSM-5 proportion. The lowest yield among all the
catalytic pyrolysis was 2.22 wt.% when using HA-71, which suggested that there was a
synergistic effect between H-ZSM-5 and Al-MCM-41 catalysts.

The catalyst did not have any influence on the char yields since the char was recovered before
the catalyst bed, and there was no physical mixing of the biomass and catalyst. Hence, the
catalyst did not influence the primary conversion of the biomass. Consistent with the findings
by Bakar and Titiloye [240], the char after the reactions were around 40 wt.% in this study.

The elemental composition and HHV of the OF and AF are presented in Table 20. The
elemental analysis of the non-catalytic oil reflects the typically high content of oxygen found
for biomass-derived pyrolysis oils, in comparison to the analysis of OF in catalytic oils.

In the analysis of OF, Table 20 shows that the carbon content of the bio-oil increased as the
proportion of AI-MCM-41 in the catalyst mixtures increased. The highest hydrogen content of
all the catalytic pyrolysis experiments was observed when using HA-31, and it corresponded to
8.37 wt.%. Contrarily, with an increased proportion of AI-MCM-41 in the catalyst mixture, the
oxygen content decreased.

As illustrated in Figure 13a, the position of the oils obtained from catalytic pyrolysis is lower
(lower H/C ratio) and in the left (lower O/C) when compared to the non-catalytic experiment.
During the upgrading of bio-oil vapours, oxygen may be released through a dehydration
reaction, resulting in water production [246], [247]. Decarbonization and decarboxylation
prompt the formation of CO and CO., respectively [247]. Low H/C and O/C ratio reveal that
the oils produced from catalytic pyrolysis experiments retain higher quality than the non-
catalytic oil, according to Choi et al. [248]. The calculated High Heating Values (HHVs) of
catalytic oils reaffirmed the high quality of catalytic oils, which were 12.73-20.36 MJ/kg higher
than that of the non-catalytic pyrolysis oil (19.55 MJ/kg). The oil produced from catalytic
pyrolysis experiments with a catalyst mixture HA-71 had the highest H/C ratio, which is a
favorable property of fuel [248], [249]. Later, it can also be seen that the catalytic HA-71 oil
had more favorable compounds compared to other experiment cases.
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Figure 13. The van Krevelen plot of a) Organic Fraction (OF); b) Aqueous Fraction (AF) produced from
pyrolysis of lignocellulose biomass without catalyst (non-catalytic) and with catalyst mixtures. A
gasoline and diesel fuel case (GD) [250] (green dot) is included for comparison.

On the other hand, the trend of elemental composition for AF was in contrast to the results for
OF. It appears from Table 20 that the carbon content in the AF decreased as the proportion of
Al-MCM-41 in the catalyst mixtures increased. Further, the addition of AI-MCM-41 in the
catalyst mixture did not alter the content of hydrogen in the AF. There was a fluctuation in the

oxygen content of AF.

Figure 13b illustrates that the position of the AFs obtained from all cases of catalytic pyrolysis
is higher (higher H/C ratio) and located to the right (higher O/C) when compared to the non-
catalytic experiment. High H/C and O/C ratio implied that the AFs had no better quality than
the non-catalytic oil. The calculated HHV values of AFs are also lower than that of the non-
catalytic pyrolysis oil. Even though the AFs had high values of the H/C ratio, the high O/C ratio
decreased the higher heating values (HHVs) of the AFs as compared to a non-catalytic oil [251].
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The deoxygenation degree in OFs and AFs was also evaluated. As shown in Table 20, a high
level of deoxygenation (84.70 wt.%) was achieved as the oxygen content of the bio-oil in the
catalytic pyrolysis with catalyst mixtures decreased to 6.70 wt.% when using an HA-11 catalyst.
With an increased AI-MCM-41 proportion in the catalyst mixture, the deoxygenation degree
increased. A small proportion of AI-MCM-41 in the HA-71 promoted the removal of oxygen,
resulting in the deoxygenation degree 13.25% higher than for a single H-ZSM-5 catalyst. The
change might be a result of the absence of acid sites on the AI-MCM-41 catalyst as well as the
mesoporosity of it, which inhibits oxygen removal of pyrolysis vapours [252]-[254].
Furthermore, the proportion of H-ZSM-5 catalysts promotes greater extents of deoxygenation
reactions [47], [255]. For the AFs, the calculated values of the deoxygenation degree were
negative, as the AFs contained oxygen levels 1.27-1.84 times higher compared to those for a
non-catalytic oil.

The High Heating Values (HHVs) in OF are shown in Table 20. As a comparison, the heating
values of conventional fuel oil are in the range of 40—43 MJ/kg, according to Nguyen et al.
[256] and Huber et al. [257]. An increase of the proportion of H-ZSM-5 in the catalyst mixture
resulted in energy losses to gas. The catalyst mixtures application had a significant effect on
the deoxygenation degree and HHYV of bio-oil.

The HHVs of AFs in MJ/kg are presented in Table 20. Overall, there is no clear trend observed
for the HHV of AFs. From Figure 13b, it is seen that the oxygen levels in the AFs increase as
the proportion of H-ZSM-5 in the catalyst mixture decrease. It is generally considered that the
increase of the oxygen content leads to a decrease of the HHV [258]—[261]. The oxygen content
in fuel will reduce the ability of the fuel to burn, resulting in less amount of heat produced and
low heating value. The fluctuating high heating values (HHVs) are to occur due to the high
water content in AFs, which interferes in the elemental analysis.

