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ABSTRACT

Major global issues such as greenhouse gas emissions and the excessive exploration of
petroleum dictate the importance of looking for clean renewable sources to replace fossil fuels.
Lignocellulosic biomass is one of the most prospective resources for sustainable carbon-based
energy. Based on that, the production of petroleum-based green fuels, chemicals, and solvents
from biomass-derived products has garnered much attention in the recent past. The study of
hydrogenation on biomass or biomass derivatives has proved that it improves the efficiency of
generating high-value chemicals and provides much-needed insights into the primary reaction
mechanism for the effective utilization of raw biomass and its components. Lignin, one of the
three major components in lignocellulosic biomass, is internally rich in phenolic units and has
significant research potential, which would greatly improve the utilization of biomass if it can
be effectively converted. Therefore, this study focused on the pretreatment of lignin through
the hydrogenation process, so that the hydrogenated lignin is expected to have greater
pyrolytic properties and produce more olefins and aromatic hydrocarbons in fast pyrolysis.
Thermal catalytic hydrogenation (TCH) of lignin has been extensively discussed, while
hydrogenolysis or depolymerization of lignin was mainly achieved under severe conditions
and an energy-intensive process. A cleaner alternative conversion technology, like
electrochemical conversion and photocatalytic conversion, is required, which can be
integrated directly with other technologies and operate at ambient temperatures or under more
moderate conditions. Hence, electrochemical hydrogenation (ECH) used as an alternative
pretreatment technology for lignin was checked in this work, and the pyrolytic property of
hydrogenated lignin in fast pyrolysis was investigated. In this work, the hydrogenation of
lignin through the TCH and ECH processes was compared, including the effect of catalyst
types and reaction conditions on hydrogenation efficiency, pyrolysis reactivity, product
selectivity, and technical limitations. The advantages and disadvantages of the two
technologies for lignin utilization have also been compared, which provides a more
favourable knowledge base and theoretical basis for the subsequent research work. Besides,
techno-economic analysis of this two-stage process (hydrogenation coupled with fast
pyrolysis) was also checked based on experimental data. In order to verify the feasibility of
this two-stage process, ASPEN Plus software was used to conduct process simulations for

plant scale. A comprehensive economic assessment of the process was performed, including a
II



comparative analysis of the impact of both the feedstock and hydrogenation methods on
overall profitability. It is expected to make some contribution to the utilization of lignin as

well as to promote the industrialization process by providing some data support.
Keywords

Lignin, olefins, aromatic hydrocarbons, thermal catalytic hydrogenation, electrochemical

hydrogenation
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Chapter 1 Introduction

1.1 Research background

In response to the target of the Paris Agreement, numerous countries/nations have
pledged “Carbon neutrality” as of October 2021. Among them, Japan has announced their
plans to reach carbon neutrality by 2050, and China also has planned to reach carbon
neutrality by 2060. There are two strategies to achieve the equilibrium between greenhouse
gas emissions and absorption: (1) Using carbon offsets to balance carbon dioxide emissions;
(2) Using low-carbon energy sources instead of fossil fuels. This work is based on this world
hotspot to explore new and effective technologies to maximize the use of biomass resources
and to realize the carbon resource cycle.

According to the data of IEA (International Energy Agency) in 2019, biofuel and waste
energy account for 9.4% of the World's Total Primary Energy Supply. The supply of biomass
energy is the first among the renewable energy, but the utilization of biomass is still mainly
through the traditional way. In China, the biomass industry has a massive source of raw
materials, including agricultural waste, forestry production waste, Chinese medicine residues,
coffee grounds, energy crops, etc. The annual capacity potential of crop straw, forestry
residues, and woodland biomass can reach more than 700 million tons of standard coal, of
which straw and woody raw materials account for 40% and 60%, respectively, rich in
farmland and woodland. Furthermore, the Renewable Energy Institute (REI) provided data on
solid biomass consumption in Japan to show the overall picture of solid biomass fuel
deployment. In 2020, 25.3 million dry-ton of solid biomass was consumed, with 10.3 million
dry-ton of black liquor and 4.17 million dry-ton of waste wood included. The utilization of
photosynthesis to absorb carbon dioxide, on the one hand, and reaching the carbon resource
cycle through the use of biomass waste, on the other hand, both play a part in lessening the
greenhouse effect. In addition to being used for direct-fired power generation, biomass
resources can be converted into a variety of ways and products, such as mixed-fired power
generation, cracking gasification, or liquefaction, and it is best to have diversified
development, which have no absolute advantages and disadvantages. However, nowadays,
with varying resource statuses and technical sophistication, multiple ways of exploitation
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should be used to better utilize biomass resources.

Carbon neutrality
| Renewable
energy

Solar, wind and etc.
22%

) " > A

'World Total Primary
Energy Supply

Emission Carbon offset

O Shifting towards the use of renewable energy

Fig. 1- 1 The balance of carbon neutrality and the world total primary energy supply in 2019
by IEA.

Lignocellulosic biomass belongs to a broad category of biomass sources, containing three
main components: cellulose, hemicellulose, and lignin like Fig. 1-2. The abundant
carbon-neutral and renewable organic carbon resource makes it a part of alternative fossil
materials, showing good application prospects. Lignocellulosic biomass, including a large
number of crops, wood, agricultural residue, grass, and so on, appears to be one of the most
promising candidates in industrial utilization[1], like power plants for electricity, combustion
for heating energy, pulp and paper industry for paper products, bio-oil products, and
production of valuable chemicals. Therefore, it is very necessary and essential to study how to
utilize such a large amount of lignocellulosic biomass source in an effective and
environmentally friendly way. Hierarchically utilizing or studying must be one way to use or
study lignocellulosic biomass sources. In lignocellulosic biomass, the cellulose and
hemicellulose fractions are polysaccharides made up of glucose, D-pentose, and xylose sugar
monomers, which are used to make platform chemicals such levulinic acid (LVA),
5-hydroxymethylfuran (HMF), and furfural. Apart from these, lignin accounts for 15-30%]2],
has received less attention and generally been regarded as a low-valued waste in the pulp and
paper industry. The cross-linked lignols and 3D stubborn structure are the main reasons to
restrict lignin’s utilization. However, the abundance of phenolic units in lignin polymers

makes it very promising for the production of high-value compounds, like hydrocarbons and



aromatics.
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Fig. 1- 2 The distribution of the lignocellulosic biomass components and conversion.

1.2 Lignin composition and properties

Lignin, as an undervalued resource, was chosen as the subject of this study. Finding ways
to effectively utilize lignin is beneficial for (1). improving the utilization of lignocellulosic
biomass; (2). utilizing lignin in a hierarchically manner, and the products would be more
selective; (3). exploring the properties of lignin to provide directions for biomass utilization;
and (4). Waste source utilization (especially for the waste in the pulp and paper industry). The
typical structure of the lignin polymers is shown in Fig. 1-3. Lignin has a cross-linked 3D
irregular structure, which constitutes three main phenolic units, including guaiacyl (G),
syringyl (S), and p-hydroxyphenyl (H) units[3], which is the largest renewable source of
aromatics on earth. Generally speaking, the source of lignocellulosic biomass results in the
ratio of precursor units, hardwoods are rich in G- and S- units, and softwoods are rich in G
units[4]. The macromolecular weight of lignin exceeds 10000 u, while the polymerization
degree is difficult to measure due to its heterogeneous property. The internal units are
connected randomly by C-O linkage bond (-O-4, a-O-4, 4-O-5) or C—C bond (B-5, -1, B-B,
5-5)[5]. The B-O-4 bond is the most abundant bond (especially in hardwood) due to its labile
nature[5]. Some researchers stated that lignin consists of 69 % of f-O-4 ether bonds, which

could theoretically yield a maximum of 36 % of monomers[6]. Through pyrolysis of lignin
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model compounds, Drage et al. concluded that the C-O bond of B-aryl ether type being
cleaved is prior to the side of aryl methoxyl groups[7]. Therefore, ether bond is a key reason
for the liquefaction of lignin. However, the amorphous structural, compositional features of
lignin and different types of lignins are dominant factors affecting the degradation process.
The industrial applications of lignin are limited severely due to its complex nature and

chemical structure, further research is needed.
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Fig. 1- 3 Typical structure of the lignin polymers and its three main lignols (Syringyl,

Guaiacyl, p-Hydroxyphenyl units) inside.

1.3 Lignin types and comparison

The lignin feature partially depends on the type of biomass. Table 1-1 lists the major
lignocellulosic biomass sources, and the components distribution of the various biomasses
summarized from the literature survey. Because diverse temperatures and production choices
exist in different regions and countries, the distribution of lignocellulosic biomass resources

varies widely. For example, China mainly produces waste such as Chinese herbal medicine
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residue, sugarcane bagasse, walnut shells, and other waste, and wheat straw and corn stover
also occupy a large proportion of agricultural production. For Japan, cedar and spruce are
very rich wood resources, and the prevalence of coffee also leads to the use of coffee grounds
as a biomass resource. Other trees, including pine, oak, eucalyptus, beech, and bamboo, which
are found in different temperate zones around the world, are the most discussed and
researched woody biomass in the literature. Despite the fact that they all contain three main
substances: cellulose, hemicellulose, and lignin, the proportions and properties vary by
species.

Lignocellulosic biomass sources are broadly classified as softwood, hardwood, and grass,
the order of lignin percentage generally is grass< hardwood<softwood. And it is worth
mentioning that lignin constitutes 25-35% of softwood sources, 18-25% of hardwood sources,
and around 19% of grass[8]. Softwood lignin is primarily formed by guaiacylpropane units
(around 90-95%), whereas hardwood lignin possesses almost equal amounts of guaiacyl and
syringyl units with less amount of condensed units[8]. Having a larger proportion of 3-O-4
structural units, and C-C bonds (-1 and B-B) are also typical features of hardwood lignin.
Grass lignin comprises guaiacyl and syringyl units, the former being the major component,
which is chemically bound to the lignin core, mostly by ether bonds. Some
p-hydroxyphenylpropane units are also incorporated in the grass-type of lignin, and the

amounts are a little higher than that in woody lignin[9].

Table 1- 1 Primary organic components in the typical lignocellulosic biomass feedstocks.

Lignocellulosic Cellulose (%)  Hemicellulose  Lignin (%) Reference
biomass type (%)

Softwood

Pine sawdust 44 26 30 [10]
Japanese cedar - - 32 [11]
Spruce wood 47.11 21.31 31.58 [12]
Hardwood

Oak 36.7-46.6 36.5 17.6-25.3 [13]
Walnut shell 36 25.43 38 [14]
Eucalyptus 49 21 18 [9]
Beech 46.27 31.86 21.87 [12]



Grasses

Bamboo 40-60 20-30 20-30 [15]
Corn stover 38 29 15 [12]
Wheat straw 38 29 19 [12]
Waste

Herbal residue 36.5 18.5 24.2 [16]
Coftee Grounds 12.4 39.1 23.9 [17]
Bagasse 45-55 20-25 18-24 [9]

Different types of lignin have been described depending on the means of isolation, such
as organic, enzymatic, kraft, milled wood lignin, lignosulfonate, and soda process. Generally,
lignin’s content and chemical structure depend on the type of biomass on the one hand, and on
the other hand the extraction process can have a noticeable effect. Many strategies for
recovering lignin from biomass have been proposed (seen in Table 1-2). In the large-scale
pulp and paper industry, the Kraft process (hydrolysis of lignin with NaxS) is employed for
making paper products by using biomass or wood as raw material, in which lignin residue
including sulfur (~2 wt.%) is disposed of as waste[18]. Acidic solutions allow recovering
lignin from the kraft process due to unusual liquid-liquid phase behaviour, called kraft lignin.
Alkaline lignin (or soda lignin) is also a typical type of technical lignins, which is also
extracted from the waste of the paper industry, Zhao et al. have revealed the exact differences
in the structure of Alkaline lignin and kraft lignin[19]. In a lignosulfonate method, lignin is
isolated by the sulphite coking process, which employs sulphite precursors of calcium and
magnesium. Lignosulfonate lignin is isolated from woody biomass with a molecular weight
range from 5000 to 60000 Da[20]. Milled wood lignin (MWL) is isolated by solvent and
purified finely with a ground wood meal, which can be thought of as the best lignin to
represent the lignin component in the wood. Moreover, enzymatic mild acidolysis can isolate
an even higher yield of lignin, and enzymatic mild acidolysis lignin (EMAL) has higher
purity than that of MWL. Other methods, such as the organic process provide lignin with a
relatively simple structure, named organosolv lignin, while an organic solvent and catalyst
such as dilute acid are required. The general extraction of organosolv lignin is conducted at
443-493 K with 1-2 h treatment time to generate small molecular weight lignin that is
between 1000-3000 Da[21]. Notably, due to its sulfur-free and less-condensed structure,
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organosolv lignin is one of the most potential types of technical lignin for further

investigation and valorization[8].

Table 1- 2 Property of various types of lignin through different isolation methods.

Number
- average Dispersity
Lignin type molecular (My/Mn) Features Ref.
weight (g/mol)
High unsaturation degree and
. molecular weight. Mild
Organosolv lignin 1249 2.8 conditions resu%t ‘0 more [21]
unaltered lignin
EMAL (enzymatic . . .
. . . Higher yield and purity than
mild acidolysis ~1900 ~3 [22]
lignin) those of MWL.

Kraft lignin 1000-3000 2-4 Highly g;‘fﬁﬁfécfama“y [23]
MWL (mll}ed 2800-14200 37.12.9 Most similar to the native [24]
wood lignin) structure

Lignosulphonate lignin
Lienosulfonated exhibits a higher molecular
i r%in (hardwood) 5000-60000 1.3-3.5 weight. Moreover, [25]
& lignosulphonate lignin has high
impurities, accounts for 30%.
Dealkaline lignin 60000 i hgggif;iﬁf;‘;rii‘;m 126]
. Adjusting the PH value of
Alkal‘ilgf(’da 1164641972  4.3340.54  dealkaline lignin in the range ~ [27]

of PH 8.0-10.0

1.4 Lignin utilization

The research on lignin utilization technology has been investigated over the years.
Thermochemical conversion of biomass into biofuel is one of the recognized and
up-and-coming technologies, which consists of two main utilization methods, the first one is
depolymerization of lignin, including the conversion of lignin into bio-oil by pyrolysis
technology, and liquefying lignin by hydrogenation or hydrogenolysis; the second one is the
conversion of biomass into biogas by gasification or fermentation technology. Among them,
bio-oil is considered as a renewable energy source that can be alternative petroleum.

Therefore, the technology for depolymerization of biomass or biomass components has been
7



researched and developed for decades.

While due to lignin’s 3D recalcitrant property and cross-linked structure, lignin has
usually been considered as a low-value by-product in the pulp and paper industry. That is the
main reason to restrict biomass utilization. Due to its inherent physical properties, lignin is
often considered a good additive in products such as concrete, asphalt, protective coatings and
foams. Lignin can increase its compressive strength and makes concrete stronger as
admixtures. For asphalts, lignin can improve the viscosity, hardness, and high-temperature
stability of modified asphalts[28]. And protective coating modified by lignin shows excellent
anti-corrosion, anti-bacterial, anti-icing, and UV-shielding properties[29]. Lignin-based foam
can be used as an insulation material[30]. Besides being a material additive, lignin has been
investigated more on the laboratory scale in terms of chemical conversion. Lignin pyrolysis
was first investigated as a means of better understanding biomass pyrolysis processes by
examining the pyrolytic capabilities of the three key components of biomass
independently[31]. Then some scholars started to study catalytic pyrolysis of lignin,
especially zeolite-based catalysts, aiming at the selective production of olefins and aromatic
hydrocarbons from lignin[32][33][34]. Besides, hydrogenolysis is one of the means to obtain
high-value bio-oil by liquefying lignin polymers, which is now the mainstream technology for
lignin treatment. By providing an external hydrogen donor, lignin polymers are
depolymerized and hydrogenated under high temperature and pressure to obtain phenolic
monomer compounds such as guaiacol, phenol, and so on[35][36][37]. In addition, some
people used the hydrogenation process on bio-oil to improve its H/C ratio and increase its
availability[38]. Other techniques, such as lignin oxidation and gasification, have also been
supported in the literature. Oxygenated compounds such as phenolics, vanillin, ketones, and
acids can be obtained from lignin oxidation[39], while syngas can be obtained from the
gasification of lignin[40].

Based on the analysis of the internal unit composition and structure of lignin, the authors
concluded that its richness in aromatic resources needed to be better utilized. And if
high-value chemicals like olefins and aromatic hydrocarbons could be obtained from lignin
instead of fossil fuel energy that would be very meaningful. It is well known that olefins and
aromatics are the most common petrochemicals, and are essential sources for industrial
chemicals and products. It is known that the production capacity of ethylene and market

volume of benzene has been on an upward trend over the years. By 2025, Statista forecasts
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the production capacity of ethylene to reach around 300 million metric tons and the market

volume of benzene reach to 67 million metric tons. So, olefins and aromatic hydrocarbons

will be the target products in this work. The author focuses on the technology for transferring

lignin into olefins and aromatic hydrocarbons.
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Fig. 1- 4 The various technologies for lignin utilization.
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Chapter 2 Literature survey and research strategy

2.1 Hydrogenation of lignin

Hydrogenation (or hydrogenolysis, hydrodeoxygenation) is one of the depolymerization
technologies for lignin sources, in which hydrogen as a reductant yields phenolic monomers
with high stability[1]. The process is generally performed under severe conditions affording a
high liquefaction rate. In 1938, the catalytic hydrogenation reaction was conducted on
hardwood lignin by Harris and co-workers[2]. The lignin was reported to react with hydrogen
gas with copper-chromium oxide as a catalyst. After that, the catalytic hydrogenation process
is used to tailor the functional groups, improve lignin’s property, and control the product's
distribution[3-5]. K. Kashima et al. also started to work on lignin liquefaction and
discovering catalysts in 1964. After the hydrogenolysis process, they found a mixture of
C6-C9 mono-phenolic products that can reach as high as 40% of yield and published on
Canadian Patents. A co-catalyst of iron sulfide with another metal sulfide (like Cu, Co, Ni, Zn,
or Mo) was used on bio-oil and phenolics, which was conducted at 523-723 K with an initial
hydrogen pressure of 15.2-45.6 MPa. Around 21% yield of lignin-derived phenol was
obtained. This demonstrates the variant of such research direction, and the reproducibility of
the experimental results was not well achieved because the composition of lignin was too
complex and inconsistent[6].