Table 19 shows the influence of the catalyst mixtures on the water content in the OF of liquid
products. The AF from the catalytic pyrolysis of biomass consisting of water amounted to
86.10—95.01 wt.%. Similarly, earlier studies [262]-[264] also reported high water contents in
the AF. With a decreased proportion of H-ZSM-j5 in the catalyst mixture, the water content
increased. Water originates from a dehydration reaction of organic compounds in addition to
the physically bonded water present in the biomass [262].

The chemical compositions of liquids from non-catalytic and catalytic pyrolysis of
lignocellulose biomass are summarised in Table 21. In the analysis of OF, the lowest selectivity
of benzene (10.91%), toluene (7.20%), and xylene (7.48%) were obtained when using a single
Al-MCM-41 catalyst. The BTX yields were correlated with strong acid contents of the catalysts
[199], [265], resulting in the high catalytic activity in aromatization [266]. The data in Table
21 indicates that H-ZSM-5 had higher strong acid content than Al-MCM-41. Therefore, among
the experiments with catalyst mixture, the selectivity of BTX decreased with a further
decreased proportion of H-ZSM-5 in the catalyst mixture.

The present findings also highlight the selectivity of toluene and xylene, which was higher when
using HA-71 than when using a single H-ZSM-5 catalyst. Moreover, the highest selectivity of
toluene (12.64%) and xylene (26.42%) was obtained when using HA-71 catalyst mixture. A
synergistic effect was observed for the formation of toluene and xylene, which could be
explained by the enhanced Diels-Alder type reactions between furans and olefins from biomass
[81], [245]. This could be attributed to the cracking effect of AI-MCM-41 on the biomass for H-
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ZSM-5 conversion. The catalyst mixture of H-ZSM-5 and Al-MCM-41 can alter the selectivity
of aromatics in the OF.

Table 21 shows that furans, naphthalenes, and PAHs increased as the proportion of H-ZSM-5
in the catalyst mixture decreased. The rise in PAHs is also influenced by the lignin content, as
lignin tends to produce more polyaromatics [267]. A dehydration reaction of levoglucosan
from cellulose and anhydrosugar from hemicellulose might explain the increased furan yield.
A reaction network for lignocellulosic biomass catalytic pyrolysis is proposed and shown in
Figure 14.
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Figure 14. Reaction pathways for lignocellulose biomass catalytic pyrolysis with an H-ZSM-5 and Al-
MCM-41 catalyst mixture (adapted from Chi et al. [268], Jeenpadiphat et al. [269], and Wang et al.
[267]).

Decarboxylation ‘

The chemical compounds were grouped as favorable and unfavorable compounds to compare
how the chemical compounds were distributed between OF and AF. Hydrocarbons, phenols,
furans, and alcohols were included as favorable compounds [30], [51], [270]-[273], while
other compounds, like acids, carbonyls, carboxylic, ethers, polycyclic aromatic hydrocarbons
(PAHSs), oxygenates, and other unidentified compounds were known to be unfavorable
compounds [30], [51], [270]-[272]. Figure 15 shows the proportion of favorable and
unfavorable compounds in OF for non-catalytic and catalytic pyrolysis as the percentage of
total ion chromatogram area.
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Figure 15. The chemical composition (area%, on dry basis (odb)) of OF for lignocellulose biomass
catalytic pyrolysis with different proportions of H-ZSM-5 and AI-MCM-41. A non-catalytic case is
included as a reference case. Yield Area (%) Favorable = area hydrocarbons (aliphatic, BTX,
naphthalene, styrene, other aromatics) % + area phenols % + area furans % + area alcohols %. Yield
Area (%) Unfavorable = area PAHs % + area ethers % + area aldehydes % + area ketones % + area
acids and esters % + area carboxylic % + area amines and amides % + area others (unidentified
compounds) %. Data was taken from Table 21.

As seen in Figure 15, there is a clear trend in the chemical composition of OF with different
catalyst proportions. The most significant observed result was the higher percentage of
favorable compounds in the catalytic pyrolysis with catalyst mixtures for HA-71 and HA-31,
compared to that in the catalytic pyrolysis when using a single catalyst. The catalyst mixture of
HA-71 and HA-31 increase the catalytic activity of H-ZSM-5 and Al-MCM-41. The highest
amount of favorable compounds was achieved when using an HA-71 catalyst, and it amounted
to 95.89%. Accordingly, the unfavorable compounds increased as the proportion of AI-MCM-
41 in the catalyst mixture increased. The lowest amount (4.11%) of unfavorable compounds
was also achieved when using an HA-71 catalyst. AI-MCM-41 is only able to initiate the first
cracking, due to its absence of any shape-selective properties, while the shape-selectivity of H-
ZSM-5 catalyst promotes the conversion of intermediate products in addition to primary
cracking. Intermediate olefins and paraffin are obtained from the cracking using AI-MCM-41
catalyst.

On the other hand, the strong acid sites and a definite pore structure of H-ZSM-5 promote the
formation of aromatic hydrocarbons [83], [263] and reduces the number of carbonyls [274]
and ketones [263], which determine the acidity of the oil [256], [274]. Therefore, the favorable
compounds decreased as the proportion of H-ZSM-5 in the catalyst mixture decreased. This
result is along the lines of an earlier review published by Kabir and Hameed [47], which showed
that the large molecules could access the active catalyst site in the mesoporous catalyst. This
easy access to the active catalyst sites can increase the catalytic potential of the microporous
zeolite [47].
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As shown in Figure 16, a clear trend was observed for the chemical composition of AF from the
catalytic pyrolysis of biomass. The highest amount of favorable compounds was 78.70 wt.%
when using a single AI-MCM-41 catalyst, followed by 74.21 wt.% when using an HA-11 catalyst.
The number of unfavorable compounds decreased with a reduced H-ZSM-5 in the catalyst
mixture.
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Figure 16. The chemical composition of AF for lignocellulose biomass catalytic pyrolysis with different
proportions of H-ZSM-5 and AI-MCM-41. A non-catalytic case is included as a reference case. Yield
Area (%) Favorable = area hydrocarbons (aliphatic, BTX, naphthalene, styrene, other aromatics) % +
area phenols % + area furans % + area alcohols %. Yield Area (%) Unfavorable = area PAHs % + area
ethers % + area aldehydes % + area ketones % + area acids and esters % + area carboxylic % + area
amines and amides % + area others (unidentified compounds) %. Data was taken from Table 21.

Kechagiopoulos et al. [275] found that the aqueous fraction of bio-oil consists of a complex
mixture of oxygenated compounds, including acids, alcohols, aldehydes, and ketones, which is
also shown in the results of the present study. Specifically, the number of unfavorable
compounds in AF increased significantly compared to the amount present in the OF, which
support the findings of Li et al. [276] in the catalytic pyrolysis of sawdust.

The analysis of the BET surface area has been carried out for the fresh and spent catalysts used
in the experiments and is illustrated in Figure 17. The BET surface areas were linearly enhanced
when Al-MCM-41 catalyst was introduced to the catalyst mixture. The fresh HA-71 retained
231.26 m2/g of BET surface area, which was 56.47 m2/g higher compared to a fresh H-ZSM-5
catalyst (174.79 m2/g). The BET surface area increased as the proportion of AI-MCM-41 in the
catalyst mixture increased. The fresh AI-MCM-41 possessed the highest BET surface area
(537.60 m2/g) among all the catalyst used in the experiment, which implied the mesoporous
structure of the catalyst.

Figure 17 shows that all the BET surface areas of spent catalysts were 14.84—26.52% lower
compared to those of fresh catalysts, due to accumulative coke deposition on the catalyst. The
largest BET surface area reduction (26.52%), from 537.60 to 395.03 m2/g, was obtained when
using a single AI-MCM-41 catalyst.

58



BET Surface Area (m2/g)
N
o)
<)

i
o
o

o

HS HA71S HA31S HA21S HA11S AS
Catalyst Ratio

Fresh Catalyst - Spent Catalyst

Figure 17. The BET surface area of fresh and spent catalysts from catalytic pyrolysis of lignocellulose
biomass.

4.4 Sequential H-ZSM-5/AI-MCM-41 catalyst regeneration

For industrial application, catalyst regeneration has the benefit of controlling catalyst costs as
well as limiting the generation of chemical waste [87]—-[89]. Compared to the price of fresh
catalyst, the price to regenerate the catalyst is considered lower. By regenerating the catalyst,
the use of new raw material has been minimized and the need for disposal has been reduced
[90]. Thus, it is important to give an indication of the yield and activity of the regenerated
catalyst. Providing the performance comparison between regenerated catalyst and its fresh one
allows a refinery to decide upon its regeneration or disposal [91].

In catalytic pyrolysis of biomass, catalyst deactivation is primarily associated with coke
deposition [51], [92], [93], which is caused by the decomposition of the oxygenates derived
from biomass pyrolysis and the re-polymerization of phenolic oxygenates [92]. Aho et al. [3]
has studied catalytic pyrolysis of pine wood in a fluidized bed reactor at 450°C using Beta, Y,
ZSM-5, and Modernite zeolite catalysts. They have regenerated the spent zeolite in an oven at
450°C for 2 hours and found that the regeneration removed all coke from the zeolite structure
without changing the structure of the zeolite. Another study by Yildiz et al. [37] has investigated
the effect of a repeatedly regenerated ZSM-5-based catalyst (eight reactions/regeneration
cycles in total) on the yields and compositions of the products from catalytic pyrolysis of pine
wood. A regeneration procedure has been carried out in a muffle furnace at a temperature of
600°C for 5 hours. The catalyst has partially lost its activity in terms of product distributions
along the reactions/regeneration sequence.

Three non-catalytic and three catalytic experiments were carried out under identical process
conditions to test the reproducibility of the setup. Figure 18 shows that the total mass balance
closures calculated for the experiments vary between 95.54 wt.% and 99.43 wt.% for the non-
catalytic and 94.54 wt.% and 98.67 wt.% for the catalytic experiments, respectively. The error
bars represent standard deviations in absolute % for all experiments. The standard deviations
were calculated by Excel with n method [238]. The scatter in the product yields is always less
than 5%, indicating that the reproducibility is sufficient for observing trends in all experiments.
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Figure 18. Yields of Organic Fraction (OF), water, Non-Condensable Gas (NCG), coke, char, and total
yields obtained from three non-catalytic and three catalytic pyrolysis with fresh catalyst mixture of
lignocellulosic biomass at 500°C. For NC, OF = liquid yield (one phase OF and AF) — water content.
For R1, water = AF + water content from both OF and AF.