The conversion of lignin to unfunctionalized aromatic hydrocarbons deserves more
attention, especially compounds such as BTX (benzene, toluene, xylene), which can
theoretically produce 60% of the aromatic compounds from lignin[7,8]. The hydrogenation
reaction is a very promising option, and the hydrogenation process for lignin is mainly
divided into two major parts in terms of products to produce high-value chemicals and bio-oil
refining. And there are two types of hydrogenation technologies, thermal catalytic
hydrogenation (TCH) and electrochemical hydrogenation (ECH) with the catalysts. Here a
literature summary of these two different hydrogenation techniques studied on lignin and

lignin model compounds was presented in this section.

2.1.1 Thermal catalytic hydrogenation
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The summary of thermal catalytic hydrogenation (TCH) on different types of lignin is
presented in Table 2-1. For the catalytic hydrogenation of lignin by heterogeneous catalysts,
there are several main types of catalysts, like non-metallic catalysts, nickel-based catalysts,
noble-metal catalysts, metal oxides, and multi-metal composite catalysts. The researchers
mainly focus on the liquefaction rate and depolymerized compounds of lignin, pursuing
higher conversion rates and more bio-oil or phenolic products via using different catalysts.
Lignin liquefaction yields, calculated by the difference of recovered lignin residue, are
generally above 50% (seen in Table 2-1). Ni-based catalysts as the most popular catalysts
have been used in integrated hydroprocessing of lignin[9], which is efficient for the
hydrogenolysis reaction with high conversion rates[10]. Noble metal catalysts (Ru, Rh, Pt,
and Pd) also demonstrated substantial catalytic reactivity in the hydrogenolysis of C-O ether
bonds[11,12] and the hydrogenation of aromatic rings in the liquid products (Table 2-1, entry
7&8). Pepper et al. studied and compared several common catalysts (Raney Ni, Pd/C, Rh/C,
Rh/Al>03, Ru/C, Ru/Al;03) for the hydrogenation of lignin. A significant amount of raw
lignin was converted into monomeric products, like 4-propylguaiacol and dihydroconiferyl
alcohol, among them Rh/C showed a maximum yield[13]. The Pd/C yielded 24% of
dihydroconiferyl alcohol, whereas Rh/C resulted in producing 4-propylguaiacol and
dihydroconiferyl alcohol accounting for 34% of raw lignin. Noble metal catalysts have better
selectivity for specific hydrogenated products, but the economics limit their industrial
application. In the absence of a catalyst, the lignin macromolecules were thermally
depolymerized due to internal bonds breaking, which limited the hydrogenation or
hydrogenolysis reaction to some extent (Table 2-1, entry 10).

In fact, the temperature has a significant effect on the hydrogenation process as well as
the catalyst. High temperatures and pressures are more favourable for heterogeneous
hydrogenation reactions, which are usually carried out at 200-400 °C and an initial hydrogen
pressure of 3-10 MPa[14][15]. Kumar et al.[16] performed the depolymerization of Kraft
lignin via NiMo and CoMo catalysts at 350 °C for 4 h with 100 bar initial H> pressure, 87% of
lignin can be converted, and 26.4 wt.% of monomers were obtained. However, severe
conditions also lead to the formation of coke which is the main obstacle to hydrogenolysis. It
was reported that the formation of coke and oligomers was caused by the repolymerization

and condensation of intermediates followed by dehydration under the thermal effect[14][17].
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Table 2- 1 Thermal catalytic hydrogenation of various lignin.

- . Con
Ent  Lignin Catalysts Reac.tlf)n Products V. Ref.
ry feedstock conditions
rate
200 °C, 5 .
. ’ 4-ethyl-guaiacol,
1 Lignosulf Ni/AC MPa Ho, 4-propyl-guaiacol, and 068 [18]
onate ethylene . %o
amount of dimers
glycol
220 °C, 0.1
MPa Ar, 7 h, )
) Kraft NI/HZSM-5  MeOH/H:0. Alkyl' substituted phenols 96.9 [19]
lignin and oligomers %
1.7 mmol of
NaOH
. 200 °C, 1 .
3 I;I\f;(?ust Ni/C atm Ar, 6 h, P;(())pyllsg ur?;lacc?lljdimers 05/4 [20]
MeOH propylsyrigol, 0
2-methoxy-4-propylphenol,
Poplar Nba-Ni1/ZnO- 225 °C, 2 2,6-dimethoxy-4-propylphen 336
4 lienin ALO MPa Hz, ol, and o [21]
& 2 MeOH 4-(3-hydroxypropyl)-2,6-di °
methoxyphenol
o 4-(3-Hydroxypropyl)-2-dim
Organosol 130 °°C, 1 ethoxyphenol 56
5 gan NigsPds MPa H,, 12 yphienol, . [22]
v lignin 4-(3-Hydroxypropyl)-2,6-di %
h, H,O
methoxyphenol
Nitrogen-dop N DI Phenolic monomers (phenol,
Alkaline  ed > o-guaiacol, catechol, 4-ethyl 55.2
6 - water, . - . [23]
lignin solvothermal 250 °C. 3 h guaiacol, vanillin) yield %
carbon ’ (7.52 %),
260 °C, 2
MPa H, 1
h, 0.025 mol 44.6 % of water-soluble
Organosol NaOH, product and 26.5 % of 75.7
T Vlignin O PRWE g4 % oil-soluble product, 6.4 % of % 21
isopropanol/ char
water
mixtures
260 °C, 2
MPa Hp, 1 73.8 % of water-soluble
Organosol h. 0.025 mol product and 133 % of 67
0 . (V]
8 v lignin > % Pd/C I;I(;l OH, o oil-soluble product, 17.2 % % [24]
0
i-PrOH/wat of char
er mixtures
Pine THEF, 132 % yield of wuseful 59
9 o MgO 250 °C, 0.5 phenolic monomers (Phenol, [25]
lignin %
h guaiacol, syringol)
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Phenolic monomers yield

Alkaline No, DU ) 5 04), residue lignin yield 39.3
lion Non-catalyst ~ water, o ) N [23]
ignin 250 °C. 3 h (60.70 %), char yield %

(25.8 %)

Note: MeOH: methanol; DI water: deionized water; i-PrOH: isopropanol.
2.1.2 Electrochemical hydrogenation

Electrochemical has been regarded as a low-cost and environmentally friendly approach,
and can be carried out under mild reaction conditions. Electrochemical hydrogenation (ECH)
has been intensively studied on lignin model compounds in the recent past. Formally,
electrochemical hydrogenation consists of integrating the reduction of protons and the
hydrogenation of organic compounds in the cathodic electrolyte. Moreover, other oxidation
reactions of water occur and oxygen is formed at the anode[26][27]. Table 2-2 lists the
electrochemical hydrogenation pathways of common lignin model compounds that can cover
the most typical functional groups and linkage bonds of lignin. As seen in Table 2-2, ECH
occurred selectively on the aromatic ring without destroying other functional groups (like
hydroxyl, methyl, and methoxyl). Even for dimers, electrochemical hydrogenation can very
effectively happen on diphenyl ether (Table 2-2, entry 8). The electrochemical hydrogenation
reaction can mainly occur on the aromatic rings and generate di-cyclohexyl and cyclohexyl
phenyl ether. The ester bonds were also partially broken at the same time, resulting in a minor

amount of cyclohexanone and cyclohexanol.

Table 2- 2 Electrochemical hydrogenation reaction of common lignin model compounds.

Entry Model compounds Reaction process Ref.
oH OH o} OH
e omOm0

Phenol
CHg
CHs CHs
e ™ O
Toluene
© 6H(M)
s =l
Benzene
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OH
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OH
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OH OH OH
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OH OH OH
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[31]

[26]

[31]
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Table 2-3 summarizes studies on model compounds that can be successfully converted to
cycloalkanes with high conversion rates in the presence of catalysts utilizing electrocatalytic
hydrogenation. Anna et al. have investigated various electrodes for electro-reduction of
phenol, and the order of catalytic activity is Ru/Ni > Pt/Pt > Rh/Ni. 92% of cyclohexanol
product was obtained with 11% current efficiency under a current density of 10 mA/cm? and
NacCl as the supporting electrolyte at 60 °C[28]. Song et al. also tested the electrochemical
hydrogenation of phenol with Pt/C, Pd/C, and Rh/C. The reaction pathway from phenol to
cyclohexanone was proposed, then further hydrogenated to cyclohexanol (like Entry 1)[33].
In their work, Rh/C led to the highest conversion rate of phenol (50-66%) under different
electrolytes, followed by Pt/C and Pd/C. Furthermore, the conversion rate increases with

temperature up to 50 °C under exploring Pt/C with —40 mA of current. The noble metal



catalysts have also been explored in Peng’s work[34]. PtRhAu, PtRh, and Pt deposited on
carbon felt were prepared as electrocatalysts and compared the affection on the
electrochemical hydrogenation of guaiacol. The ternary PtRhAu (additional incorporation of
Au) catalyst produced 2MC (2-methoxycyclohexanol) more selectively than the PtRh catalyst
and prevented the generation of deoxygenated by-products (like methoxyl-cyclohexane,
cyclohexanone, and cyclohexanol). PtRhAu catalyst was proposed to convert 91% of the
guaiacol with a 74% selectivity of 2MC. Moreover, PtRhAu catalyst maintained over 40% of
FE[31]. The performance of this electrocatalytic hydrogenation system on lignin-derived
bio-oil was also checked in Li’s work[31]. The bio-oil from wood was further electro-reduced
in 0.2 M HCIOg, and after 3 hours reaction, 92% of conversion rate and 68% of selectivity for
the 2-methoxy-4-propylcyclohexanol were achieved.

The purpose of investigating the behaviour of lignin derivatives or model compounds
under different variables is to gain a better understanding of the electrochemical mechanism,
and to allow a visual comparison with conventional thermal catalytic hydrogenation
techniques. The model compounds, however, are unable to totally replace the obstinate and
more complex structure of raw lignin. Therefore, the behaviour of raw lignin in the
electrochemical hydrogenation process still needs further observation for industrial
application. A further summary of the electrochemical reactions in raw feedstock will be

presented below.

Table 2- 3 Various catalysts for electrocatalytic hydrogenation of lignin model compounds.

Substrate WE/CE/ Catalyst/mem Electrolyte Conditio Products Ref.
RE brane ns
Temp.:
Ru3.5%- 0.1 M IC{E;*rent
Phenol Ni /" Ru dispose on HzSO4 density: Cyclohexanol
(C(;nc.=8.5* Glassy C WE / Nafion aqueous ) " (100%); Conv. [28]
- . 0
10° M) Ei)ar‘ie / 324 solution m Alem?; rate: 92%
Time: 12
F/mol
Reticulat Anolyte: 0.1 Current:
e(.i R/C, PYC, M of -40, -60 Cyclohexanol,
Phenol (2 wvitreous Pd/C | Nafion H>SOq4; mA; cyclohexanone; (33]
mL) carbon 117 Catholyte: ~ Time: 2 Conv. rate:
(RVC) / acetic acid, h; Temp.: 26-63%
Pt wire / H3POy, 5-80 °C;
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AglAgCl H>SO4 Stirring:

500 rpm
Carbon Methoxy
felt Temp.:
o cyclohexanone
4-methoxyp connecte 23 °C; (40% around)
henol (16 d to Rh/C (50 mg) / Acetate Current: methox ’ [26]
graphite  Nafion 117 buffer 40 mA; Y
mM) . cyclohexanol;
rod / Pt Time: 30 om0
. . Conv. rate: 80%
wire  / min. around
Ag|AgCl
Surface
area:
7.07
_ 2.
I;Rhcn R / ICATH;OS h Cyclohexane
Benzene . Nafion, Du Water p y [30]
mention Pont ere: Hx (16%)
/ non with
atmosph
eric
pressure
Catholyte: 2-methoxycyclo
. 0
RulACC 0.2 M HCI; 100 mA., hexanol (47%),
Guaiacol / Pt wire 3-CE-NH; / Anolyte: 0.2 R0 °C. 2 cyclohexanol [31]
/ non Nafion-117 M h ’ (53%);
phosphate Conv. Rate:
buffer 75%
Current
density:
60
2 )
PRhAU- mA/cm 96% of .
C folt / PtRhAu Time: 1 conversion rate;
Guaiacol Pt/ RHE deposited on 0.2 M h 2-methoxy-4- [34]
referenc carbon felt / HCIO4 Stirring:  propylcyclohex
. Nafion-117 1000 anol (68% of
rpm. selectivity)
Surface
area: 1
cm?
Catholyte: Current:  2-methoxycyclo
RulACC 0.2 M HCI; 100 mA; hexanol (36%),
Svrineol / Pt wire 1.5-CE-NH3 / Anolyte: 0.2 Temp.: cyclohexanol [31]
yrng L oon Nafion-117 M 80 °C; (35%), guaiacol
phosphate Time: (15%)
buffer 2h Conv. rate: 58%

Notes: WE: working electrode; CE: counter electrode; RE: reference electrode; Conc.:

concentration; M: mol; Conv. rate: conversion rate.
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The electrochemical reactions have also been utilized on raw lignin, summarized in Table
2-4. Although the primary lignin model compounds and bio-oils both use electrochemical
hydrogenation to obtain high-quality chemicals, the electrochemical hydrogenation of raw
lignin has been rarely studied. The current focus of electrochemical lignin is on
electrochemical oxidation reactions to depolymerize the lignin macromolecular structure for
valuable chemicals.

To date, from previous research on lignin electrochemical reactions, we can know the
alkaline solution was used commonly as electrolyte solutions. Moreover, ILs and DESs were
also used as electrolytes due to their excellent conductivity and recyclability. Besides, the
electrode is an important factor to improve reaction rate as (1) various substrate materials
supported the catalyst during the reaction; (2) the conductivity of the electrode substrate; (3)
the interaction effect between the loading of the catalyst and the substrate, all these factors
have a significant influence on the electrochemical depolymerization reaction. Electrode
structure was investigated by Stiefel and his group[35]. They found that the large porosities of
electrode material as fleece> wire> foam> plate and explained the porosities were not related
to mass transport coefficients due to mass transport limitation from the bulk molecule to the
catalyst surface, which was effectively limiting the reaction rates. Other factors, like current
density and reaction temperature in the electrochemical reactions of lignin also have a
significant effect on the products. It was proposed that the current density affected the
reaction efficiency and the products, higher current density resulted in more organic products,
like aldehydes and ketones[36]. The electrochemical oxidation of lignin with a higher current
density was proposed to generate more monomeric compounds such as anisole, vanillin, and
acids. Meanwhile, higher temperatures favoured more aqueous products, like phenolics and
acids, with oxygen species associated with hydrophilic groups. Wang et al. observed that
increasing the temperature could enhance the yield of anisole[37].

In another study, Cai et al. investigated both the electrochemical oxidation and
electrocatalytic hydrogenation of lignin in alkaline electrolytes[38]. They have tested the CV
(cyclic voltammetry) curve and AP (anodic polarization) curves under different lignin
concentration (10-60 g lignin/L), reaction time (0.5-2.5 h), and NaOH concentration (0.8-1.2
M) electrolyte. The electrochemical oxidation of lignin on Pb/PbO; has been observed in CV
curves that the oxidation potential of Pb/PbO; in 1 M sodium hydroxide solution was higher

than that in other concentrations of NaOH. Furthermore, oxidation potential also rose when
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the concentration of lignin increased from 10 to 40 g lignin/L. The high oxidation potential
provides better lignin degradation efficiency and a lower degree of side reactions. For the
reaction time, the over-potential increased with increasing of the reaction time, and promoted
oxidation efficiency. Hydrogenation performance on Cu/Ni-Mo-Co was also investigated in
Cai’s group[38]. The hydrogenation ability was proportional to NaOH concentration, reaction
time and reached a peak at a concentration of 50 g-lignin/L. Lignin compounds and hydrogen
molecules from water were chemisorbed on the cathode -electrocatalyst, and then
hydrogenation occurred. At the same time, hydrogen gas was competitively formed as a side

reaction, which has a negative effect on electrochemical hydrogenation efficiency.

Table 2- 4 The summary of electrochemical depolymerization of lignin-derived bio-oil and

raw lignin.
Feedstoc Anode Catalyst Electrolyte Conditio Products Ref.
k /Cathode/ s ns
RE
Rice husk Platinum - Substrate, Constant ~ Saturated compounds [39]
lignin-der wire / 0.1 M LiCl potential: and less aromatics
ived platinum as the 10 V;
oligomers foil / non supporting  Time:
electrolyte 0-12h
Hydrogen Pt /" PtRhAu 0.2 M Current 96% of conversion [34]
olyzed PtRhAu-C deposited HCIO4 density:  rate; Oxygenated
lignin-der felt / RHE on 60 2-methoxy-4-
ived oil reference  carbon mA/cm?;  propylcyclohexanol
felt Time: 1-3 (68 % selectivity)
h;
Stirring:
1000
rpm.
Surface
area: 1
cm?
Kraft Nickel - 1 M NaOH  Current:  The molecular weight [35]
lignin (plate, 2-8 A is reduced by 96%
wire, Time: 0-4 The small yield of
foam, h; vanillin, apocynin,
fleece) / Temp.: and syringaldehyde
Nickel RT
(plate, Pressure:
wire, ambient
foam, pressure.
fleece) /
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mercury
oxide
(Hg[HgO)
Ni / Ni /
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o
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1 M NaOH
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Current
density:
2-10
mA/cm?;
Temp.:
20-80 °C
Time:
0-10 h
Current
density:
20-90
mA/cm?;
Temp.:
30—

90 °C;
Time: 0—
8h
Current
density:
10-60
mA/cm?
Temp.:
25-50 °C
Time: 1-7
h;
Stirring:
200 rpm.
Current
density:
10 mA
/em?;
Time: 6
h;

Temp.:
RT

Temp.:
RT;
Time: 16
h;
Voltage:
0.6 V vs.
SHE

Potential:

Aldehydes and
ketones (18-23%);
phenols and acids
(10-48%)

4-methylanisole (64.9
g/kg), vanillin (31.8
g/kg), syringaldehyde
(11.9 g/kg)

Low-chain carboxylic
acid

38-54 wt. % of
insoluble residue;
24-36 wt.% of ethyl
acetate soluble;

22-26 wt.% of
aqueous soluble

Vanillin ~ (10.8-31.6
g/kg/h);
3-Methylbenzaldehyd
e (4.9-22.6 g/kg/h);
Apocynin (2.1-4.2
g/kg/h)

Guaiacol  (34-37%),

[36]

[37]

[40]

[41]

[42]
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Lignin Ag|AgCl  electroca (Choline 0.5V, 1.0 vanillin (30-38%),
talyst chloride-ure V; Temp.: acetovanillone (9%)
a; RT; and  syringaldeyhde
Choline Time: 7, (12%)
chloride- 24 h
ethylene
glycol)
Rice Ti|SnO—  Ti/Fe, 1 MNaOH  Current Aromatic ketone (4.09 [44]
straw Sby0s3la-  Ti/Cu density:  g/kg); aromatic
lignin PbO,|B-Pb and 10-60 aldehyde (1.53 g/kg);
0 / Ti/Cu/Sn mA/cm?  aromatic acid (23.92
Ti-based / as Temp.: g/kg)
non electroca 25-65 °C
talysts Time: 1-5
h
Corn PbPbO2 / Ni-Mo-C 1M NaOH  Current Trans-ferulic acid, [38]
stover Cu|Ni-Mo o alloy density:  vanillin,
lignin -Co/non  coatings 10-45 3-hydroxy-4-methoxy
on the mA/cm?;, phenyl-ethanone,
copper Temp.: syringaldehyde,
plate 20-70 °C  acetosyringone and
Time: 0-4 4-methoxy-3-methyl-
h phenol (22.40, 11.09,
2.37, 10.04, 6.95 and
38.83 g/kg,
respectively)

Note: RT means room temperature; g/kg all based on raw lignin; Temp.: temperature.
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2.2 Fast pyrolysis of lignin

As a traditional process, pyrolysis has a wide range of applications in energy
utilization and conversion[45][46], which is one of the conventional technologies to
decompose lignin and produce valuable chemicals, especially aromatics and light
hydrocarbons[47][48]. In Fast pyrolysis, when the temperature is in the range of 200 to
400 °C, C-O ether linkages (B-O-4 and a-O-4) are severed while ensues the cleavage of
oxygenated compounds as by-products and keeps aliphatic groups at 300 °C. At
temperatures between 550 and 650 °C, pyrolysis resulted in 40 wt.% of bio-oil and
20 wt.% of phenolic products[49]. The current challenges with lignin pyrolysis are the
high yield of carbon-rich char, low conversion rate, and low selectivity of hydrocarbons
like aromatics and olefins[50]. Compared with polysaccharides-containing cellulose and
hemicellulose, the folded 3D structure and complicated substrates of lignin limit its
further decomposition to light volatiles. The biomass type and isolation methods of
lignin are the main factors influencing the pyrolysis behaviour. Alkaline lignin or Kraft
lignin has been highly modified in the extraction process[51], the char yield from
pyrolysis of alkaline lignin even up to half of the feeding amount, and particularly low
olefins can be produced[50]. In contrast, the low molecular weight properties of
organosolv lignin lead it to suffer from thermal depolymerization susceptibly[52].