A mass balance closure was difficult to achieve, due to the collection of the products. The mass
losses comprised of volatile liquids that were not completely recovered, NCG that escaped and
was not analyzed by gas chromatography, and fine char particles that were lost during the
disassembly of the reactor. Besides, an ideal gas was assumed when calculating the gas
concentration, which was not the case. The mass balance for the present study is in the lines
with the results of an earlier study by Yildiz et al. [37], who reported a variation of mass balance
between 92 wt.% and 98 wt.% for non-catalytic pyrolysis and 93 wt.% and 99 wt.% for catalytic
pyrolysis of pinewood with ZSM-5 catalyst, respectively. Also, Zabeti et al. [74] achieved a mass
balance close to 90 wt.% for catalytic pyrolysis of lignocellulose using various catalysts.
Another study by de Wild et al. [277] reported an 89-92 wt.% of the mass balance from the
pyrolysis of lignin. Furthermore, the difficulty in achieving a mass balance closure has mainly
been reported to be due to the handling, collection, and weighing the products [37], [74],
[277]-[280], which is also the case in the present study.

The liquid product from non-catalytic (NC) experiment was homogeneous and formed a single
phase, while two phases (OF and AF) were observed in the liquid product from catalytic (R1)
experiment. Figure 18 shows the OF yield of R1 is 22.51 wt.% lower than the OF yield of NC.
This is due to the more extensive deoxygenation in R1 than NC. Later, it will be shown that the
oxygen content in R1 oil is 37 wt.% lower than the content in NC oil. Chen et al. [239] studied
the influence of various catalysts, including H-ZSM-5 and Al-MCM-41, on product distribution
from catalytic pyrolysis of cotton stalk. They found that from all catalytic pyrolysis
experiments, the bio-oil yields were lower than the yield from non-catalytic experiment [239].
The decrease of bio-oil yield corresponds to the increase in deoxygenation extent [17], [239].

The water content increases from 23.35 wt.% for NC to 34.01 wt.% for R1, which indicates that
pyrolysis oil is highly viscous, compared to catalytic pyrolysis oil. Kabakei et al. [273] in their
review on catalytic pyrolysis of biomass stated that the high viscosity of bio-oil is due to the
large molecules content [273]. By utilizing catalyst in the upgrading of pyrolysis oil, the large
molecules are broken down into smaller molecules, resulting in less viscous oil. The pores of
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catalyst are beneficial to convert small molecules of hydrogen and oxygen into water [211],
[212].

R1 experiment obtains 18.33 wt.% of Non-Condensable Gases (NCG), 8.24 wt.% higher than
NCG yield from NC experiment. Imran et al. [207] also found that an increase in gas fraction
from 11.6 wt.% for NC to 46.8 wt.% for catalytic pyrolysis of lignocellulose biomass using zeolite
catalyst. Research finding by Atutxa et al. [208], Du et al. [209], and Zhang et al. [210] also
points toward an increase of gas yields and a decrease of oil yield in catalytic pyrolysis using
H-ZSM-5 catalysts. They showed that the presence of H-ZSM-5 promoted the transformation
of heavy liquid fraction into light liquid fraction and gases [208]-[210].

There was no physical mixing of the biomass and catalyst. The catalyst did not affect the
primary conversion of the biomass. Thus, the influence of catalyst on char yields was
insignificant.

The effects of successive catalyst regenerations on the mass yields for OF, water, NCG, coke,
and char were investigated as a function of the number of reaction cycles. The run with catalyst
mixture obtained from the first experiments after regeneration is denoted as R2 and with
subsequent cycles denoted by R3 to R10. The product distribution for all the reaction cycles
(R1to R10) and the non-catalytic (NC) experiment are collected in the Supporting Information,
Table S2.
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Figure 19. Influence of sequential catalyst regeneration on the product yield of lignocellulose biomass
catalytic pyrolysis. Results for the non-catalytic (NC, orange square) are included for comparison. In
OF graph, -x- line in grey is oxygen content (wt.%) with dotted line in grey as its trendline.

It appears from Figure 19 that a notable decrease in the OF yield is observed in catalytic
pyrolysis experiments as compared to the non-catalytic pyrolysis, namely from 24.60 wt.% for

61



NCto 2.09 wt.% for R1. This reduction is well balanced with the increased yields of water, NCG,
and coke. The yield of the OF increased to 15.98 wt.% for R6 and started to decrease to 11.53
wt.% for R10. The increase in OF yields indicates a decreasing activity of the catalyst, and the
production of liquid is favored towards the yield for NC bio-oil. From R7, the catalyst mixture
appeared to regain its cracking ability, and the yield of OF was decreased. Earlier studies by
Williams & Horne [32] and Zabeti et al. [74] also observed the decrease of oil yields after
passing through the catalyst, which is in good agreement with the results of the present study.
Williams & Horne [32] obtained 40.4 wt.% of oil from pyrolysis of a wood mixture and 5.5 wt.%
of oil from catalytic pyrolysis using an H-ZSM-5 catalyst. Furthermore, a decreased organic
yield from 42.4 wt.% for non-catalytic pyrolysis to 20.5 wt.% for catalytic pyrolysis of Canadian
pinewood using a Cs/ASA catalyst was observed by Zabeti et al. [74].

On the contrary, the water yield increased from 23.35 wt.% for the case without using a catalyst
(NC) to 34.01 wt.% when using a fresh catalyst mixture (R1). The water yield decreased up to
the 8t reaction to a value of 25.72 wt.%. Then, it started to increase again in the 9t and 10t
reactions to values of 26.02 and 26.33 wt.%, respectively. A gradual decrease in water yields
indicated a decrease in catalyst activity as a function of the number of reaction cycles. A study
by Vitolo et al. [95] also observed a decreased activity of regenerated catalysts after 4
regeneration cycles in the upgrading of pyrolytic oil from Swedish pine when using an H-ZSM-
5 zeolite catalyst. They found that the water yield was 47.3 wt.% after a second regeneration
and 28.5 wt.% after a fourth regeneration [95]. The opposite trends of the OF and water yields
suggest that the deoxygenation process occurs via an H,O production.

The NC experiment resulted in an NCG yield of 10.09 wt.%, while the experiment using a fresh
catalyst mixture (R1) resulted in 18.33 wt.% yield. Furthermore, the yield of NCG decreased
towards the value for the NC experiment as the number of reaction cycles increased. The lowest
NCG yield among the studied catalytic pyrolysis experiments was 13.18 wt.% after 5 reaction
cycles (R5). After this point, the yields slightly increased to 14.34 wt.% for R10. A decreased
NCG yield for catalytic pyrolysis using regenerated catalysts reflects the results by Aho et al.
[3]. They also found a decreased NCG yield from 49.4 wt.% for catalytic pyrolysis of pine using
fresh H-beta-25 to a 48.8 wt.% yield when using a regenerated H-beta-25 catalyst [3].

The stability of the mesoporous catalyst, AI-MCM-41, in the catalyst mixture may explain the
increased value of OF as well as the decreased water and NCG yields as the number of reaction
cycles increases. The hexagonal framework structure of AI-MCM-41 may be destroyed during
the regeneration process [281]. Lee at al. [281] studied catalytic pyrolysis of woody biomass
when using AI-MCM-41 (SAR 30) and found that the oil yield increased from 47.9 wt.% when
using a fresh catalyst to 50.5 and 51.8 wt.% when using a catalyst after the 15t and 2nd
regenerations, respectively. Correspondingly, the catalytic pyrolysis using a fresh catalyst
resulted in 38.0 wt.% of water, while the amount was reduced to 31.0 wt.% after the 1st
regeneration and 29.1 wt.% after the 2rd regeneration. The NCG amount decreased to 28.1 and
28.6 wt.% after the 15t and 2»d regeneration, respectively, compared to the value of 30.8 wt.%
for catalytic pyrolysis using a fresh catalyst [281]. In addition to the work of Lee et al. [281],
Luque et al. [99] concluded that the hexagonal characteristics of AI-MCM-41 disappeared
during the regeneration process.

In Figure 19, there is a clear trend of a decreasing coke yield with an increased number of
regenerations. The experiment using a fresh catalyst mixture resulted in a 2.80 wt.% coke yield.
Then, the coke yields decreased to 1.53 wt.% after 8 reaction cycles (R8) before it slightly
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increased to values of 1.56 and 1.81 wt.% for R9 and R10, respectively. A decrease in coke
formation suggests that a decrease in catalytic activity is observed, which is in agreement with
the observations for the product yields. The present findings also reveal that the coke is always
formed in each reaction cycle when assuming that the regeneration procedure is efficient
enough to burn off all the coke. A report by Zhang et al. [282] also points towards the reduction
of coke yield after regeneration. They investigated the catalytic pyrolysis of corn stover using
fresh and regenerated ZSM-5 zeolites and found that the highest coke yield, around 19 wt.%,
was obtained when using a fresh ZSM-5 catalyst. After being regenerated, around 18 wt.% of
coke was observed after the catalytic pyrolysis process [282].

Table 22 provides the elemental distribution as well as the CO, CO., and H.O yields obtained
for the non-catalytic experiment (NC) and all the reaction cycles (R1 to R10). The detailed gas
composition for each experiment is shown in the Supporting Information, Table S3. It appears
from Table 22 that the CO and CO. yields follow the same trend as the NCG yields. Compared
to the NC experiments, the yields of CO and CO. for pyrolysis using a fresh catalyst mixture
increases from 2.74 wt.% to 5.86 wt.% for CO, and from 5.51 wt.% to 8.40 wt.% for CO.,
respectively. The lowest yields of CO and CO. are observed after 5 reaction cycles (R5), and
they amount to 3.81 wt.% for CO and 7.04 wt.% for CO., respectively. These findings reveal
that the deoxygenation during catalytic pyrolysis using a catalyst mixture occurs via
decarbonylation, decarboxylation, and dehydration mechanisms. This finding is in line with
the previous results in the literature [19], [68], [245], [279], [283], [284].

Table 22. Yields of CO, CO., and H20 in wt.%, Elemental Composition of Bio-Oil (wt.% in Dry Bio-Oil
Basis), and the Bio-Oil Heating Value (wt.% in Dry Bio-Oil Basis). Data are given for all reactions (R1 to
R10) and the Non-Catalytic Case (NC).

Reaction CcO CO- H-0 C H O HHV (MJ/kg)
NC 2.74 5.51 23.35 47.25 7.91 43.10 19.55
R1 5.86 8.40 34.01 83.50 8.40 6.10 39.25
R2 5.56 8.56 32.83 73.80 8.05 16.20 33.63
R3 4.74 8.20 30.61 62.80 7.26 30.10 26.24
R4 4.22 8.14 20.78 61.70 7.98 37.30 25.60
R5 3.81 7.04 20.58 55.90 7.60 36.80 23.18
R6 4.62 7.26 26.93 54.70 7.63 39.00 22.42
R7 4.22 7.07 26.61 62.30 7.45 31.40 26.11
R8 4.32 7.25 25.72 60.60 7.42 31.50 25.48
Ro 4.28 7.47 26.02 59.60 7.53 31.20 25.35
Ri1o 4.40 7.53 26.33 60.10 7.51 34.00 24.98

It appears from Table 22 that the carbon and oxygen yields for the bio-oil show opposite trends.
The carbon yield decreases while the yield of oxygen increases, as the number of reaction cycles
increases. A study on the effect of a regenerated ZSM-5 catalyst on the product distribution for
catalytic pyrolysis of a wood mixture by Williams and Horne [32] also showed similar results.
They observed that the oxygen content in the bio-oil increased from 4.7 wt.% when using a
fresh catalyst to 15.4 wt.% after the 5t regeneration [32].