Generally, catalytic pyrolysis is one of the strategies for increasing the selectivity of
hydrocarbons and aromatic products. Zeolite catalysts loaded on metal particles have
been proved that it can in-situ promote more hydrocarbon products and enhance the
reformation of aromatics. Yang et al. performed the pyrolysis of alkaline lignin with a
3.0 wt.% Fe/ZSM-5 catalyst. The maximum carbon yield of light olefins plus aromatic
compounds was 12.8 C-mol.%, in which around 3.0 C-mol.% olefins were obtained[53].

Huang et al. have investigated the production of olefins under a La-modified HZSM-5
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catalyst. 5.3 wt.% of light olefins can be recovered at 600 °C, while a trace amount of
olefins can be obtained without catalysts[54]. Nevertheless, providing hydrogen atoms
during pyrolysis can promote thermal decomposition better, showing efficiency and
performance[55]. Avni et al. studied the effect of different gaseous environments,
including 30 vol.% of Hz in N>[56]. Kawamoto et al. proposed that hydrogen from
cellulose-derived products can stabilize internal mediate radicals and suppress the
rearrangement of the methoxyl group[57]. The hydrogen transfer from tetralin to lignin
inferred that the hydrocarbons and aromatics increased due to the synergistic function of
hydrogen atoms and acidic zeolites[58]. Therefore, in addition to the role of the catalyst,
the selectivity of the pyrolysis products can be improved by changing the structural
properties of the lignin, or by using active gases to facilitate the pyrolysis reaction.

These are worth further investigating.

2.3 Proposed process for utilizing lignin

Exploring lignin utilization technologies is a way to make more efficient use of
biomass resources. The internal characteristics of lignin make it difficult to utilize.
However, after an extensive literature survey, a novel process was proposed that using
hydrogenation as a pretreatment process for lignin and combined with fast pyrolysis in
this work to obtain olefins (C2-C4) and aromatics (BTXs and naphthalene). Lignin is
expected to be modified through the hydrogenation reaction, including the reduction of
aromatic rings and the saturation. The modified lignin was named hydrogenated lignin.
Hydrogenated lignin was thought to be a candidate feedstock to get more aimed
products in the fast pyrolysis process. In this study, the author tried not only traditional
thermal catalytic hydrogenation (TCH) to treat lignin, but also electrochemical
hydrogenation (ECH). TCH requires high-temperature and high-pressure conditions,

while ECH can occur more selectively, and mild reaction conditions can avoid thermal
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decomposition of lignin[59].

Hydroprocess not only includes hydrogenolysis but hydrogenation and
hydrodeoxygenation, in which hydrogenation can saturate lignin macromolecule
through reduction and limit the recombination of internal free radicals and formation of
more stubborn coke[60][15]. There are limited research groups focusing on the solid
residue from lignin hydrogenation, while most of the studies give more attention to
increasing the yield of oil products[61][62]. Noble metal (Pt, Pd, Ru, & Rh) supported
catalysts show a significant catalytic activity for hydrogenolysis and hydrogenation of
lignin, especially on lignin model compounds[60][11][12]. Most of the hydrogenation
research was conducted on model compounds of lignin such as phenol, o-cresol,
guaiacol, dimer compounds, etc.[63][64][65][66]. So, the author also believes that for
hydrogenation reaction can have the same effect on lignin depolymerization and
reduction. Shen et al. reported that the partly degraded lignin containing abundant
aliphatic C-H bonds, and thermal decomposition started to occur even in the
low-temperature range (200-280 °C)[24]. Long et al. investigated the properties of
recovered lignin after catalytic decomposition with the synergic function of NaOH and
Ru/C. The recovered lignin possessed a lower molecular weight and lower degree of
unsaturation[17].

Besides, electrochemical conversion has been reported that it may afford better
control over the conversion and require mild reaction conditions than traditional
thermochemical conversion. Lan et al. have studied electrochemically -catalytic
conversion on cornstalk lignin, including anodic oxidation to form lignin fragments and
cathodic hydrogenation on the lignin fragments[68]. Fang et al. have performed
electrocatalytic reduction on both lignin B-O-4 models and lignin, while the product
distribution from lignin was shown in the literature[41]. Meanwhile, Zhang et al. have
investigated the effect of technological factors on the electrochemical hydrogenation of
lignin[69]. They found that obtained hydrogenated lignin showed hydrogen content and
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H/C ratio increased by 1.7% and 0.04, respectively. These suggest that electrochemical
hydrogenation is also a potential technology for treating lignin in the current context of
low carbon and emission reduction. However, the exploration of electrochemical
hydrogenation on lignin is still at an early stage and its implementation in the
large-scale industry requires further investigation[70].

Thus, this study aims to contribute to this growing area of research by exploring
pretreatment technology for lignin to modify the structure and improve the selectivity of

pyrolyzed products, as shown in Fig. 2-1.
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Fig. 2- 1 The rough flow sheet of the processes proposed in this work.

This work investigated the performance of ECH and traditional thermal catalytic
hydrogenation (TCH) on lignin. In the past few years, TCH has been studied
extensively in almost all possible directions, including supportive donors or
environments, unconventional catalytic routes, and optimized conditions regarding
affecting reaction parameters. In this regard, enormous progress has been registered.
Most importantly, thermodynamic studies and kinetic parameter evaluation are essential
to understand the reaction progress, and have been in an advanced state for TCH.
However, the interest has been shifted to ECH lately, keeping from the limitations of
TCH such as energy-intensive processes, high temperature, and pressure conditions.

Through the review of TCH processes, we can identify the metals that readily reduce
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the functional groups of organics at elevated conditions, which could also be highly
active for the ECH process subjected to the suitable electrolyte. Hence, a comparison of
the two technologies is clearly required to make progress on the ECH.

In addition, the hydrogenation capabilities of the two techniques on the model
compounds have been compared by Song et al.[26]. In Table 2-5, the comparison of
phenolic compounds and diaryl ether conversion via ECH and TCH has been shown.
For the hydrogenation of aromatic hydrocarbons (saturated benzene ring), the functional
group has a significant influence on the reactivity, and the conversion rate is increased
as follows: diphenyl ether < benzyl phenyl ether < 4-methoxy phenol < 4-methyl phenol
< phenol. When the conversion rates of the two hydrogenation procedures were
compared, TCH conversion rates were consistently higher than electrochemical
hydrogenation conversion rates (Table 2-5). However, it should be noted that the
concentration conditions in the two technologies are not identical, so differences in
hydrogen coverage as shown might be the reason. From all the model compounds listed
here, the TOF under catalytic thermochemical conversion is higher than that under
electrochemical conversion, probably because a thermal catalytic conversion has higher
reaction efficiency and requires a shorter reaction time. It is noteworthy that the
conversion of phenolic compounds was higher than that of di-aryl ether (diphenyl ether,
benzyl phenyl ether). There are three reaction pathways for di-aryl ethers:
hydrogenation (yielding hydrogenated ethers), hydrogenolysis, and hydrolysis (yielding
monomers). Under the thermochemical conversion, hydrogenolysis and hydrolysis
reactions are all more violent, leading to a decrease in the selectivity of the reaction,

especially for reactants containing ether bonds.

Table 2- 5 The comparison of standard lignin model compounds conversion via

electrocatalytic hydrogenation and thermal catalytic hydrogenation.

Compounds Phenol Diphenyl 4-methyl 4-methoxy Benzyl
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ether phenol phenol phenyl

ether
Conv.
Electrochemical Rate 16 3:2 8.1 74 4.7
hydrogenation FE 68 25 31 35 36
TOF 296 60 151 138 88
Thermal Conv. 5 45 10 11 8.2
catalytic Rate
hydrogenation =~ TOF 374 85 191 212 155

Note: Conv. rate: conversion rate (*107° mol-s™-g!); FE: faradaic efficiency (%); TOF:

turnover frequency (h!); Conditions: solvent/electrolyte: isopropanol; Catalyst: Rh/C.

This work examined the hydrogenation technology on lignin, which has evident
advantages and disadvantages for thermal -catalytic hydrogenation (TCH) and
electrochemical hydrogenation (ECH), as seen in Fig. 2-2. TCH is a non-homogeneous
reaction, which requires the transfer of gaseous hydrogen into the liquid phase reactants.
Moreover, heterogeneous catalysts were used, so the reaction must be carried out at
moderate to high temperatures and pressure. It also has a severe impact on the reactor
and operating conditions. However, unlike traditional TCH, ECH performs the chemical
transfer reaction more gently based on consuming electrical energy. It can control the
reaction effectively by applying current or voltage externally. Using electrocatalysts can
make the reaction more efficient and selective, which does not need to consider
high-temperature deactivation, but only their corrosion resistance in acidic and alkaline
environments. Of course, more intensive research using organic electrolytes such as ILs
and DESs has been progressing, which will make ECH greener and more

environmentally friendly.
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Chapter 3 Thermal catalytic hydrogenation of alkaline lignin

coupled with fast pyrolysis

3.1 Abstract

The current state of lignin has been characterized by these three: (1) as one of the
main components in lignocellulosic biomass with an abundant amount; (2) not be taken
seriously but treated as a waste product; (3) underutilized due to a complex and
stubborn structure. However, lignin can be a rich source for hydrocarbons and aromatic
compounds when given appropriate utilization. In this work, the hydrotreatment of
alkaline lignin (AL) under relatively mild conditions was addressed as well as further
investigated the characterization of hydrogenated alkaline lignin (HAL), particularly the
behaviour during fast pyrolysis. The recovery of the HAL decreased with increasing
reaction temperature from 60 wt.% to 41 wt.% in the range of 150-250 °C. The
hydrotreated products were analyzed using Elemental Analysis, FTIR (for HAL), and
GC-MS (for bio-oil). The HAL samples were found to have a higher hydrogen/carbon
atomic effective ratio (H/Cesr ratio) than AL. Compared to the internal structure of the
lignin before and after hydrotreatment, the side chain groups were removed from AL
during the process. After that, from the fast pyrolysis of HAL samples, it was observed
that more light hydrocarbons and aromatic compounds were formed than that of AL.
Furthermore, fast pyrolysis in the hydrogen atmosphere revealed that more volatile
fractions released compared to the helium atmosphere. The total olefins yield for HAL
compared to AL increased from 1.02 wt.% to 3.1 wt.% at 250 °C for 7 hours. This study

of HAL is instructive to some extent for the industrial utilization of lignin.
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3.2 Introduction

Lignocellulosic biomass is an abundant renewable resource with a good application
prospect, in which lignin typically accounts for 15-30 wt.%[1]. Compared with
cellulose and hemicellulose, lignin has often been given insufficient attention, generally
been disposed of as a residue in the paper industry. Three monolignols (p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol) are cross-linked to form lignin's polymer
structure[2]. Alkaline lignin, as a residue, was isolated from cellulose and hemicellulose
in an intense alkali process[3]. Generally, the primary utilization of this alkaline lignin
is combustion or process heat. However, this is a waste of the abundant aromatic
resources in the lignin. The high-value usage of lignin is worth exploring.

Catalytic  hydrotreatment includes hydrogenolysis, hydrogenation, and
hydrodeoxygenation reaction, which is an effective way to deal with lignin. Most
scholars have focused on this technology to liquefy lignin for a high liquefaction rate.
Therefore, relatively harsh conditions were used. For instance, the treating temperatures
generally ranged between 350 and 450 °C[4]. Moreover, the highest initial hydrogen
pressure at room temperature was 100 bar[5][6]. More bio-oil phase, especially
monomer compounds, is the main target products of hydrotreatment, while the residue
solid was treated as a waste. From the reported principle, the reaction process would
impact the solid lignin on chemical structure. This part of residue lignin has a lower
molecular weight and a high decomposition rate at a relatively high temperature in
thermogravimetric analysis (TGA)[7].

Choosing an appropriate solvent for lignin pretreatment is crucial for effective
hydrotreatment of lignin. In this regard, alcohols (i.e., methanol[8] and ethanol) are
considered as typical solvents for the hydrotreatment process, as they can enhance the
alcoholysis of lignin and incorporate with the samples through alkylation[9]. Moreover,

alkali water was used to isolate the lignin from biomass, so-called alkaline lignin, in the
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pulping process. Thus, alkali solution was considered a suitable solvent for
hydrogenolysis of lignin in other’s work[3][10], which can not only dissolve lignin units
but suppress the repolymerization during the process[11]. Hydrogen donor solvents like
formic acid and tetralin were also used as pretreating solvents of lignin[12][13] and
were considered a novel liquid hydrogen source to replace gaseous hydrogen effectively.
Therefore, considering the solubility and economy, the alkali water was used as a
reaction medium to disperse lignin molecules fully.

As a traditional process, pyrolysis has a wide range of applications in energy
utilization and conversion[14][15], which is one of the leading technologies to
decompose lignin and produce valuable chemicals, like aromatics and light
hydrocarbons[16][17]. The current challenges with lignin pyrolysis are the high yield of
carbon-rich char, low conversion rate, and low selectivity of hydrocarbons like
aromatics and olefins[18]. Compared with polysaccharides-containing cellulose and
hemicellulose, the folded 3D structure and complicated substrates of lignin units limit
its further decomposition into light volatiles. The biomass type and isolation methods of
lignin are the main factors influencing the pyrolysis behaviour, while alkaline lignin or
kraft lignin has been highly modified[19]. The char yield from pyrolysis of alkaline
lignin even up to half of the feeding amount, and particularly low olefins can be
produced[18].

Catalytic pyrolysis is another strategy for increasing the selectivity of hydrocarbons
and aromatic products. Zeolite catalysts loaded on metal particles have been proved that
it can in-situ promote more hydrocarbon products and enhance the reformation of
aromatics. Yang et al. performed the pyrolysis of alkaline lignin with a 3.0 wt.% of
Fe/ZSM-5 catalyst. The maximum carbon yield of light olefins plus aromatic
compounds was 12.8 C-mol.%, in which around 3.0 C-mol.% olefins were obtained[20].
Huang et al. have investigated the production of olefins under a La-modified HZSM-5
catalyst. 5.3 wt.% of light olefins can be recovered at 600 °C, while a trace amount of
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olefins can be obtained without catalysts[21]. Nevertheless, providing hydrogen atoms
during pyrolysis can promote thermal decomposition better, showing efficiency and
performance[22]. Avni et al. studied the effect of different gaseous environments,
including 30 vol.% of H> in N>[23]. Kawamoto et al. proposed that hydrogen from
cellulose-derived products can stabilize internal mediate radicals and suppress the
rearrangement of the methoxyl group[24]. The hydrogen transfer from tetralin to lignin
inferred that the hydrocarbons and aromatics increased due to the synergistic function of
hydrogen atoms and acidic zeolites[25].

Typical research for hydrotreatment of lignin was put on increasing the liquefaction
rate and avoiding coke formation[12][26]. However, the solid residue after
hydrotreatment has not been paid much attention. The appropriate pretreatment will be a
benefit for the modification of lignin. Hence, in this work, hydrotreatment was
considered to hydrogenate the solid lignin, and relatively mild conditions were
investigated. Modification of the lignin structure by hydrotreatment under mild
conditions was investigated. The pyrolytic properties of lignin before and after
hydrotreatment were mainly studied. This paper aims to provide a novel direction for

lignin utilization.

3.3 Method and materials

3.3.1 Materials

The alkaline lignin (AL, CAS RN: 8061-51-6), used as the feedstock without
pretreatment in this research, was purchased from Tokyo Chemical Industry CO. LTD.
Sodium hydroxide (particle, 198-13765), Raney Nickel (181-00025), hydrochloric acid
(35-37 wt.%, CAS RN: 7647-01-0), and ethyl acetate (99.5%) were purchased from

FUJIFILM Wako Pure Chemical Corporation and were used for the hydrogenation and
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sequential separation process. Ruthenium on activated carbon (Ru/C, 5 wt.% Ru loading,
908045-10G) and Rhodium on matrix carbon (Rh/C, 5 wt.% Rh loading, 680710-5G)
were purchased from Sigma-Aldrich (Japan), which were pre-dried in the vacuum oven

at 60 °C for overnight prior to use.