A minimum carbon yield (54.70 wt.%) is observed after 5 reaction cycles (R5) and the highest
oxygen yield is also noticed in R5 with a value of 39.00 wt.%. The hydrogen yields are slightly
decreased with the increasing number of reactions. The lowest hydrogen yield (7.26 wt.%) is
observed in R3. From the elemental composition provided in Table 22, the chemical formula
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for NC bio-oil can be derived as CHo.1,00.9:. The chemical formula changes to CHo.1400.66 for a
catalytic pyrolysis experiment after 5 reaction cycles, which reveals that the oxygen in the bio-
oil is decreased at the expense of hydrogen.

The High Heating Value (HHV) of the bio-oil is calculated from its elemental composition
using the Dulong equation (eq. 1). The HHV of bio-oil increases from 19.55 wt.% for the NC
experiment to 39.25 wt.% when using a fresh catalyst mixture (R1). Although the HHVs of bio-
oils decreases as the number of reaction cycles increases, the minimum value of 22.41 wt.% in
R6 is still higher than the value for the NC experiment. However, compared to the HHVs of
diesel fuel (45.6 MJ/kg) and gasoline petrol (46.4 MJ/kg) [285], the HHV value of the
produced bio-oil when using a catalyst mixture is still low.

CO,vield CO/CO, ratio
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Figure 20. Changes in COx yield (the sum of CO and CO-), CO/CO- ratio, CH, yield, C.- yield (the sum
of C.H,, C-He, C3He, and C3Hs), and H- yield, obtained after reactions (R1 to R10). The results of a
non-catalytic (NC, orange square) experiment is included for comparison.
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As Table 22 shows, there is a decrease in the catalyst activity up to the 5t reaction. After 5
reaction cycles, some catalyst activity is still observed as seen from the increased CO and CO.,
yields as well as from the higher carbon and the lower oxygen yields, which results in the slight
increase of high heating values.

Figure 20 presents the trends of the COy, H,, CH,, and C.. yields, as well as the CO/CO. ratio
obtained after all the reaction cycles. The trend for the COy yield is reasonably similar to the
trend for the NCG yield, as illustrated in Figure 19. The COx yield decreases along with the
increased number of reaction cycles towards the value for the NC experiment. The lowest value
of 10.86 wt.% was observed after 5 reaction cycles (R5). The yields slightly increased to a value
of 11.93 wt.% in R10. The CO/CO. ratio increased from a value of 0.50 for the NC experiment
to a value of 0.70 for catalytic pyrolysis using a fresh catalyst mixture (R1). There was a single
oscillation between a minimum value of 0.52 in R4 and a maximum value of 0.64 in R6.

An increase in the CH, yield was observed from 0.31 wt.% for the NC experiment to 0.82 wt.%
for the catalytic pyrolysis using a fresh catalyst mixture (R1). Then, the trend was decreasing
towards a value of 0.47 wt.% after 5 reaction cycles (R5). Similarly, the yield of C,. decreased
to a value of 1.40 wt.% for R6, which was lower than a value of 1.53 wt.% for the NC experiment.

Figure 20 shows that the H. yield is not a dominant product for both the NC and catalytic
experiments. However, it is notable that the yield obtained from all catalytic pyrolysis
experiments using a catalyst mixture increased by more than twice as much as the yield from
the NC experiment, from 0.78 wt.% to an average of 2.17 wt.%. The H, yield increased to
around 2.37 wt.% (an average value of R4, R5, and R6). Then, a decreasing trend towards the
value for NC experiment was observed. Considering the reduced H.O and CO yield, as shown
in Figure 18 and Table 22, respectively, there is a possible reaction of the water gas shift that
promotes the increased H, yield. Such correlations may be studied in detail in future
investigations but are out of the scope of the current work.

Hydrocarbons, phenols, furans, and alcohol are favorable for bio-oil quality [30], [51], [270]-
[273]. Hydrocarbon compounds with high aromatic contents can provide high-quality gasoline
with high octane numbers [286]. Phenolics have been considered as gasoline octane boosters
and antioxidant additives for gasoline, jet fuel, or diesel range products. At low blend levels
(2% v/v) the phenolics slightly increased octane number and reduced gum formation [287].
Some beneficial properties observed for the phenolic oxygenates in diesel fuel and gasoline,
including increasing conductivity, lubricity, and oxidation stability of the fuels [288]. Furans
can be used for organic solvent production and fuel additive. Low level of furan compounds in
the blending enhances the octane number as well as energy density of fuel [273]. Combined
with its low melting point and low solubility in water, furans could function as drop-in gasoline
blend stocks [288]. The presence of alcohol, especially ethanol, in bio-oil has the advantage of
improving viscosity and combustion conditions that seem to be favored because of the higher
octane number and higher flame speed compared to gasoline [289]. Figure 21 illustrates
favorable compound yields measured from the NC experiment and all reaction cycles using
GC-MS. The Supporting Information, Table S5, presents the detailed individual compounds
contained in the bio-oil.
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Figure 21. Changes of favorable compound yields in bio-oil for the reaction cycles (R1 to R10). NC
refers to non-catalytic pyrolysis as a reference case. The yields are shown in area%.