3.3.2 Hydrogenation and separation process

The whole procedure is shown in Fig. 3-1. Lignin sample (200 mg), Raney nickel
(200 mg), and sodium hydroxide solution (20 mL, pH=11) were mixed and charged into
a 100 mL-scale stainless reactor (Parr 4590 Micro Bench Top Reactor). After being
purged with H» three times, the reactor was pressurized up to the target pressure at
ambient temperature. The mixture was mechanically stirred at 400 rpm for several hours
at elevated temperature, and then cooled down to room temperature.

After the reaction, Raney nickel was firstly separated from the mixture by vacuum
filtration, and the retained filtrate was acidified to pH=1 with HCI solution for
precipitating the solid residue. The solid residue was then dried at 60 °C in a vacuum
oven overnight, called hydrogenated alkaline lignin (HAL). Liquid-liquid extraction
was performed using ethyl acetate to separate the bio-oil phase and water-soluble phase
of the filtrate. After that, a rotary evaporator was used to remove ethyl acetate from
liquid products. The procedure was performed with care to minimize the error and
repeated each experiment at least two times.

The depolymerized lignin was recovered and dried for further characterization. The
rest fraction corresponded to the complement of 100 wt.% of the initial lignin was coke,
bio-oil phase, and traced gaseous product. The weight of coke was calculated by the
difference in the catalyst mixture before and after the reaction. The GC-TCD/FID
results showed that the total weight of these gaseous compounds was less than 1 % of

the feedstock (AL). Therefore, the gaseous products were ignored here. Then GS-MS
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was used to quantify the products in the bio-oil phase. The yield of products was

calculated by the following Eq. (3-1)-(3-4).

Ca (Wt.%) = (Wa-Wi)/Wa*100% (3-1)
Yir (Wt.%) = Wi/ Wa*100% (3-2)
Ye (wt.%) = We/Wa*100% (3-3)
Yi (Wt.%) = (Wa-Wi-Wc)/ Wa*100% (3-4)

Ca: the conversion of lignin; Yn: the yield of HAL; Yc: the yield of coke; Yi: the
liquefaction rate; Wa: the weight of AL; WH: the weight of HAL; Wc: the weight of

coke, calculated by the difference between the catalyst mixture after reaction and

catalyst input.
Hydrogenation Separation Fast pyrolysis
Raney Ni Raw lignin . | Suspension mixture Hydrogenated
200 mg 200 mg lignin
Filtration
’ Alkali water ‘
H=11, 20 mL - r - ! i
fp ) Catalyst Liquid solution F=do P_VEOI_VSJS_ .:— i
T 1
Moo === and coke ; | 800-850 C 1
— 4 Hydrogenation N L——,,71 Residencetime: '
1 | HCI (35 wt.%, pH=1) [ 0.45-1 s !
I 1-3MPaH,, 1-7 hrs, | ' b !
| ‘ 1 GC-TCDFID |
1 400 rpm, 150-280 C | e e e - !
e = Precipitate Filtrate

Vacuumdrying
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Suspension mixture
‘ ) aromatic hydrocarbons

‘ Hydrogenated lignin ‘

Fig. 3- 1 Two-stage process for lignin conversion to produce olefins and aromatic

hydrocarbons.
3.3.3 Characterization

Fourier transform infrared spectrometer (FTIR) was used for investigating the

internal functional groups of solid samples, employing the Bruker ALPHA II. A solution
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of 1 wt.% lignin in 50 mg of KBr was prepared. The samples were recorded between
400 and 4000 cm ™! at a resolution of 4 cm ™! in the absorbance mode.

The weight ratio of elements such as carbon, nitrogen, and hydrogen contained in
organic compounds was quantified by an elemental analyzer (24001 CHNS/O type
manufactured by Perkin Elmer Co., Ltd). The analyzing process was conducted by the
column separation method (frontal chromatography) and tested by a TCD. With helium
as a carrier gas, around 2 mg of samples were detected each time.

Catalysts’ characterization: The crystalline structures of catalysts were detected by
X-ray diffraction (XRD) patterns of a Bruker AXS-D8 X-ray diffractometer for the
crystalline structures. A target of Cu Ka radiation was equipped in 26 range of 10-90°
with 0.02°/step. The nitrogen adsorption/desorption was carried out on the
BELSORP-Minix analyzer to determine the specific surface area of the catalysts. The
samples were degassed ahead at 623 K for 3 h in a vacuum to remove surface adsorbed
species and moisture on the catalysts. The specific surface area was determined by the
adsorption isotherm of nitrogen in the relative pressure range of 0.05 <P/P0 < 0.3,
where p is the partial pressure of nitrogen, and p0O is the saturation pressure at the
experimental temperature. The specific surface and pore structure characteristics of the
catalyst were calculated by the Brunauer—Emmett—Teller (BET) formula and the

Barrett—Joyner—Halenda (BJH) formula, respectively.

3.4 Results and discussion

3.4.1 Hydrogenation condition and products yield

Hydrogenation was performed at different reaction parameters (temperature,
reaction time, hydrogen pressure, and metal catalysts), and the results are shown in Fig.

3-2, respectively.
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Fig. 3-2(a) shows the influence of hydrogenation temperature on product
distribution. When the reaction temperature is below 200 °C, the yield of products has
no apparent change. Around 57 wt.% of hydrogenated lignin can be recovered as solid,
and about 11 wt.% of coke formed after the reaction at 150 °C. With the increase in
temperature (over 200 °C), the conversion rate increased sharply and reached 75 wt.% at
280 °C. And approximately 24 wt.% of HAL can be precipitated after hydrotreatment at
280 °C. Moreover, the coke formation has reached 17.9 wt.% at 280 °C. The severe
conditions promoted hydrogenolysis of lignin, and the internal linkages of the lignin
structure were cleaved under a high-temperature range. Meanwhile, the
repolymerization of lignin units happened competitively at high temperatures on the
surface of catalysts to surge in the coke formation. Fig. 3-2(b) shows the product
distribution from hydrotreatment at different times. The reaction time did not affect the
product yield as much as the reaction temperature did. The conversion rate increased
from 41 wt.% to 55 wt.% when reaction time increased from 1 to 7 hours. The longer
reaction times are not preferable for hydrogenation, allowing the repolymerization of
lignin units on the catalyst surface at the constant reaction temperature. It surmises that
a long-time fosters coke formation and slightly encourages the occurrence of
hydrogenolysis.

The hydrogenation pressure and catalysts have an impact on the hydrogenated
products, as demonstrated in Figures 3-2 (c¢) and (d). The high hydrogenation pressure
ensured sufficient hydrogen transfer to the lignin units, resulting in increased
hydrogenated lignin yield from 57.2 wt.% to 68.3 wt.%, and slightly decreased bio-oil
yield from 32 wt.% to 26 wt.%. It might be because only some of the branched lignin
chains were cleaved at milder temperatures (200 °C), and the intermediate compounds
were reduced under high pressures to form the solid products (HAL). Moreover, the
coke formation was decreased in the range of 2-3 MPa. It proves that for the

liquefaction of lignin, the temperature has a more significant influence than H> pressure.
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Furthermore, the temperature is the critical factor for cracking lignin’s structure. So, a
low-pressure atmosphere (0.9 MPa) would be more suitable for the mild hydrogenation
reaction. The three different catalysts (Raney Ni, Ru/C, Rh/C) were checked for the
catalytic activity of hydrogenation, shown in Fig. 3-2(d). Noble metal catalysts can
further advance the depolymerization of lignin structure, especially Ru/C attributing to
the large surface area of Ru/C and Rh/C shown in Table 3-3 (840 m?/g and 934 m?/g
according to BET results, respectively)[27]. The active sites on the catalyst surface were
responsible for the hydrogenation of lignin monomers[28], while high liquefaction
results in low HAL yield. Raney Ni has almost no pore structure with 0.67 m?*/g of
surface area, and the hydrogenation reaction happened on the surface of the catalysts.
More solid hydrogenated lignin has recovered and less coke formed on the Raney Ni
surface while liquefaction was progressed on Rh/C and Ru/C surfaces. Considering the
HAL yield, the synergistic of Raney Ni and alkali water is appropriate for pretreating

lignin’s structure, restraining the hydrogenolysis process.
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Fig. 3- 2 The product distribution of hydrotreatment with (a) different temperatures and
(b) Reaction time; (c) Pressure; (d) Catalysts. The conditions: (a) Catalyst: Raney Ni;
time: 3 hours; pressure: 0.9 MPa H». (b) Catalyst: Raney Ni; temperature: 200 °C;
pressure: 0.9 MPa Hb. (c) The product distribution of the hydrotreatment process under
different pressure catalyst, the conditions: Raney Ni; reaction time: 3 hours; temperature:
200 °C. (d) The product distribution of the hydrotreatment process with different metal

catalysts. The conditions: temperature: 200 °C; pressure: 0.9 MPa; reaction time: 7

hours.

3.4.2 Characterization of hydrogenated lignin

The characterisation of HAL samples was done and compared using Elemental
analysis and FTIR to determine the structural change of the lignin samples. Table 3-1
shows the elemental composition of AL and HAL samples. Compared with AL, the
increase in carbon and hydrogen concentration in HAL is noticeable, especially under
high-temperature conditions. The longer time had no significant effect on changing the
elemental composition, following the product distribution results. The percentage of
oxygen in AL accounts for around 38%, consisting of hydroxyl groups and C-O ether

linkages[29]. After hydrotreatment, the oxygen content decreased noticeably due to the
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cleavage of the internal bonds and the hydrolysis of hydroxyl groups.
Hydrodeoxygenation, one of the main reactions, happened in this process[30]. The
nitrogen and sulfur contents are relatively low but still show a clear tendency of
reduction.

The Molecular formula of each sample was also calculated, shown in Table 3-1.
The H/Cesr ratio is an index introduced by Vispute et al.[31], and has been proved to be
linearly proportional to the yield of aromatics and olefins due to the intrinsic amount of
hydrogen. Here, the H/Cefr ratio of AL was 0.003 due to high oxygen yield, while after
hydrotreatment, the H/Cefr ratio of HAL samples was severely increased to the range of
0.33-0.40. It infers that hydrogenation effectively increases the H/Cesr ratio, while the
conditions here show a minimal effect. The lowest and highest H/Cefr ratio went to
HAL-150 and HAL-7, respectively. The degree of unsaturation () was calculated and
listed in Table 2. The unsaturation degree of all HAL samples is higher than that of AL,
with a maximum value of 3.89 for HAL-280. The temperature has a significant effect on

the degree of unsaturation of the products.

Table 3- 1 The elemental composition of AL and HAL samples.

Elemental content (wt.%)? H/Cesr
Samples Molecular formula Q4
C H N S oP ratio

AL 5467 476 030 243 3784 CeHe2603.12No003Sor  0.003  3.15

HAL-15
63.52 533 031 224 28.60 CsHe050203No02S00s 0.33  3.60
0
HAL-20
6343 561 026 1.71 28.99 CeHe3602.04N0.02S0.06 0.38  3.47
0
HAL-25
65.81 539 027 124 2729 CcHs.901.87N0.02S0.04 036 3.78
0
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HAL-28
66.43 529 027 087 27.14 CeHs730184No.02S003 034 3.89
0
HAL-1 63.85 548 026 1.99 2848 CeHe.1802.02No.02S00s  0.36  3.56
HAL-3 6343 561 026 1.71 28.99 CsHe63602.04No.02S006 0.38 3.47
HAL-5 6391 549 030 1.59 2871 CeHe.1902.02N0.02S006 0.36  3.57

HAL-7 64.87 5.64 0.28 159 27.62 CeHe2601.92N0.02S0.06 0.40  3.57

?  Dry basis

®  Oxygen was calculated by the difference: 0=100-(C+H+N+S)

¢ Hydrogen to carbon effective ratio[31]: H/Cet=(Hmole=2*Omole)/Cmole

4 Degree of unsaturation calculated by: Q=1/2*(2Cmolet2+Nmole=Smole~Hmole)

Note: HAL-150: temperature: 150 °C; HAL-200: temperature: 200 °C; HAL-250:
temperature: 250 °C; HAL-280: temperature: 280 °C; other conditions: catalyst: Raney
Ni; time: 3 hours; pressure: 0.9 MPa. HAL-1: reaction time: 1 hour; HAL-3: reaction
time: 3 hours; HAL-5: reaction time: 5 hours; HAL-7: reaction time: 7 hours; other

conditions: temperature: 200 °C; catalyst: Raney Ni; pressure: 3 MPa.

3.4.3 Characterizations of oil-phase products

The influence of reaction time on the evolution of specific oil products is shown in
Table 3-2. The following organic products were detected and quantified in terms of the
NIST Standard Reference Database of GC-MS. The chromatograph of bio-oil samples
is also shown in Fig. 3-3. In bio-oil 1, guaiacol and vanillin were the main products with
the highest concentration, which agrees with the literature[32]. At such a low
temperature and short reaction time (200 °C, 1 hour), the product variety and yield in
the oil phase are relatively low. However, increasing the reaction time led to the
formation of guaiacol derivatives after 3-hour hydrotreatment. A higher concentration of

almost all products can be detected with increasing reaction time until 7 hours. Guaiacol,
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catechol, and phenol derivatives are the leading products in the bio-oil 7. In other’s
work, guaiacol suffered demethoxylation or demethylation to directly form phenol or
catechol[32][33]. Dehydration or hydrogenolysis might also be followed, especially
under severe conditions. However, the prolonged reaction time slightly increased the
yields of almost all the organic compounds in the bio-oil phase, especially guaiacol and
its derivatives.

Further increase of bio-oil yield was obtained with a reaction time of more than 5
hours. It infers that the reaction time promotes the sufficient occurrence of
depolymerization, and more monomers formation led to higher liquefaction rates.
Further monomers reaction, however, requires more severe conditions. At the current
condition of 200 °C, the occurrence of transalkylation or hydrodeoxygenation of formed
monomers could not happen to produce light hydrocarbons. Thring et al. also mentioned
that guaiacols and alcohols predominated at low severity, while phenol, catechol, and
their respective alkyl derivatives were the main products at high severity[34]. The yield
of bio-oil products was increased with reaction time. Due to the limitation of GC-MS,
dimers, trimers, and oligomers could not be detected. So, in this work, only aromatic

monomers were investigated and compared under different hydrogenation times.

Table 3- 2 The main compounds in the bio-oil phase were detected by GC-MS.

Bio-oi Bio-oi Bio-0oi Bio-oi

Retentio
Structural 11 13 15 17
Compound n time
formula wt.% (wt.% Wt.% (wt.%
(min)

) ) ) )

2(3H)-Furanone,

0
5-(acetyloxy)dihydro-5-meth O%j/ 15.925 - - - 0.11

yl-
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o]
I
&
o
I

Guaiacol 16.287 0.08 0.27 0.50 0.70
OH
Creosol /@[ 17.225 i 007 011 019
o
Phenol, 4-ethyl-2-methoxy- : * 17948 - 0.14 0.21 0.29
A\
Phenol, 2-methoxy-4-propyl- @1 18.631 - - 0.03 0.03
A
OH
OCHjy
2,3-Dimethoxyphenol i:{ 18.76 - 0.02 0.04 0.03
OCHg

I
o
O. 1
o
I
&
I o

Vanillin 19.63 0.06 0.04 0.10 0.11
(o]
HO
Apocynin et 20.196 - 0.03 0.09 0.09
[0}
\CH3
O.\CH3

Ethyl homovanillate Q’< ° 20.892 0.05 0.07 0.15 0.16

HQO

3-Allyl-6-methoxyphenol 21.838 0.04 0.07 0.14 0.12

7

Identified oil product 0.24 0.72 1.48 1.87

Note: Bio-oil 1: reaction time: 1 h; Bio-oil 3: reaction time: 3 h; Bio-oil 5: reaction time:
5 h; Bio-oil 7: reaction time: 7 h. Other conditions: temperature: 200 °C; catalyst: Raney

Ni; pressure: 3 MPa.
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Fig. 3- 3 GC-MS of the bio-oil samples with different reaction times. Bio-oil 1: reaction
time: 1 h; Bio-oil 3: reaction time: 3 h; Bio-oil 5: reaction time: 5 h; Bio-oil 7: reaction

time: 7 h.

3.4.4 Characterizations of catalysts

Table 3-3 shows the specific surface area and pore structure characteristics of the
catalysts from the nitrogen adsorption/desorption. It can be seen that Rh/C and Ru/C
have relatively similar pore structures; both contain large specific surface areas and the
same pore volume, which may play a positive role in the hydrogenation of monomers.

The only difference would be the noble metal type and the synergistic effect with the
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solution. Raney nickel is not a porous structure because of the properties of large pore
size and low pore volume. Only some large pores formed bumpily on the surface, which
supported that the reaction of large lignin compounds happens on the surface of Raney

Ni.

Table 3- 3 The specific surface area and pore structure characteristics of the catalysts.

BEL results Surface area(m?/g)  Average pore size(nm)  Pore volume(cm?/g)

Raney Ni 0.668 131.69 0.02
Ru/C 840 4.15 0.87
Rh/C 934 3.73 0.87

Fig. 3-4 shows the XRD profiles of the three catalysts. In Fig. 3-4(a), Raney Ni shows
many crystalline peaks which include both Ni,Als and NiAls; phases. So, the nickel-aluminium
alloy particles are attached to the macroporous surface as crystalline particles. In Fig. 3-4(b), the
diffractograms of Ru/C and Rh/C show no obvious crystalline peak, which proves that Ru/C and
Rh/C are amorphous. The peaks (20 is around 43°) correspond to the Ru-containing and
Rh-containing phases, respectively. These spectrums of Raney Ni, Ru/C and Rh/C are in

agreement with previous findings in the literature[35][36].
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(a) (b)
Fig. 3- 4 XRD profiles of Raney Ni (a), Ru/C and Rh/C (b).

The TG curve of Raney Ni before and after the reaction shows in Fig. 3-5(a). The
formation of coke buildup on the catalyst can be seen by comparing the TG curves of
Raney Ni before and after the reaction. In Figure 3-5(a), pure Raney Ni does not show
any depolymerization within 650 °C, and the TG curve remains at 100%. After the
reaction, the TG curve of the catalyst mixtures is different. The weight loss shown in the
TG curve is directly related to the amount of coke produced in the reaction. The more
coke form, the higher the mass loss. Here the analysis and comparison of the catalyst
mixture after the reaction at different temperatures and pressures were made. The higher
the temperature used, the more the coke yield formed. The coke’s yield at 2-3 MPa is
relatively lower. The weight loss coincides with the pattern of coke yield in Fig. 3-2.
However, for Ru/C and Rh/C, the weight loss curves are shown in Fig. 3-5(b). The
activated carbon, as a ground substance for metal loading, is also suffered from
decomposition in the temperature range of 200-400 °C. Therefore, the TG curves of
Ru/C and Rh/C catalysts before and after the reaction might not be so pronounced,
because not only the mass loss of coke formed after the reaction but also the loss of the
catalyst itself would occur in the temperature range of 200-400 °C. So, the TG curves
before and after the reaction for Ru/C and Rh/C were not compared here. The yield of
coke on the catalysts was only calculated through the weight difference of the catalyst

mixture before and after the reaction in this work.
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Fig. 3- 5 Thermogravimetric analysis (TGA) of catalyst mixture, (a) Raney Nickel

before and after the hydrogenation reaction; (b) Pure Ru/C and Rh/C before reaction.

3.4.5 Pyrolysis characteristics of lignin for olefins

Changing the pyrolysis condition is aimed at finding out the highest yield of olefins.
The temperature and residence time are the main variables that significantly influence
on the product distribution in fast pyrolysis. The relationship of olefin yields and
selectivity of each compound with temperature and residence time was tested prior to
this work.

Many researchers focused on temperature’s effect[37][38], while lignin was usually
pyrolyzed at 600-650 °C. From other studies, there is a tendency to increase olefins as
the temperature increases[39]. So, the pyrolysis of AL was first compared at a relatively
high-temperature range (600-950 °C). The olefins distribution from fast pyrolysis at
600-950 °C is shown in Fig. 3-6(a). The identical residence time was adjusted at various
temperatures. The yield of total olefins rose with the temperature increasing, from 0.33
wt.% at 600 °C to 0.71 wt.% at 800 °C. When the temperature is higher than 800 °C, the

total olefins yield starts to decrease significantly. Total olefins yield declined to 0.47 wt.%
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when the temperature was increased to 950 °C. It might be attributed to the intensive
decomposition of lignin at high-temperatures. The side-chain groups were immediately
cleaved, forming light volatiles such as methane or ethane[40]. The following yield
order was observed among the total olefins: ethylene > propylene > butylene. Only a
trace amount of butylene (less than 0.02 wt.%) was produced. As for ethylene and
propylene's yield, the tendency was first increase and then decrease, the highest value
obtained at 850 °C (0.63 wt.%) and 750 °C (0.22 wt.%), respectively.

The selectivity towards the light olefins upon variation in the residence time is
outlined in Fig. 3-6(b). The yield of each olefin has a similar tendency as that of total
olefins. When the residence time equaled to 1 second, the olefins yield has reached a
peak value, 1.03 wt.%. C2-C4 olefins are the intermediates of fast pyrolysis from the
cleavage of side-chain groups, mainly formed at the primary reaction[41]. At the
secondary reaction, the heavy oligomer compounds would further decompose to olefins.
Simultaneously, the competitive reaction is that olefins would recombine and reform,
especially within a long residence time[42][40]. From the above results, the reaction

conditions 800 °C of temperature and 1 s residence time could be preferred.
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Fig. 3- 6 The influence of pyrolysis temperature and residence time on the yield of light
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olefins at helium atmosphere; (a) residence time: 1 s; (b) temperature: 800 °C.

3.4.6 Fast pyrolysis of hydrogenated alkaline lignin

Fast pyrolysis of hydrogenated alkaline lignin under helium atmosphere has been
shown in Fig. 3-7. The influence of temperature (150-280 °C) on the distribution of
olefins is demonstrated in Fig. 3-7(a). After the hydrogenation process, the HAL
samples have higher thermal reactivity, producing more olefins than AL. 250 °C is a
suitable condition for modifying the lignin structure and improving the yield of olefins
(both ethylene and propylene). When the temperature was further increased, the yield of
olefins began to drop dramatically. The char yield had a significant increase with
increasing temperature. This could be owing to the high temperature exacerbating the
process to make the depolymerization more complete, causing the solid product to loses
its pyrolytic activity to some extent[43].

The influence of reaction time (1-7 hrs) on the distribution of olefins is shown in
Fig. 3-7(b). The reaction time does not significantly impact the propylene and butylene
yield, but the extended reaction time has dramatically improved the ethylene yield. The
HAL obtained after 7 hours has shown better performance to produce more olefins with
less char yield. Thus, the prolonged reaction time could not significantly affect the
liquefaction yield but could facilitate the lignin structure change and activate HAL's

properties[32].
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Fig. 3- 7 The olefins distribution and char yield from the HAL samples with different (a)
temperature and (b) reaction time. Pyrolysis condition: 800 °C; residence time: 1 s;

under helium atmosphere.

The other products from fast pyrolysis of lignin before and after hydrogenated
samples are listed in Table 3-4. The product distribution is varied before and after
hydrogenation. The yield of char and vapour was decreased, and more carbon monoxide
was produced from the HAL samples instead of carbon dioxide due to the cleavage of
oxygenated functional groups. With the increase of hydrotreatment temperature, char
yield continuously raised while carbon monoxide continuously declined. All HAL
samples produced more hydrocarbon compounds and aromatics than AL. Methane yield
increased from 2.27 wt.% of AL to around 4 wt.% of HAL, but suddenly dropped for
HAL-280. The yield of other compounds like ethylene, ethane, propylene, propane, and
butane has peaked for HAL-250. The undetected products are the heavy aromatic
compounds, which have a significant rising after hydrotreatment. It is worth mentioning
that the undetected products have the lowest percentage for HAL-250 and the highest
percentage for HAL-280. This surmises that the temperature has a considerable
influence on the structure of the solid product. At high hydrogenation temperatures, the

functional groups of lignin are severely cleaved, resulting in low yields of light olefins
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or low aromatic hydrocarbons during fast pyrolysis. Thus, hydrogenation at higher

temperatures leads to form more heavy compounds with more than two rings.

Table 3- 4 The product distribution from fast pyrolysis of AL and HAL samples
pretreated at different temperatures. Pyrolysis condition: 800 °C; residence time: 1 s;

atmosphere: helium.

No. Products AL HAL-150 HAL-200 HAL-250 HAL-280
1 Char 55.10 42.86 44.28 47.30 50.00
2 Carbon monoxide 5.08 7.87 7.65 6.70 4.73
3 Carbon dioxide 13.14 7.94 7.31 9.25 4.53
4 Vapor 16.38 16.23 13.15 11.86 13.05
5 Methane 2.27 3.99 3.93 3.97 3.36
6 Ethylene 0.81 1.09 1.04 1.28 0.91
7 Ethane 0.10  0.18 0.21 0.21 0.19
8 Propylene 0.21 0.22 0.23 0.28 0.17
9 Propane 0.002 0.08 0.04 0.08 0.08
10  Butylene 0.004 0.008 0.009 0.005 0.004
11  Butane 0.14  0.22 0.20 0.27 0.16
12 Benzene 0.40 0.97 0.90 0.95 0.72
13 Toluene 0.30  0.49 0.55 0.51 0.46
14 Undetected product™ 6.06 17.85 20.5 17.34 21.64

The undetected product includes the large aromatic compounds that could not be

detected by this GC-TCD/FID.

Besides temperature and residence time, the pyrolysis atmosphere is also a critical

factor for stimulating the release of volatiles. Xue et al. proposed the extent of coke
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reduction and aromatics increase by the co-pyrolysis of lignin with tetralin. This study
used tetralin as a hydrogen donor to provoke the lignin's decomposition and suppress
the recombination[25]. So, the hydrogen atmosphere was checked in this work. In Fig.
3-8(a), the yield of ethylene and total olefins had an apparent tendency to increase and
then decrease with the pyrolysis temperature. The maximum yield of total olefins was
obtained at 850 °C. Furthermore, propylene yield continues to fall from 800 to 1000 °C.
Therefore, further investigation of residence time was performed at 850 °C. The effect
of residence time on olefin products was similar in different atmospheres. Long
residence time caused the formed olefins from the primary reaction to recombine and
condense in the secondary reaction. Thus, an intermediate residence time of 0.45 s is

best suited for producing more light olefins.
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Fig. 3- 8 The light olefins distribution from fast pyrolysis of HAL (hydrotreatment

conditions: 250 °C, 0.9 MPa for 7 hours with Raney Ni) under hydrogen atmosphere; (a)

residence time: 0.45 s; (b) temperature: 850 °C.

Table 3-5 lists the product distribution of fast pyrolysis of HAL samples. Each HAL

sample was performed under the hydrogen and helium atmosphere for comparison. Here,
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compared with the inert atmosphere (He), hydrogen gas provoked the release of
volatiles. The char yield was reduced for all samples under the hydrogen atmosphere.
Moreover, carbon monoxide, vapor, methane, ethylene, ethane, benzene, and toluene
have increased to various degrees. The sharp increase of methane under the hydrogen
atmosphere accounts for the combination of hydrogen radicals with the methyl radicals
generated from the cleavage of C-C or methoxy groups[44]. In addition, gasification of
char is inevitably occurred for the first 15 seconds due to the hydrogen atmosphere. The
undetected compounds were found to produce more under the inert atmosphere, while
hydrogen reacted with large aromatic compounds and simulated volatiles reformation in
the hydrogen atmosphere.

Compared with the effects of different catalysts, noble metal-based catalysts have a
higher capability for liquefaction, while the yield of HAL is also decreased. In terms of
olefin products, after hydrotreatment with Raney Ni, relatively more olefins were
produced. Compared with the pyrolyzed products from HAL-Raney Ni-200 and
HAL-Raney Ni-250, the yield of char, carbon dioxide, and vapor for HAL-Raney
Ni-250 decreased under both helium and hydrogen atmosphere. Instead, the yield of
methane, ethylene, ethane, benzene, toluene and undetected products has increased after
hydrogenation at 250 °C. Hydrogenation temperature has little effect on the pyrolysis of
HAL for C3-C4 products due to its inherently low yield. HAL samples have better
pyrolysis characteristics and generate more light hydrocarbons and aromatic compounds
during fast pyrolysis. Catalytic hydrotreatment at 250 °C with Raney Ni could be an
optimized condition to improve the properties and chemical structure of the

hydrogenated products.

Table 3- 5 The comparison for pyrolysis of the HAL samples obtained at 0.9 MPa with

7 hours; HAL-Ru/C: alkaline lignin treated with Ru/C at 200 °C; HAL-Rh/C: alkaline

lignin treated with Rh/C at 200 °C; HAL-Raney Ni-200: alkaline lignin treated with
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Raney Ni at 200 °C; HAL-Raney Ni-250: alkaline lignin treated with Raney Ni at
250 °C.

HAL-Raney HAL-Raney
Product HAL-Ru/C-200 HAL-Rh/C-200

No. Ni-200 Ni-250
compounds
He H> He H» He H» He H»
1 Char 43.62 35.17 47.62 35.34 4490 39.69 44.57 36.46
2 CO 7.44  7.28 7.22  7.39 720 7.62 6.62 830
3 CO2 5.15  5.06 483 5.64 453 521 240 228
4 Vapor 12.80 20.31 997 18.68 13.34 14.32 12.07 13.01

5 Methane 3.54 948 3.63  11.28 451 10.67 456 11.86

6 Ethylene 1.31  2.01 1.08 247 1.21 249 144 292
7 Ethane 0.07 0091 0.11  1.01 022 133 033 1.70
8 Propene 0.11  0.07 0.12  0.08 024 0.18 030 0.17
9 Propane 0.03 0.04 0.04 0.001 0.06 0.10 0.07 0.05

10  Butylene 0.001 0.001 0.002 0.001 0.008 0.004 0.01 0.004

11 Butane 0.06 0.02 0.11 0.01 021 0.03 0.19 0.04

12  Benzene 094 249 098 3.02 1.12 237 1.02 2385

13 Toluene 0.11 0.52 0.39 048 058 0.79 0.81 0095
Undetected

14 24.82 16.64 2390 14.60 21.87 1520 25.61 19.41
product

3.5 Conclusions

Hydrogenation experiments were conducted on AL to observe the effects of
hydrotreatment on the solid chemical structure of the lignin. Further, fast pyrolysis was

carried out for investigating the pyrolytic properties of HAL samples under different
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pyrolysis conditions. The main conclusion that can be drawn is that hydrotreatment is an
attractive technology for lignin utilization, not only liquifying lignin to valuable
chemicals (guaiacol, creosol, Phenol, 4-ethyl-2-methoxy-, vanillin, etc.) but modifying
solid lignin with high quality. A significant decrease of oxygen content and an increase
of the H/Cesr ratio were found in HAL samples. Notably, HAL has higher pyrolytic
activity. 55.1 wt.% of the product of AL is remained as the char in fast pyrolysis, while
44.6 wt.% of char for HAL under same conditions. More valuable light volatiles can be
released from lignin samples after hydrotreatment. Furthermore, total olefins yield
increased from 1.02 wt.% of AL to 1.75 wt.% of HAL under helium as a carrier gas.
Using hydrogen as the pyrolytic atmosphere, the char yield further decreased to 36.5
wt.%, and 3.1 wt.% of total olefins were obtained for HAL (250 °C, 7 hours, Raney Ni,
0.9 MPa H_). Thus, our results prove that the HAL samples from the hydrogenation
process are worth utilizing as a feedstock for fast pyrolysis, even better than AL. This
work provides a good starting point for discussion and further research. Validating the
conclusions drawn from this study and optimizing hydrogenation conditions for

industrialization are crucial and necessary in the future.
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Chapter 4 Thermal catalytic hydrogenation of organosolv

lignin and subsequent fast pyrolysis

4.1 Abstract

Valorization and utilization of lignin have been drawing increasing attention
recently. Hydrogenation is one of the main technologies, which can reduce organic
compounds and partially depolymerize the macromolecular structure of lignin. The
mechanism of lignin hydroprocess has been extensively discussed, focusing on
hydrogenolysis. In contrast, the solid residue regarded as unreacted or depolymerized
lignin has drawn less attention so far. This study presents an integrated process that
consists of catalytic hydrogenation and subsequent fast pyrolysis for valorizing lignin.
The results showed that 48-87 wt.% of solid product could be recovered as
hydrogenated lignin (H-EOL) after hydrogenation at 200-250 °C for 1-7 hours. The
chemical structure of H-EOL was comprehensively investigated by the means of
Elemental analysis, FTIR, °C & 'H NMR, and TGA, and the behaviour of fast
pyrolysis of H-EOL was detected. H-EOL has higher hydrogen to carbon atomic
effective ratio ( H/Cer ratio) and achieves the increasing reactivity of thermal
decomposition. H-EOL yields light olefins double as much as raw ethanol organosolv
lignin (EOL). And the formation of alkanes (C1-C4), benzene, and toluene was
promoted to various degrees, while the yield of carbon monoxide, carbon dioxide, and
vapour decreased. A novel process and efficient pretreatment method has been provided

to verify on organosolv lignin, which is instructive for subsequent research.

4.2 Introduction
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Lignin, which serves as a protective cell wall of plants, is the second most abundant
biopolymer in lignocellulosic biomass, followed by cellulose, whose content varies
from 11 to 40%[1][2]. It is widely accepted that lignin is defined as an amorphous
polyphenolic material, which can be formed from an enzyme-mediated dehydrogenative
polymerization of three phenylpropanoid monomers (coniferyl, sinapyl and p-coumaryl
alcohols)[3]. As a result, lignin could be an attractive starting material to produce
hydrocarbon and aromatic chemicals. Simultaneously, the unregular-repeat units and
complex three-dimensional structure are still the major challenges for the utilization of
lignin. Even though various depolymerization technologies have been of interest in the
last a few decades, the major technology is still limited to combustion for providing
heat.

Pyrolysis is a relatively mature thermochemical process, and is widely used for the
industrial processing of organic materials to obtain oil products or valuable chemicals.
However, as for lignin, its cross-linked structure is prone to repolymerization during the
thermochemical conversion, resulting in more than half yield of char[4][5]. And the
selectivity of pyrolytic products is also relatively low. Currently, catalytic fast pyrolysis
(CFP) is one of technologies to improve the selectivity of products, especially olefins
and aromatics. Fe-loading zeolite catalysts[6][7], and La-loading HZSM-5[8] have been
checked, even increasing the production of light olefins to 8.6 C-mol.%. Indeed, light
olefins, regarded as the intermediate products during fast pyrolysis, are hard to be
selectively produced[9]. The types of feedstock have a more considerable influence on
the yield of olefins compared with temperature, residence time even catalysts, due to
their internal structure and chemical properties[8]. Thus, modification of lignin appears
to be a viable technique for making better use of lignin and achieving higher olefin and
aromatics yields from fast pyrolysis.

Hydrogenation is used to tailor the functional groups, improve lignin’s properties
and control the product's distribution. According to the previous reports[10][11][12],
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hydroprocess is a common technology for depolymerizing lignin, in which
hydrogenolysis is the main reaction on lignin. Meanwhile, lignin also suffers from
hydrogenation, and hydrogen atoms transfer into the free radicals of the lignin
fraction[13]. Hydrogenation not only saturates lignin molecule but also suppresses the
recombination of internal free radicals and the formation of more stubborn char[14][15].
More hydrogenation research was conducted on model compounds of
lignin[16][17][18]. Noble metal catalysts (Ru, Rh, Pt and Pd) show a significant
catalytic activity for hydrogenolysis of C-O ether bonds and hydrogenation of aromatic
rings[19][20]. Although model compounds can illustrate basic units and linkage types in
the lignin, it cannot substitute the actual folded structure of lignin in the usual sense.

There are limited research groups focusing on the solid residue from lignin
hydrogenation[21][22]. Most of the studies give more attention on liquid products, use
high temperatures and severe pressure to improve the liquefaction rate. However, Chio
et al. mentioned that the temperature above 240 °C could enhance the repolymerization
of intermediates of lignin molecule[23]. Shen et al. reported that the partly degraded
lignin containing abundant aliphatic C-H bonds, and thermal decomposition started to
occur even in the low-temperature range (200-280 °C)[24]. Long et al. investigated the
properties of recovered lignin after catalytic decomposition with the synergic function
of NaOH and Ru/C. The recovered lignin possessed a lower molecular weight and lower
degree of unsaturation[25].

The lignin's solubility in various solvents is also one of the major factors that
profoundly affect the product distribution of the lignin other than temperature. The
solubility of lignin depends on the source of the lignocellulose biomass and the isolation
methods. Tetrahydrofuran (THF) shows significant solubility for most types of lignin,
which has been commonly used as eluent for Gel permeation
chromatography)measurement. Long’s group compared the depolymerization behaviour
using THF and aqueous alcohol solvents, and obtained a higher conversion rate in the
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THF due to its excellent capability of dissolution[26]. So THF was used as a solvent in
this work to make sure the totally dispersion of lignin compounds and prevent the
alcoholysis effect of alcohols.