In the catalytic pyrolysis using a fresh catalyst mixture (R1), the number of favorable
compounds was 12.83% higher than the amount for the NC experiment. As the number of
reaction cycles increased, the favorable compounds yield decreased and reached a value of
83.58% in Rg, which was lower than the value for the NC experiment (86.49%). The reduced
yield of favorable compound suggests that the catalytic activity decreases when the number of
reaction cycles increases. The amount of the catalyst mixture is sufficient to maintain its
catalytic activity for 9 reaction cycles. The dominant components contributed to the yield of
favorable compounds are aromatics and phenols.
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Figure 22. Changes in aromatics and phenols for bio-oil from all reaction cycles (R1 to R10). The value
for NC is presented as a reference case (orange square).

Figure 22 shows the trend for aromatics and phenols yields as a function of the number of
reaction cycles. A remarkable increase of the aromatics yield is observed in the catalytic
pyrolysis when using a fresh catalyst mixture (R1), from 28.72% for NC experiment to 86.61%.
The increased yield of aromatics reveals that the catalyst mixture favors the production of
aromatics from lignocellulose biomass. Due to a high proportion of H-ZSM-5 in the catalyst
mixture, the present finding is in the lines of those of an earlier study by Mullen & Boateng
[290] and Carlson et al. [291] that reported an increase in the aromatic production from
cellulose, lignin, and carbohydrate due to catalytic pyrolysis using an H-ZSM-5 catalyst. Then,
the trend for aromatics yield decreased with the number of regenerations and yielded 26.09
and 26.64% in R5 and R8, respectively, which were lower values than the value for NC. The
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yield of aromatics started to increase again to 30.95% in experiment R9 and 34.62% in
experiment R10.

On the contrary, the phenols yield for the NC experiment was 46.80% higher than the value
for the experiment Ri. As the number of reaction cycles increased, the yield of phenols
increased and reached a maximum value of 59.01% in experiment R6. However, after 10
reaction cycles, the yield decreased to a value of 51.42%. The increased yield of phenols
obtained in this study reflects the findings of Williams and Horne [32]. They observed that the
phenols yields increased from 824 mg/kg-feed when using a fresh catalyst to 870 mg/kg-feed
after 5 regenerations [32].

A decrease of acid sites in the catalyst as the number of reaction cycles increased might explain
a decrease in aromatics and an increase in phenols. Wang et al. [292] studied the effect of
regenerated H-ZSM-5 during catalytic pyrolysis of a mushroom waste and found a decreased
hydrocarbons and increased phenols contents, as the regeneration steps increased to 5, which
is in a good agreement with the results of the present study. They showed a decreased
hydrocarbons yield from around 17% to 14% and an increased phenol yield from around 8% to
11% [292]. Similarly, Zhang et al. [282] found an increased phenol content by 20% when using
a regenerated ZSM-5 compared to when using a fresh ZSM-j5 in the catalytic pyrolysis of corn
stover. They suggest that the strong external acidity in the catalyst would inhibit the
deoxygenation process and lead to a coke formation [282]. In the present study, the
regeneration process reduces the coke yield, and results in more conversion of lignin and
phenol precursors into phenols.

Table 23 provides the BET surface area of fresh as well as spent and regenerated catalyst
mixture from R1 experiment. The accumulated coke covers the surface area of spent catalyst,
resulting in the loss of surface area. The surface area is restored in the regenerated catalyst due
to the combustion of deposited coke.

Table 23. BET Surface Area of Fresh, Spent R1, and Regenerated R1 Catalyst Mixture.

Catalyst BET Surface Area (m2 g1)
Fresh 231.26
Spent 175.74
Regenerated 217.61

The surface area for spent catalyst decreased by 24% compared to the value for the fresh
catalyst. After regeneration, the catalyst regained 94% of the surface area compared to the fresh
catalyst. Thus, the regeneration procedure could be considered to be effective. The loss of
surface area after regeneration reflects the finding by Aho et al. [293]. They investigated the
catalytic pyrolysis of woody biomass using H-Beta-25, H-Y-12, H-ZSM-5-23, and H-MOR-20
catalysts and found a decrease by 87.8-97.5% of the initial area for a spent catalyst and an
increase by 89.8-98.4% of a fresh zeolite for regenerated zeolite [293]. Similarly, Vitolo et al.
[95] and Zhang et al. [282] recovered 85.11 and 99.03% surface area compared to a fresh ZSM-
5 zeolite, respectively, after a regeneration process. Another study by Aho et al. [3] regenerated
H-Beta-25 zeolite catalyst for catalytic pyrolysis of pinewood and regained 90.32% surface area
compared to fresh H-Beta-25.
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5 Conclusion and Future Work

5.1 Conclusion

A catalytic pyrolysis of lignocellulose biomass was carried out using a fixed bed reactor by
employing catalysts consisting of H-ZSM-5 and Al-MCM-41 to improve the quality of bio-oil.
The more specific conclusions from the study can be summarized as follows:

1.

68

The addition of H-ZSM-5 and Al-MCM-41 catalysts in the pyrolysis of lignocellulose
biomass has the potential to break down the large molecules from biomass, decrease the
content of oxygenated compounds in the bio-oil, and resulted in high yield of bio-oil. The
kinetic study of catalytic pyrolysis of lignocellulose biomass using catalyst mixtures
consisting of H-ZSM-5 and AI-MCM-41 at ratios of 7:1, 3:1, 1:1, and 1:3 was investigated.
The experiments were carried out under an inert atmosphere using Thermogravimetric
Analysis to gain an overall understanding of the interactions between the biomass and
the catalyst. The results showed that H-ZSM-5/Al-MCM-41 ratios of 3:1 was found to
work best compared to other mixtures at a temperature of 500°C.