It is reasonable speculation that lignin can suffer from hydrogenation at such mild
temperatures under suitable catalysts, since a mild condition is proved to result in a
significant conversion of lignin and suppressed repolymerization[27]. The pretreated
lignin having been reduced is a promising feedstock for producing hydrocarbon
chemicals through fast pyrolysis. Therefore, we constructed a novel and integrated
process: catalytic hydrogenation of lignin and subsequent fast pyrolysis of hydrogenated
lignin at H> atmosphere for obtaining more light olefins. This process is dedicated to

modifying lignin and improving selectivity of pyrolyzed products.

4.3 Method and materials

4.3.1 Materials

THF (99.5%, with stabilizer), ethanol (99.5%), acetone solvent and DMSO-de
(99.9%, 047-29071) were purchased from FUJIFILM Wako Pure Chemical Corporation.
Ruthenium on activated carbon (Ru/C, 5 wt.% Ru loading, 908045-10G), Rhodium on
matrix carbon (Rh/C, 5 wt.% Rh loading, 680710-5G), and Chromium (III)
acetylacetonate (99.99%, 574082-5G) were acquired from Sigma-Aldrich, which were
vacuum-dried prior to use. KBr powder was obtained from Pike Technologies. Ethanol
organosolv lignin (EOL) was extracted through a methodology followed by Cho et
al.[28] with some modifications. Japanese cedar was treated in an ethanol/water mixture
(70/30 v/v) with 1.25 wt.% sulfuric acid as a catalyst at 180 °C for 60 min. The ratio of
the cedar to the mixture was kept at 1/8 (w/w). The extraction was carried out in a batch

reactor. The remained cellulose and hemicellulose were flushed out with 50 mL of
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ethanol/water mixture repeatedly three times. Three volumes of ultrapure water were
added to the solution to precipitate the lignin in the mixture. Then filtration was
performed again to recover the solid phase and dried in a vacuum oven for 24 hours.

The solid recovered was called ethanol organosolv lignin (EOL).

4.3.2 Hydrogenation of EOL and separation method

Hydrogenation of EOL was carried out as follows. EOL (100 mg), the catalyst (50
mg), and THF solution (20 mL) were mixed and charged into the batch reactor (Parr
4590 Micro Bench Top Reactor, 100 mL) equipped with a four-blade stirrer, pressure
and temperature controllers. The reactor was sealed and purged with H» several times to
ensure the absence of oxygen, and then pressurized up to 3 MPa at ambient temperature.
The mixture was mechanically stirred at 400 rpm at an elevated temperature for a
designated time. The temperature and pressure were continuously monitored. After the
completion of the hydrogenation, the reactor was quenched with a water bath and
rapidly cooled down to room temperature. The procedure was performed with care in
order to minimize experimental errors, and reproducibility was confirmed by
duplication each run at least two times.

The products after hydrogenation were separated by the following procedures (Fig.
4-1). The gaseous products were collected by the syringe while releasing the pressure in
the reactor and analyzed by GC-TCD/FID. The catalyst-coke mixture was separated
from the solution by centrifugation with 6000 rpm for 10 min and then washed by THF.
The solid mixture was vacuum dried at 60 °C for 24 hours. The filtrate was evaporated
to remove all reaction medium. The retained product was named hydrogenated lignin
(H-EOL), and then dried in the same manner as above. The yield of H-EOL was
calculated as a percentage by weight of EOL fed. The weight difference was caused by

coke formation. The unrecovered fraction corresponded to the complement of 100 wt.%
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of the initial lignin, including oil phase, water, some volatile, and trace gaseous product.

Therefore, the yield of products was calculated by the following Egs. (4-1)-(4-4).

Cr (Wt.%) = (Wr-Wi)/W1*100% (4-1)
Yir (Wt.%) = Wi/ WL *100% (4-2)
Ye (wt.%) = We/WL¥100% (4-3)
Yr (Wt.%) = (Wi-Wr-Wc)/ W *100% (4-4)

Where, C, Y, and W are respectively the conversion, yield, and weight, and the
subscripts L, H, C, and R denote EOL, H-EOL, coke, and the rest products (liquid and

gas), respectively.

Reactant suspension
lignin/catalyst/ THF

[ Centrifugation ] 4' Gas fraction ]—) GC-TCD/FID

6000 rpm, 10 min

Liquid supernatant [€ Solid residue
=
Extraction Rotary Washing by. THF ]
.], ‘ & filtration
GC-MS
Solid product
[ Vacuum drying Filtrate Catalyst and coke

Hydrogenated lignin(H-EOL)

!

EA, FTIR, BC & 'H NMR, TGA, GC-TCD/FID

Fig. 4- 1 The flow chart of the products separation process.

4.3.3 Characterization of products

The thermogravimetric analysis (TGA) was used to illustrate the weight loss of

lignin by TG curve and revealed the corresponding decomposition rate by DTG
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(derivative thermogravimetric) curve, which was carried out in Netzsch STA 2500
Regules. Around 5 mg of the sample was loaded on a crucible. The temperature was
first raised from room temperature to 100 °C with a rate of 5 °C/min, and maintained at
100 °C for 30 min. After that, it was heated to 1000 °C at the same heating rate. The
thermal decomposition was performed at a constant N> flow rate of 50 ml/min.

Fourier transform infrared spectrometer (FTIR) was used for investigating the
internal functional groups of solid samples, employing the Bruker ALPHA II. 1 wt.% of
lignin in 50 mg of KBr was prepared. The samples were recorded between 400 and
4000 cm ! at a resolution of 4 cm™! in the absorbance mode.

The weight ratio of elements such as carbon, nitrogen, and hydrogen contained in
organic compounds was quantified by elemental analyzer (2400l CHNS/O type
manufactured by Perkin Elmer Co., Ltd). The analyzing process was conducted by the
column separation method (frontal chromatography) and tested by a TCD. Around 2 mg
of samples were detected each time with helium as a carrier gas.

The internal structure of lignin samples was determined by '°C and 'H NMR
spectra (Bruker AS300). The details and parameters were following the literature[29].
Sample tubes (OD: 5 mm) was running for concentration of the samples 100 mg
dissolved in 0.5 mL of DMSO-ds. 0.01 M of Chromium (III) acetylacetonate was added
to the lignin solution as a relaxation reagent. The quantitative ?*C NMR spectra were
recorded in the Fourier transformation (FT) mode at 125.7 MHz. The inverse gated
decoupling sequence, which allows quantitative analysis and comparison of signal
intensities, was used with the following parameters: 30° pulse; 1.4 s acquisition time; 2
s relaxation delay; 64 K data points; and 8000 scans. 1H NMR spectrometer was
operated at 500 MHz in FT mode, data acquisition time of about 3.3 s and the number
of scans being about 16. Other selection of the operational parameter depends on the
nature of 'H NMR spectrometer.

The hydrogenated gaseous product was analyzed by GC 2014 (Shimadzu) equipped
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with TCD (Thermal Conductivity Detector) and FID (flame ionization detector)
detectors. The gaseous product mainly composed of CH4 and CO, with minor amounts
of CO; and C> compounds as well. The total weight of these gaseous compounds was
however less than 1% of the feedstock. As a result, the yield of gaseous products was
overlooked. And the volatiles from fast pyrolysis was also detected by the same

GC-TCD/FID equipment with the same program.

4.3.4 Fast pyrolysis

A two-stage tubular reactor (TS-TR), made of quartz with an inner diameter of 4
mm, was used for the fast pyrolysis of lignin. More details about experimental
procedure were shown in elsewhere[30][31]. Briefly, about 1 mg of lignin was wrapped
every time by a sheet of wire mesh (10x10 mm, SUS316 stainless, 45 um mesh
opening), and the wrapped sample was held by a steel wire hook, so that the sample can
be located at the upper part of reactor with the help of a magnet on the outside of reactor
in installing the experimental setup. The furnace was insulated before increasing the
temperature and verified that the entire system was sealed. After the temperature
stabilization, the sample was dropped into the bottom of the reactor, where the
preliminary reaction of fast pyrolysis happened. The nascent volatiles were swept into
the secondary section by a carrier gas, of which the residence time can be controlled by
changing the position of the reactor in the furnace. The actual flow rates of helium and
hydrogen were 68.2 and 68.5 mL/min, respectively, so that the corresponding gas
residence time of 0.45 s was kept constant.

The TS-TR was connected with the GC-TCD/FID. The volatiles released from the
lignin was immediately blown into a packed column (Gaskuropack 54) and then
sequentially passed through the TCD and FID sequentially. The quantifications of the

products were conducted and calculated based on the external calibration method, the
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standard gas consisted in CO (1.0%), CO2 (0.978%), CH4 (1.01%), N> (balance gas).

The conditions for TCD and FID are shown in Table 4-1[32]. The reproducibility was

examined, which revealed that the relative errors of the product yield generally within

+5 wt.%.

Table 4- 1 The parameters setup for GC measurement.

Instrument

Analysis conditions

GC2014-TCD/FID

Separation column

Detector and analytes

Injector/Detector/Column

temperature

Temperature program

Gaskuropack 54 (packed column, GL
Sciences)

TCD: carbon monoxide, carbon
dioxide, vapor

FID: methane, ethylene, ethane,
propylene, propane, methanol,
acetaldehyde, butane, butene,
isobutylene, ethanol, iso-propanol,
cyclopentadiene, acetic acid, benzene,

toluene, furfural

200 °C/220 °C/40 °C

Hold 10 min at 40 °C, raise
temperature to 200 °C at a heating rate

of 5 °C/min, then hold 18 min

4.4 Results and discussion

4.4.1 Hydrogenation condition and products yield
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The product distribution after catalytic hydrogenation is shown in Fig. 4-2. The
influence of catalysts (non, Raney Ni, Ru/C, and Rh/C) on hydrogenation has been
observed and shown in Fig. 4-2(a). The products from hydrogenation without catalysts
showed almost no liquefaction occurred, around 98.5 wt.% of the product remained as
solid product. EOL partially underwent thermal decomposition and hydrogenation under
Raney Ni which has been proved to be a suitable catalyst for hydrogenolysis. Low
conversion and less coke formation were observed in the results of hydrogenation under
Raney Ni, which is caused by the low reactivity of Raney Ni. Hydrogenolysis or
hydrogenation can occur only on the macropore surface of Raney Ni, which reduces the
catalytic reactivity of hydrogenation and eliminates coke formation. Ru/C and Rh/C
both have high capability toward depolymerization of lignin, recovering 74.85 wt.% and
76.21 wt.% of hydrogenated lignin, respectively. The active sites in the large surface
area of the catalysts were supplied for hydrogenation[19]. According to the BET results,
both Ru/C and Rh/C contain a large surface area (in Chapter 3.3.4), while Ru/C has a
relatively larger pore. So that, the conversion rate under Ru/C is slightly high but not
obvious.

Fig. 4-2(b) depicts the influence of different solvents (THF, ethanol, acetone) used
in the hydrogenation. The solubility is the key factor in this research. Ethanol being
widely used for hydrogenolysis of lignin[33][34], from which the H-EOL’s yield was
lower than that in another two types of solution due to the alcoholysis of ethanol. Since
the increasing dispersion is beneficial to prevent the occurrence of repolymerization,
EOL completely dissolved in acetone, has less coke formed and more liquid products
obtained. It is consistent with the conclusions of Liu's group[35]. As for THF solvent,
the excellent dissolution capacity of THF can facilitate the occurrence of hydrogenation.
Coke also accounted for a relatively high percentage, because of the recombination of
intermediates. Repolymerization of intermediates occurs in parallel with the cleavage of

lignin connection bonds.
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In Fig. 4-2(c), the H-EOL’s yield slightly increased from 74.85 wt.% to 87.11 wt.%
with increasing of the reaction time from 1 to 7 hours. That is consistent with the
conclusion in the literature that increasing simply the reaction time is insufficient for
obtaining high yields of monomers[36]. The coke yield also rose significantly when
prolonging the time to 7 hours. Long reaction time causes condensation of
lignin-derived molecules, which is also observed in other literature[37]. The plausible
reasons for the high yields of coke are the recombination of intermediates or oligomer
compounds which are not stable and easy to form the coke products.

As shown in Fig. 4-2(d), less H-EOL was recovered after increasing the
temperature. It is widely accepted that the depolymerization of lignin was the first
priority to occur, the internal alkyl-aryl ether bonds suffered from the cleavage,
especially under high temperatures [14]. The temperature must be the main factor
contributed to the depolymerization of lignin. Fig. 4-2(d) shows the depolymerization of
EOL is drastically enhanced above 250 °C, and only 47.99 wt.% of the H-EOL can be

recovered after the reaction.
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product distribution. Conditions: (a) lignin 100 mg, THF 20 mL, catalyst 50 mg, 200 °C,
1 hour; (b) lignin 100 mg, solvent 20 mL, Ru/C 50 mg, 200 °C, 3 hours; (c) lignin 100
mg, THF 20 mL, Ru/C 50 mg, 200 °C; (d) lignin 100 mg, THF 20 mL, Ru/C 50 mg, 7

hours.

4.4.2 Characterization of hydrogenated organosolv lignin

In the hydrogenation process, EOL underwent the decomposition of
macromolecular structure and hydrogen transfer, and then converted into H-EOL
samples, liquid products, and coke. In order to reveal the effect of hydrogenation on the
chemical structure of lignin, the characterization of EOL and H-EOL samples obtained
under different conditions were studied.

Table 4-2 shows the elemental analysis of EOL and H-EOL samples. The
percentages of carbon and hydrogen both increased after the hydrogenation with and
without the catalysts. At the same time, the yield of oxygen severely reduced, which
means the pretreating process is effective for lignin to increase the hydrogen content
and reduce the oxygenated compounds. The hydrogen to carbon atomic effective ratio

(H/Cefr ratio) and degree of unsaturation (€2) were calculated and shown in Table 4-2.
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H/Cesr ratio was introduced by Vispute and his groups[38], which is related to the yield
of aromatic and olefins. Catalytic hydrogenation can significantly raise H/Cesr ratio of
lignin to 0.70 and decrease Q to 3.37 under the function of Ru/C catalyst, even higher
under Rh/C. Pan and co-workers also found that in a course of preheating Hami
sub-bituminous coal, the addition of hydrogen sources achieved to raise the
hydrogen-to-carbon ratios and the thermal reactivity of solid residue[39]. Ru/C and

Rh/C both exhibited excellent performance for hydrogenation with high activity.

Table 4- 2 The elemental composition of EOL and H-EOL samples pretreated with the

presence of different catalysts.

Sample Elemental composition® H/Cest .
Catalysts C H 0) S N ratio® “
EOL - 6842 594 2534 0.12 0.18 0.49 3.73
non 09.85 627 2373 0.02 0.13 0.57 3.69

H-EOL® Ru/C 70.00 692 2289 007 0.12 0.70 3.37
Rh/C 7038  7.13 2229 0.08 0.12 0.74 3.30

On a dry basis

The H-EOL samples were both prepared at 200 °C for 1 hour with 3 MPa H», THF
as solvent.

¢ H/Cen=(H-20)/C[38]

d: Degree of unsaturation Q=(2C+2-H)/2

FTIR spectroscopy of EOL and H-EOL samples are shown in Fig. 4-3. According
to the FTIR spectra assignment (Table 4-3)[40], the peak in the range of 3000-3600 cm™
is assigned to the O-H stretching in phenolic and aliphatic groups. The decreasing of

O-H group proved that the hydrodeoxygenation reaction took place. The ether linkages
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(B-O-4, 0-O-4 and 4-0O-5) are weaker and easier to be cleaved than C-C bonds (B-1, a-1
and 5°-5) considering the bond dissociation enthalpies[41]. Thus, the peaks of C-O ether
(1212-1224 cm™), hydroxyl group, and carbonyl group (1674-1709 cm™) obviously
decreased after hydrogenation. And aliphatic (-CH3, -CHz, C=C) group was the only
functional group increased after hydrogenation, which is in agreement with the
conclusion of Iretskii’ s group[13]. They suggested that the elevated number of aliphatic
groups means ring alkylation may occur concurrently with the reduction. It reveals the
occurrence dominate of alkylation, which was proved to be produced even in the oil
phase[42]. Elemental results in this work are consistent with the above descriptions. As
observed in Fig. 4-3(a), the synergetic effects of Ru/C catalyst and THF might suppress
the depolymerization of lignin and improve the stretching vibration of aliphatic groups,
which proved well the occurrence of alkylation[43]. Reaction time shows less effect on
the functional groups than catalysts (in Fig. 4-3(b)). Slightly reduction of oxygenated
groups has been observed on H-EOL when increasing the reaction time. The reaction
time over 3 hours could result in the slightly grown-up of aromatic groups and aliphatic

groups’ vibration.

Table 4- 3 The assignment and functional groups for FTIR.

Absorption
Functional group Assignment
(em™)
O-H stretching in aliphatic and phenolic
phenol, alcohols 3600-3000
groups
C=C stretching Alkene group 2956
-CHj3 stretching Alkane group 2928
-CH; stretching Aliphatic methylene 2865
Non-conjugated C=0 stretching carbonyl/carboxyl 1709
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Conjugated C=0 stretching

Aromatic skeleton vibration

Conjugated C=C stretching

Aliphatic C—H in methyl groups and
phenolic

O-H stretching, O-H deformation

C-O stretching

C-O0 stretching

C-O stretching

C-O stretching

Benzene derivatives

Aromatic rings

Phenolic group

Aromatic ether
Aryl-alkyl ether linkage
Alcohols

Alkyl ether

1674

1600, 1513, 1462

1310-1390

1270
1224-1212
1153, 1091, 1031
1124

858, 810,768

H-EOL-non

EOL
H-EOL-Ru (‘l

4000 3500 3000 2500 2000 1500 1000 500

Mem)

(a)

and without catalyst (other conditions: 200 °C, 1 hour, 3 MPa H); (b) H-EOL samples

—— EOL
H-EOL-3 hours
H-EOL-7 hours

. -4

L 1 1 1

e x\/*

1 1 1
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(b)
Fig. 4- 3 The FTIR spectroscopy of EOL and H-EOL samples. (a) H-EOL samples with

1500 1000 500

pretreated for 3 hours and 7 hours (other conditions: 200 °C, Ru/C, 3 MPa H>).

Chemical assignments for major peaks in 'H NMR and '3C NMR spectra are

according to the literature[29], showing in Table 4-4 and 4-5. Fig. 4-4 and Fig. 4-5 are

showing 'H NMR patterns of EOL and H-EOL, respectively.
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Table 4- 4 Chemical shift assignments for major peaks in '"H NMR spectrum

o/ppm Assignment

0.7-1.4 Non-oxygenated aliphatic region

1.6-2.2 Aliphatic acetate

2.2-2.5 Aromatic acetate

2.5-3.0 Hydrogens on C-§ in acetylated B and B-B substructures. Also, hydrogens on
-CH2COOH moieties of fatty acids

3.0-35 Hydrogen in methoxyl groups

3.5-4.0 Methoxyl hydrogens in aromatic moieties of acetylated substructures,
hydrogens on C- of -5 and axial bydrogens on C-y of - substructures

45-5.2 Hydrogens on C-f of acetylated p-O-4 substructures, on C-y of cinnamyl
alcohol acetate moieties in acetylated substructures, and on C-a of acetylated
B-P substructures.

6.1-8.0 Aromatic region

9.0-10.0 Hydrogens of aldehyde groups in acetylated substructures of cinnamaldehyde

moieties

Table 4- 5 Chemical shift assignments for major peaks in *C NMR spectrum

o/ppm Assignment

193.4 C=0 in —CH=CH-CHO, C=0 in ¢—C(=0O)CH(-0O ¢)-C-
191.6 C=0in ¢-CHO

169.4 Ester C=0 in R—C(=0)OCH3

166.2 C=0 in ¢—COOH, ester C=0 in 9—C(=0)OR

156.4 C—4 in H-units

152.9 C-3/C-3’ in etherified 5-5 units, C—a in p—CH=CH-CHO units
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152.1 C-3/C-5 in etherified S units and B ring of 4-0-5 units

151.3 C—4 in etherified G units with a—C=0
149.4 C-3 in etherified G units

149.1 C-3 in etherified G type p—O—4 units

146.8 C—4 in etherified G units

146.6 C-3in non-etherified G units (B—0—4 type)
145.8 C—4 in non-etherified G units

145.0 C—4/C—4’ of etherified 5-5 units

143.3 C—4 inring B of B-5 units, C-4/C—4’ of non—etherified 5-5 units
134.6 C-1 in etherified G units

132.4 C-5/C-5’ in etherified 5-5 units

131.1 C-1 in non—etherified 5-5 units

129.3 C—B in ¢—-CH=CH-CHO

128.0 C—a and C—B in ¢—CH=CH-CH20H

125.9 C-5/C-5’ in non—etherified 5-5 units
122.6 C-1 and C-6 in ¢—C(=0)C—C units

119.9 C-6 in G units

118.4 C—6 in G units

115.1 C-5in G units

114.7 C-5in G units

111.1 C-2in G units

110.4 C-2in G units

71.8 C—a in G type p—O—4 units (erythro)

71.2 C—a in G type B—O—4 units (threo), C—y in G type B—f
63.2 C—y in G type p—O—4 units with a—C=0
62.8 C—y in G type B-5, B—1 units
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60.2 C—y in G type B—O—4 units

55.6 Cin ¢—OCH3
53.9 C— in B—P units
53.4 C— in B-5 units
29.1 Aliphatic

15.2 Aliphatic

* G = guaiacyl, S = syringyl.

The 'H Nuclei in lignin present in similar but not identical, and chemical
environments give rise to intensive overlap of signals in a spectra, so that the presence
of carbohydrates would make the spectra even more complex[44]. According to Table
4-4, the signals in the range of 2.2-2.5 ppm, 3.5-4 ppm, and 6.1-8.0 ppm are assigned to
aromatic acetate, hydrogen in the methoxyl groups of aromatic acetylated substructures
and connection bonds (B-O-4, B-B, B-1and C-a), as well as aromatic region, respectively.
It is apparent that the intensity of the above signals has a sharp decrease after
hydrogenation, especially the intensity of the peak for hydrogen in methoxyl groups and
connection bonds. The reason might be related to the cleavage of ether bonds and
demethoxylation reaction of syringyl (S) type units and guaiacyl (G) units during this
process. Combined with above characterization, the content of aliphatic -OH diminished,
while -COOH group (2.5-3 ppm) increased during the depolymerization. The drop in
the aromatic region and no change of the aliphatic region (0.7-2.2 ppm) may be
attributable to the following reasons: (1) hydrogenation of raw lignin also formed
cyclohexanes, which also decreases the aromatic region and generates signal of aliphatic;

(2) side chains in lignin cleaved and/or rearranged under the hydrogenation process.
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Fig. 4- 5 The '"H NMR spectra of H-EOL (hydrogenation conditions: 250 °C, 3 MPa,

Ru/C, 3 hours).

The '*C NMR spectra of EOL and H-EOL are demonstrated in Fig. 4-6 and Fig. 4-7,
respectively. Generally, DMSO-d6 is acquired at around 40 ppm of '3C NMR spectra.
As shown in Fig. 4-6 and Fig. 4-7, the *C NMR intensity of H-EOL is stronger than
that of EOL, which might be attributed to the sensitivity of '*C NMR is too low for

macromolecular cross-linked compounds. So that, the peaks of spectroscopy (Fig. 4-6)
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are limited, even preparing high concentration of lignin solution for detection. However,
it can be seen that the spectrum of H-EOL shows many peaks, which should be due to
partial depolymerization of lignin through pretreatment, and the structure of H-EOL
becomes more evident and detectable. The signals in the range of 60-72 ppm, 110-120
ppm, and 145-152 ppm appear to be apparent spectral peaks, which all represent carbon
in G-type units. It is probably attributable to the fact that S-type units were more
susceptible to performing demethoxylation reaction than G-type units[24]. Furthermore,
the aliphatic region (15-29.1 ppm) also shows significantly in H-EOL’s spectra, in

agreement with the corresponding FTIR spectroscopy.
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Fig. 4- 6 The '*C NMR spectra of EOL.
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Fig. 4- 7 The 3C NMR spectra of H-EOL (hydrogenation conditions: 250 °C, 3 MPa,

Ru/C, 3 hours).

Thermal degradation of lignin is mainly related to its inherent structure and internal
functional groups. Further characterization of lignin samples after hydrogenation is
presented by TG and DTG curves.

As shown in Fig. 4-8, the TG and DTG curves of H-EOL samples were totally
different from those of EOL. For the DTG curve of EOL, the main degradation process
can be clearly seen occurring in the wide range of 200-600 °C. But for H-EOL, the DTG
curve was separated into three stages. The first stage was 100-150 °C, which was
attributed to the dehydration of inherent moisture or the cleavage of hydroxyl
groups[45]. When the temperature increases to 150-300 °C, there is another small peak
shown, which is different from the EOL. This is attributed to the occurrence of catalytic
depolymerization and the presence of lignin fragments during hydrogenation. According
to the modification scheme proposed by Hrutfiord[46], hydrolysis and thermolysis
reactions are the initial step that partially break down the lignin into fragments. The

third is the major decomposition stage in the range of 300-600 °C, which is severe than
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that of EOL.

In Fig. 4-8(a), the DTG curves of H-EOL samples with and without Ru/C have
similar decomposition periods. However, the peaks’ intensity of the H-EOL obtained
with catalyst was higher than that without catalyst. From the TG curve, the yield of char
residue decreased from 50 wt.% of EOL to 32 wt.% of H-EOL after hydrogenation with
Ru/C. After pretreating the lignin samples with the hydrogenation process, fewer
residues remained in the thermal depolymerization process. Lignin oligomers were
formed owing to the catalyst, which can be easily suffered from thermal degradation at
lower temperatures.

The influence of reaction time on thermal degradation of lignin samples is shown in
Fig. 4-8(b). Further increasing reaction time to 7 hours has a limited effect on the TG
and DTG curves of H-EOL. The reaction time does not dramatically change the
decomposition properties of H-EOL samples, which is in accord with the above

characterization of H-EOL samples.
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Fig. 4- 8 The TG/DTG curves of the EOL and H-EOL samples. (a) effects of catalyst
(with and without catalyst); (b) effects of reaction time (reaction time: 1 and 7 hours).

Other conditions: EOL: 100 mg; solvent: THF 20 mL; H»: 3 MPa; temperature: 200 °C.
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4.4.3 Fast pyrolysis of hydrogenated organosolv lignin

Under different hydrogenation conditions, the chemical properties and molecular
structure of solid products are various. The pyrolyzed products from EOL and H-EOL
were detected by GC-TCD/FID, shown in Table 4-6. Fast pyrolysis of EOL and H-EOL
samples were all performed at 850 °C under a hydrogen atmosphere. H-EOL1 recovered
from the hydrogenation in the absence of catalyst mainly suffered from
depolymerization of side chains. Therefore, less yield of CO, CO», H>O and CH4 than
that of EOL and obviously yielding the char to 25.24 wt.% have been observed here.
Compared with H-EOL1, the other H-EOL samples had higher thermal activity after
hydrogenation, the char yield of both H-EOL2 and H-EOL3 even decreased to around
10 wt.%. The inorganic oxygenated products (CO: and H>O) from H-EOL2 and
H-EOL3 decreased lower than that from H-EOLI1. The C1-C3 hydrocarbons, benzene,
and toluene from H-EOL2 and H-EOL3 have further increased to a similar percentage.
Ru/C and Rh/C have similar catalytic functions on hydrogenation, which is in
accordance with the elemental analysis and FTIR spectra of H-EOL.

When further increasing the hydrogenation temperature to 250 °C (H-EOL4 and
H-EOLYS), the char yield increased to 14.29 wt.% and 15.38 wt.%, respectively. It
proves that the H-EOL samples have been pretreated under higher temperatures suffered
from more cleavage of functional groups and became more stable. The yield of
hydrocarbon compounds from H-EOL4 has increased after pretreating at 250 °C for 3
hours, and has slight further increased with increasing the reaction time to 7 hours (see
the results of H-EOLS). Jongerius et al. also got the conclusion that higher amounts of
deoxygenated products could be obtained with the increase of hydrogenation time and
temperature[37]. The total olefins’ yield went up to the maximum value (9.94 wt.%)
from H-EOLS, mostly composed of ethylene whose selectivity went to 97.08%. It is

thus suggested that hydrogenation can increase the thermal reactivity and selectivity of
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hydrocarbon products. It is possibly attributed to the increase of H/Cefr ratio in the lignin
molecules, proposed by Vispute’s research group[38]. However, the further severe
condition will enhance the liquefaction of lignin and the formation of coke. Therefore,

appropriate hydrogenation conditions should be designed to pretreat raw lignin well.

Table 4- 6 The pyrolyzed products from EOL and H-EOL samples were derived from
the different hydrogenation conditions. H-EOL1: non-catalyst, 1 h, 200 °C; H-EOL2:
Ru/C, 1 h, 200 °C; H-EOL3: Rh/C, 1 h, 200 °C; H-EOL4: Ru/C, 3 hrs, 250 °C; H-EOLS5:

Ru/C, 7 hrs, 250 °C.

Pyrolyzed ) Feedstock
products erention H-EO H-EO H-EO H-EO
(WE.%) time (min) EOL 1 12 3 L4 H-EOLS
1 CO 0.82 14.63 13.06 15.07 1334 12.75 11.36
2 CO2 1.89 409 3.32 3.08 2.76 3.13 2.46
3 HO 9.45 1552 1191 1048 1043  9.02 8.2
4 CH4 1.08 21.16 17.04 2296 23.69 23.77 23.95
5 C2Ha 3.43 498 599 8.31 8.30 9.33 9.65
6 C2He 4.85 1.65 2.04 3.24 3.36 3.23 3.9
7 CsHe 17.15 0.09  0.09 0.12 0.13 0.16 0.21
8 CsHg 18.27 0.002 0.005 0.007 0.007 0.007 0.01
9 CH;0H 21.75 0.05  0.09 0.12 0.14 0.08 0.09
10 CsHs 26.83 0.03  0.04 0.06 0.06 0.07 0.08
11 C4Hio 27.51 0.33 0.004 0.006 0.006 0.008 0.008
12 CHsOH 27.89 0.004 0.006 0.008 0.009  0.01 0.01
13 Iso-PrOH 30.40 0.005 0.001 0.001 - 0.001 0.01
14 Acetic acid 33.92 085 093 1.13 1.2 1.04 1.44
15  Benzene 40.65 509 457 6.38 6.61 6.42 6.62
16  Toluene 47.36 0.77 098 1.31 1.65 1.39 1.77
Char 17.24 2534 10.83 10.0 14.29 15.38
Undetected product (diff.) 13.51 14.58 16.89 18.31 15.294 14.85
Total 100 100 100 100 100 100

A more intuitive comparison is shown in Fig. 4-9. Considering about solid yield
from hydrogenation and olefins yield from fast pyrolysis, H-EOL4 recovered from the
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hydrogenation condition (250 °C, 3 hours, THF, Ru/C, 3 MPa H;) was chosen to
compare with EOL here. The yield of alkanes and olefins has been found to increase
simultaneously and obviously, methane and ethylene are the main compounds in these
two groups, respectively. Caballero et al. also claimed that the formation of ethylene is
linearly correlated with that of methane, and methane formation is favoured at low
yields of CO and CO,[47]. Besides that, the aromatics (benzene and toluene) yield also
increased from 5.85 wt.% of EOL to 7.81 wt.% of H-EOL4. The inorganic compounds,
including CO, CO; and H20, had a sharp reduction after hydrogenation due to the
cleavage of side-chain groups. The formation of the oxygenated compounds (CH3OH,
C>HsOH, iso-propanol, acetic acid) is mainly attributed to the increased carbonyl groups,

and reacted with hydrogen atoms in the subsequent fast pyrolysis process.
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Fig. 4- 9 The comparison of derived volatile products from raw organosolv lignin (EOL)

and hydrogenated lignin (H-EOL4).

There listed some recent literature about using catalytic fast pyrolysis to improve
the selectivity of products, where zeolite-type catalysts proving to be the most selective

for olefins and aromatic hydrocarbon products (Table 4-7). We can see, without catalyst
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(Entry 1), only a trace number of olefins can be obtained and 56.4 wt.% of kraft lignin
was transferred into useless char. With the HZSM-5 catalyst (Entry 7), the olefins and
aromatics yield slightly increased to 1.3 wt.% and 0.78 wt.%, while char yield also
increased. In these literature, the highest olefins’ yield is 5.3 wt.% and yield of benzene
and toluene is 2.23 wt.%, which is catalyzed by 6 wt.% La/HZSM-5 (Entry 2). In this
work, the lignin pretreated under hydrogenation can produce 9.94 wt.% of light olefins
and 8.39 wt.% of benzene and toluene. The hydrogenation process as a pretreatment,
changes the structure of the lignin, and partial depolymerization as well as reduction
makes the H-EOL more suitable as a pyrolysis feedstock. Low polymerization and high
H/Cetr ratio allow producing more olefins and aromatic hydrocarbons. This method
seems to be more efficient than catalytic fast pyrolysis to obtain olefins and aromatic

hydrocarbons.

Table 4- 7 The comparison of olefins and aromatics yield with other literature.

Ent T Olefi d Ch Ref
ner Feedstock Catalyst empe ¢ 11.1s an. . ar ¢
y rature aromatics yield yield

Kraft Olefins: 0.2 wt.% 56.4
1 - 650 °C 48
lignin Aromatics: 0.1 wt.% wt.% [48]
Olefins: 5.3 wt.% 53.7
. 6 wt.%
2 Lignin La/HZSM-5 600 °C  Benzene and toluene:  C-mol. [49]
2.23 wt.% %
Olefins: 3.8 C-mol.%
Alkali 3 wt.% e o%7e
3 lioni Fo-ZSM-5 600 °C  Benzene and toluene: - [6]
ignin e- -
& 2.9 C-mol.%
Lignin 3 wt.% Olefins: 1.26 wt.% 59.77
4 600 °C ) 7
Fe-ZSM-5 Oil: 31.69 wt.% wt.% 7l
Milled Olefins: 4.0 C-mol.% 41.2
5 wood ligni ~ HZSM-5 500 °C  Benzene and toluene:  C-mol. [50]
n 1.7 C-mol.% %
Olefins: 3.64 wt.%
Klason
6 . HZSM-5 650 °C  Benzene and toluene: - [9]
lignin
5.7 wt.%
7 Kraft HZSM-5-25 650 °C Olefins: 1.3 wt.% 65.5 [48]
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lignin Benzene and toluene: wt.%

0.78 wt.%
Olefins: 9.94 wt.%
This Hydrogen chns W7o 14.29
 ated lienin - 850 °C  Benzene and toluene: Y -
work a wit.
g 8.39 wt.% °

4.4.4 The proposed reaction pathways

Combination of the above findings, the proposed reaction scheme of lignin
hydrogenation is illustrated in Figure 4-10. There are three kinds of parallel process for
catalytic hydrogenation of raw lignin. Hydrogenolysis predominately happened on the
ether bonds (B-O-4, a-O-4 and 4-O-5), the hydrogen atoms were then added into free
radicals[51]. In this process, phenolic intermediates were formed, which subsequently
followed hydrogenation and hydrodeoxygenation. Hydrogenation might happen on
aromatic rings or C=0O groups through catalysis of Ru/C, the extent of which is dictated
by the free energy barrier for this pathway and the availability of the catalyst’s active
sites on the surface. It should be noted that the occurrence of hydrolysis or
hydrodeoxygenation is the main reason for decreasing of oxygen, like, -OH group and
-OCH3 group, especially in S-type units. Nevertheless, higher bond dissociation
energies of Caryl-methoxyl bonds than those of C-O bonds in aryl ethers makes the rate

of demethoxylation slower than the decomposition of connection bonds[ 14].
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Fig. 4- 10 The proposed schematic of reaction pathways for lignin hydrogenation.

4.5 Conclusions

Hydrogenation is a promising technology to change the structure and modify the
chemical properties of lignin. The present study checked the characterization of the
H-EOL under different hydrogenation conditions, and investigated the thermal
decomposition properties of H-EOL. The following conclusions were drawn.

(1) The yield of H-EOL showed a direct correlation with catalysts, solvent, time,
and temperature. Among them, the temperature was a crucial parameter for yielding the
solid product. The H-EOL yield sharply decreased from 87.11 to 47.99 wt.% when the
hydrogenation temperature increased from 200 to 250 °C, which signifies higher
temperature encourages more cleavage of internal linkages and functional groups.