In addition, kinetic studies of treated lignocellulose biomass using leaching were carried
out in The effect of Alkali and Alkali Earth Metal (AAEM) removal on the
thermochemical conversion of biomass was observed. The acid leaching process was
advantageous as a treatment prior to catalytic pyrolysis process to reach high
devolatilization and reaction rate. The leaching parameters set to 30 minutes, 30°C and
5 wt% acetic acid in the leaching liquid resulted in a significant reduction of AAEM in the
leached biomass (Ca: 59%, Mg: 95%, K: 99%, and Na: 96%).

Later, the catalytic pyrolysis of lignocellulose biomass was performed in the bench-scale
fixed bed reactor. The effect of staged-catalyst H-ZSM-5/A1-MCM-41 catalysts on the
bio-oil quality, in terms of organic yields, water content, acidity, favorable fractions, as
well as gasoline-range chemicals was observed. The staged-catalyst H-ZSM-5/Al1-MCM-
41 with ratio of 3:1 and 7:1 resulted in the best compromise of bio-oil quality compared
to other ratios or single catalyst system. Furthermore, the optimum temperature for the
process was achieved at 500°C. The staged-catalysts with the H-ZSM-5:AlI-MCM-41 ratio
of either 3:1 or 7:1 was the best compromise to obtain 10.65-11.08 wt.% of organic
fraction with 76.20-77.36% of favorable fractions, water content of 41.97-42.45 wt.%, low
TAN of 43.01-44.70 mg-KOH/g, and 97.89-98.52% of gasoline-range chemicals were
using, compared to using single catalysts or mixed-catalyst system. On the other hand,
the mixed-catalysts with the H-ZSM-5:AI-MCM-41 ratio of either 3:1 or 7:1 obtained
14.96-16.10 wt.% of organic fraction with 69.13-75.60% of favorable fractions, water
content of 38.84-39.83 wt.%, TAN of 70.45-114.59 mg-KOH/g, and 92.50-98.80% of
gasoline-range chemicals were using, compared to using single catalysts or mixed-
catalyst system.

In industrial production, factors, which influence the preference for catalysts in the
industry, are the ease of catalyst removal from the reactor and catalyst reusability.
Although, the staged-catalyst system offered a better system to produce high quality of
bio-oil, the removal of staged-catalyst from the pilot plant or industrial scale reactor
becomes a drawback. A simple method is proposed to improve the quality of bio-oil



during the biomass catalytic pyrolysis process by physically mixing mesoporous, Al-
MCM-41, and microporous, H-ZSM-5, catalysts. This approach can provide an affordable
process that can be easily adapted in industries. Catalytic pyrolysis of lignocellulose
biomass using a catalyst mixture of H-ZSM-5/Al-MCM-41 with a ratio of 7:1 resulted in
the highest organic fraction of liquid (5.66 wt.%), the highest yield of non-condensable
gases (13.36 wt.%), and the lowest yield of coke (2.22 wt.%). A high heating value (HHV)
of 34.15 MJ/kg was achieved with a carbon content of 74.90%, a hydrogen content of
8.00%, and an oxygen content of 15.00%. The favorable compounds amounted to
95.89%, which was also higher compared to catalytic pyrolysis using a single catalyst.

5.  Further, the catalyst reusability was investigated. The influence of a catalyst regeneration
on the chemical composition of the upgraded oil should also be determined, in addition
to other factors pertaining to the catalytic process, such as the hydrocarbon yield and
catalyst coking. The catalytic activity decreased as the number of reaction cycles
increased, albeit an increase yield of Organic Fraction (OF) and a decrease in water as
well as coke yields. The HHV of bio-oils decreased. However, the minimum value of HHV
(22.42 MJ/kg) after 6 sequential usage was still higher than the value for the non-
catalytic experiment (19.55 MJ/kg). The favorable compounds yield, which includes
hydrocarbons, phenols, furans, and alcohol, decreased. The dominant components
contributed to the yield of favorable compounds were hydrocarbon aromatics and
phenols.

5.2 Future work

The fundamental reactions and mechanism of catalytic pyrolysis for lignocellulose biomas
have been investigated in this study. However, there are several aspects which need to be taken
into account for future research work in order to capitalize the industrial application of bio-oil
from biomass.

1. Deep understanding of thermochemical behavior of biomass components, which include
cellulose, hemicellulose, and lignin, as well as their intermediate conversion should be
emphasized to predict the yield and quality of bio-oil in catalytic pyrolysis of different
biomass feedstock.

2.  Co-pyrolysis of biomasss can be a promising technique and potential route for upgrading
bio-oil. Two or more materials can be used as feedstock to compensate hydrogen-
deficient biomass and increase the H/C.s content of biomass feedstock which reduces
the coke formation during catalytic co-pyrolysis.

3.  Modifying the catalysts, e.g. lowering Si/Al ratio and metal loading, for higher yield of
bio-oil should be further investigated. Comparative study in which metal is effective for
modifying catalysts needs to be paid more attention. Finding out the optimal ratio of
Si/Al is also necessary.
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Scale-up study of experimental concept is needed to evaluate the performance on larger
scale and in continuous production. Optimization of industrial scale facilities should also
be undertaken.

Environmental and policy analysis as well as techno-economic analysis and life cycle
analysis of the materials are needed. These analyses are necessary to evaluate the
feasibility in commercial scale and useful for policy makers and industry leaders in
expediting the commercialization of catalytic pyrolysis for producing hydrocarbon fuels.
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