(2) Compared with EOL, the H/Cefr ratio of H-EOL samples has increased. The
content of oxygen and sulfur significantly decreased after pretreatment due to the
thermal decomposition of ether bonds and side-chain groups. The vibrational stretching

of O-H groups C-O, and C=0O of H-EOL becomes weaker, while the aliphatic group is
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the only functional groups increased after hydrogenation. This phenomenon can be
more pronounced in response to a higher temperature and longer reaction time.
Hydrogenolysis of ether bonds, hydrodeoxygenation of hydroxyl group,
demethoxylation and alkylation happened in the hydrogenation process successively

(3) EOL can produce more light hydrocarbons through the fast pyrolysis at the
hydrogen atmosphere. An activated atmosphere can promote thermochemical
decomposition. Almost all compounds except CO detected by GC-TCD/FID were
intensively yielded. Less char was remained after pyrolysis under hydrogen atmosphere,
since the hydrogen can react with the intermediates and suppress the repolymerization.

(4) The TGA results signify that H-EOL samples have higher reactivity which can
be easily decomposed at relatively low temperatures. At the same time, fast pyrolysis of
H-EOL samples has been checked, in which the maximum yield of light olefins is 9.94
wt.% from H-EOLS5. Moreover, the yield of methane, alkane, benzene, and toluene also
has a marked increase after hydrogenation pretreatment. The effective hydrogenation
pretreatment can valorize the lignin sample. More than 85 wt.% of H-EOL can be
converted into volatile.

(5) Considering the H-EOL yield of hydrogenation and the product distribution of
fast pyrolysis, the hydrogenation condition for H-EOL4 is considered as a picked
condition. When the time was further prolonged (H-EOLS), only around half of
feedstock can be recovered as the solid product from hydrogenation. Thus, more
effective pretreatment conditions are required. Suppressing liquefaction of lignin and
modification of lignin structure would be further looked forward. That should be the

outlook of future work for this integrated process.
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Chapter 5 Lignin modification and hydrogenation though

electrochemical hydrogenation process

5.1 Abstract

Lignin is one of the most promising biopolymers for producing hydrocarbons and
aromatic compounds in nature. Electrochemical conversion of lignin is regarded as an
attractive technology for producing various aromatic chemicals which are generally
derived from fossil fuels. The author reports an electrochemical approach for
hydrogenating alkaline lignin (AL), which uses relatively low-cost Ni foam as a
working electrode under alkali electrolyte. The primary factors (such as power input,
reactor type, temperature, reaction time, catalysts, and electrode substrates) of
electrochemical hydrogenation were used to control the products' yield and features.
The redox characteristics of the reaction system were directly compared with the cyclic
voltammetry measurement under different parameters. After electrochemical
hydrogenation (ECH), fast pyrolysis was conducted on HAL samples to investigate the
influence of electrochemical reactions on lignin. The maximum olefins and aromatics
yield from HAL was increased to more than three times AL, accounting for 2.22 wt.%
and 4.07 wt.%, respectively. Then, thermogravimetric analysis (TGA), elemental
analysis (EA), Fourier-transform infrared spectroscopy (FTIR), and heteronuclear single
quantum coherence (HSQC) NMR were employed to characterize hydrogenated lignin
samples (HAL), as well as gas chromatography—mass spectrometry (GC-MS) was
conducted to investigate the oil-phase products. This work focused on this
electrochemical hydrogenation coupled with fast pyrolysis process to give a possibility
that converting lignin into not only liquid oil products, but solid hydrogenated lignin

can be used to produce more olefins and aromatics in fast pyrolysis.

111



5.2 Introduction

For lignin, olefins and aromatic compounds are the major research topic[1], which
can be used as raw materials for derivatives of aromatic hydrocarbon compounds or as
fuel sources. Some chemical conversion technologies have been investigated, like
pyrolysis[2], gasification[3], hydroprocess[4], liquefaction[5], and oxidation[6].
Generally, due to lignin’s cross-linking structure, most of the conversion processes for
lignin require severe conditions, like pyrolysis with high temperature
(600-1000 °C)[7,8], or hydrogenation with high temperature and pressure (200-450 °C,
1-10 MPa)[9], even some processes under specific catalysts[10,11]. Yang et al.
conducted pyrolysis of alkaline lignin under a 3.0 wt.% Fe/ZSM-5 catalyst. A maximum
3.0 C-mol.% of light olefins and 9.8 C-mol.% of aromatic compounds was obtained[12].
Long et al. performed depolymerization on lignin through hydrogenolysis, the
recovered lignin after the reaction possessed lower molecular weight and higher H/C
ratio[13]. Zhang and her groups have investigated the effect of hydrogenation on the
pyrolytic properties of organosolv lignin[14] and alkaline lignin[15]. They also
discovered that after hydrogenation, hydrogenated lignin samples both have a higher
H/Cetr ratio, and twice olefins yield can be achieved for organosolv lignin and triple
olefins yield for alkaline lignin compared with raw lignin. Hydrogenation proved to be a
more effective pretreatment to modify lignin and obtain more olefins.

Electrochemical conversion of waste lignin from the pulp and paper industry is an
alternative process for renewably utilizing lignin to generate chemicals[16].
Electrochemical conversion may afford better control over the conversion and require
mild reaction conditions than traditional thermochemical conversion. Lan et al. have
studied electrochemically catalytic conversion on cornstalk lignin, including anodic

oxidation to form lignin fragments and cathodic hydrogenation on lignin fragments[17].
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Fang et al. have performed electrocatalytic reduction on both lignin B-O-4 models and
lignin, while the product distribution from lignin was shown in the literature[18].
Meanwhile, Zhang et al. have investigated the effect of technological factors on the
electrochemical hydrogenation of lignin[19]. They found that obtained hydrogenated
lignin showed hydrogen content and H/C ratio increased by 1.7% and 0.04, respectively.
These suggest that electrochemical hydrogenation is a potential technology for treating
lignin in the current context of low carbon and emission reduction. Since the lignin after
electrochemical hydrogenation has higher H/C ratio and lower molecular weight, it may
have a higher potential to obtain more olefins and aromatic hydrocarbon compounds
from hydrogenated lignin. This paper would like to provide a new prospect for the
electrochemical hydrotreating of lignin as a pretreatment technology, which not only to
convert lignin into liquid products by the electrochemical reaction, but also to obtain
solid hydrogenated lignin with higher pyrolytic properties. The exploration of
electrochemical hydrogenation on lignin is still at an early stage and its implementation
in the large-scale industry requires further investigation [20].

In this research, the hydrogenated lignin conducted via the electrochemical process
went through fast pyrolysis to transfer lignin to valuable chemicals. Various factors of
the electrochemical hydrogenation process presented in this work verified the influence
on the yield of ECH products and the yield of light olefin and aromatics in fast pyrolysis.
Furthermore, the oil-phase products after electrochemical hydrogenation were also
qualified by GC-MS. On the one hand, the comprehensive characterization of the
products allows a better understanding of the reaction mechanism. And on the other
hand, it could be found that not only the hydrogenated lignin but also the oil-phase
products could be obtained after electrochemical hydrogenation reaction. It becomes
possible to propose this two-stage process technology for the converting of lignin to
obtain more fine chemical derivatives and renewable energy. Thus, this study aims to

contribute to this growing area of research by exploring pretreatment technology for
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lignin to modify the structure and improve the selectivity of pyrolyzed products and

validate its feasibility.

5.3 Experimental method and materials

5.3.1 Chemicals and material

Alkaline lignin (CAS RN: 8061-51-6) was used as the feedstock without any
pretreatment in this research, purchased from Tokyo Chemical Industry CO. LTD.
Sodium hydroxide (particle, 198-13765), Raney Nickel (181-00025), hydrochloric acid
(35-37 wt.%, CAS RN: 7647-01-0), and ethyl acetate (99.5%) were provided from
FUJIFILM Wako Pure Chemical Corporation. The commercial 5 wt.% Ru/C and 5 wt.%
Rh/C catalyst, Nafion perfluorinated resin solution (5 wt.%) were purchased from
Sigma-Aldrich, Japan. All chemicals were used for the electrochemical reaction and
sequential separation process without any pretreatment. Carbon paper (CP, thickness 0.3
+0.01 mm, electric resistivity: 3 mQ/cm?) was ordered from XIAMEN TOB NEW
ENERGY TECHNOLOGY Co., LTD., China. Ni foam (NF), purity > 99.99%, was
purchased from MTI Japan. Nafion membrane N117 was purchased from Furukawa
agency, Japan. Pt mesh (35*25 mm with 80 mesh) was purchased from EC FRONTIER
CO. Ltd. The ultrapure water was 18.2 MQ-cm for all the experiments, which was

prepared with a water purification system (YAMATO Scientific CO. Ltd).

5.3.2 Experiment and separation procedure

The typical reaction systems and characterization analysis used in this work are
shown in Fig. 5-1. Potentiostat ECstat 301 (EC-frontier, Japan) was used to provide
constant current (Chronoamperometry) or potential (Chronopotentiometry). I1cell

(undivided cell) and H-cell (divided cell) reactors were used to conduct electrochemical
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hydrogenation (ECH). And, I M NaOH was used as an electrolyte to dissolve alkaline
lignin (AL). A three-electrode system was used, in which Pt wire and Hg/HgO were
fixed as the counter electrode (CE) and reference electrode (RE), respectively. The
working electrode (WE) as one of the main parameters was studied in this work. After a
certain time, the hydrogenated products were separated by the following procedures.
First, the catalyst-coke mixture was separated from the electrolyte by filtrating. Next,
the filtrate solution was acidified to around pH=1 with HCI (35%) solution for
precipitating the solid residue. Then the solid residue was filtrated and dried in a
vacuum oven at 60 °C overnight, called hydrogenated lignin (HAL). Liquid-liquid
extraction was performed using ethyl acetate to separate the bio-oil phase and
water-soluble phase of the filtrate. After that, a rotary evaporator was used to remove
ethyl acetate from the oil product. The HAL and oil phase yields were calculated as a
weight percentage by the mass of AL fed. The unrecovered fraction in water
corresponded to the complement of 100 wt.% of the initial lignin, including
water-soluble products (lignin oligomers and light compounds). Therefore, the yield of

products was calculated by the following Egs. (5-1) - (5-4).

Cr (Wt.%) = (WL-Wr)/W1*100% (5-1)
Y (wt.%) = Wi/W1*100% (5-2)

Yo (wt.%) = Wo/W1*100% (5-3)

Yw (Wt.%) = Wi- Wi -Wo /W *100% (5-4)

Where, C, Y, and W are respectively the conversion, yield, and weight, and the
subscripts L, H, O, and W denote AL, HAL, oil-phase products, and water-soluble
products, respectively.

In the subsequent experiment, a two-stage tubular reactor (TS-TR) coupled with gas
chromatography (GC2014 and GC2010) was used to check the pyrolysis characteristic
of HAL samples. More details about the experimental procedure are shown in Table
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5-1[21]. Briefly, about 1 mg of lignin sample was tested each time and wrapped with a
sheet of wire mesh (SUS316 stainless mesh with 10x10 mm, 45 um mesh opening), and
held by a steel wire hook. Then the prepared sample was placed on the upper part of the
U-type reactor with the help of a magnet on the reactor outside before the experiment
setup. After the temperature stabilization and GC setup, the sample was dropped into the
bottom of the reactor, where the preliminary reaction of fast pyrolysis occurred. The
volatiles was swept into GC by Hy carrier gas. The actual flow rate of hydrogen gas was
68.5 mL/min, so the corresponding gas residence time of 0.45 s was kept constant.

The volatiles released from the lignin blown into GC2014 with a packed column
(Gaskuropack 54), were tested through the thermal conductivity detector (TCD) and
flame ionization detector (FID) sequentially. Another identical fast pyrolysis experiment
was used to analyze larger aromatic compounds through another GC2010 equipped with
a capillary column (TC-1701). The quantifications of the products were conducted and
calculated based on the external calibration method, and the standard gas consisted of
CO (1.0%), CO2 (0.978%), CH4 (1.01%), and N> (balance gas). And the undetected
products can be assumed as heavy oil which was calculated by the difference method.
The conditions for the two GC apparatuses are shown in the previous work[22]. In
addition, the reproducibility was examined, which revealed that the relative errors of the

product yield were generally within £5 wt.%.

Table 5- 1 The parameters setup for GC measurement.

Instrument Analysis conditions

Separation
Gaskuropack 54 (packed column, GL Sciences)
column
GC2014-TCD/FID
Detector and TCD: carbon monoxide, carbon dioxide, vapor

analytes FID: methane, ethylene, ethane, propylene,
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propane, methanol, acetaldehyde, butane,

butene, isobutylene, ethanol, iso-propanol,

cyclopentadiene, acetic acid, benzene, toluene,

GC2010-FID

furfural
Injector/Detect
or/Column 200 °C/220 °C/40 °C
temperature
Hold 10 min at 40 °C, raise temperature to
Temperature
200 °C at a heating rate of 5 °C/min, then hold
program
18 min
Separation
TC-1701 (capillary column)
column

Detector and

analytes

Injector/Detect
or/Column

temperature

Temperature

program

FID: benzene, toluene, styrene, indene, phenol,
naphthalene, 2-methyl-naphthalene,

acenaphthylene, fluorene, phenanthrene,

anthracene, fluoranthene, pyrene, chrysene

300 °C/320 °C/40 °C

Hold 10 min at 40 °C, raise temperature to
250 °C at a heating rate of 4 °C/min, then hold

20 min
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GC2010-
Feedstock (HAL) FID

>

Two-stage

tubular reT:tor
>

GC2014-
TCD/FID

N

Furnace

Rapid pyrolysis

Characteristics for Hydrogenated lignin:

FTIR EA TGA

Electrochemical hydrogenation reaction system

Fig. 5- 1 Electrochemical hydrogenation coupled with pyrolysis system.

Typical catalytic electrodes were prepared by following Fig. 5-2. Carbon paper (CP,
size 2 cm x 2 cm) was used as the electrode substrate, which was immersed in 1 M
sulfuric acid for 3 hours ultrasonic at first and then in ethanol for another 3 hours
ultrasonic to improve hydrophilicity properties. After overnight drying in a vacuum
oven, it was reserved for use. Raney Ni coated carbon paper: 20 mg of commercial 5 wt.%
Rh/C powder was dispersed in the 87 pL of 5 wt.% Nafion, 261 pL of ethanol, and 652
pL of deionized water, followed by ultrasonic treatment for 60 min until achieving a
uniform dispersion. Then, the dispersion was loaded onto the pretreated CP in batches,
and dried in the air overnight at room temperature. The loading amount of Raney Ni on
CP was ~ 2.5 mg-cm™. Moreover, other catalysts were loaded on CP in the same method
as above. In addition, Ni foam (NF) was pretreated in a similar process as above, except
replaced sulfuric acid with nitric acid. Then, the pretreated NF was loaded with different
catalysts by the same method, while the loading amount of 5 wt.% Rh/C catalyst on NF

was ~ 2.5 mg-cm?,
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Electrode preparing

Ni foam
2cm X 2cm

Pretreatment: 3-hour ultrasonic with nitric acid and then
3-hour ultrasonic with ethanol, then dry in air

Ethanol: nation:
water=3:1:9 v/v/y,

20 mg Catalyst Store

air-dryin k
1-hour ultrasonic ying :

Dripping catalyst
suspension

Fig. 5- 2 Diagram of preparing process for catalytic electrodes.
5.3.2 Characterization method

The diverse characterizations of HAL samples were also needed to check the
influence of ECH on lignin.

Thermogravimetric analysis (TGA) was performed in Netzsch STA 2500 Regules.
TG curve was used to illustrate the weight loss of lignin, and the corresponding
decomposition rate was revealed by the derivative thermogravimetric (DTG) curve.
Around 5 mg of the sample was loaded on a Pt crucible each time. The temperature was
raised from room temperature to 1000 °C with a rate of 5 °C/min, and held for 10 min at
1000 °C for stabilization. The thermal decomposition was conducted at a constant N»
flow rate of 50 mL/min.

Fourier transform infrared spectrometer (FTIR) was used to examine the internal
functional groups of the samples. Bruker ALPHA II was employed for the prepared
sample, 1 wt.% of lignin in 50 mg of KBr for each test. The samples were recorded
between 400 and 4000 cm ™! at a resolution of 4 cm™! in the absorbance mode.

The weight ratio of elements such as carbon, hydrogen, nitrogen, and sulfur

contained in organic compounds was quantified by elemental analysis (24001 CHNS/O
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type manufactured by Perkin Elmer Co., Ltd). The analysis process was conducted by
the column separation method (frontal chromatography) and tested by a TCD. Around 2
mg of the sample was detected each time with helium as the carrier gas.

GC-MS (Gas Chromatography-Mass Spectrometry) was used to analyze the compounds in
oil-phase after ECH. A capillary column (TC-5, inner diameter: 0.25 mm) was employed in the
SHIMADZU GC2030, and the samples were identified using a mass spectrometer detector with
a flame ionization detector. The oven temperature was kept at 40 °C for 4 min and raised to 300 °C
with 10 °C/min of heating rate and keep at 300 °C for 10 min. The injector temperature is
220 °C. And injection volume is 2 PL with a 19:1 split ratio. The compounds were determined
by comparison with the National Institute of Standards and Technology Chemistry WebBook
(NIST 2017).

More information on side-chain linkages and the C9 units of lignin samples was
determined by 2D NMR HSQC (heteronuclear single quantum coherence) spectroscopy
(JNM-ECZ400 (JEOL)). The methodology was followed by the literature[23]. Sample
tubes (OD: 5 mm) were running for the sample (90 mg of lignin samples dissolved in
0.5 mL of DMSO-d6 solvent). 0.01 M of Chromium (III) acetylacetonate was added as a
relaxation reagent to the sample solution. For the 'H dimension, the number of collected
complex points was 1024, and the recycle delay was 1.5 s. For the '3C dimension, the
number of transients was 64, and 256-time increments were recorded. The number of
the scan was 8. The DMSO-d6 solvent was used as an internal chemical shift reference
point (6C/dH 39.5/2.49). The assignments of 2D HSQC spectra were referred literature
[23,24], shown in Table 5-2.

Table 5- 2 Assignment of main signals in HSQC spectra of the lignin samples.

Label 0c/on Assignment

-OCH;  55.9/3.73 C—H in methoxyls
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Ay 59.6—59.8/3.41-3.65

C, 62.7/3.69
B, 71.4/3.81,4.18
G2 111.1/6.97
G, 111.4/7.51
Gs 114.9/6.77
G 119.3/6.79
Ge 123.2/7.61
Hss 113.2/6.69
Hae 128.4/7.19
Jp 126.1/6.76

PCAss  115.5/6.77

Cy—H, in B-O-4"  substructures (A)

C,—H, in phenylcoumaran substructures (C)
C,—Hj, in resinol substructures (B)

C>—Hb in guaiacyl units (G)

C>—Ha in oxidized (Cy=0) guaiacyl units(G’)
C>—Hb in guaiacyl units (G)

Cs—Hs in guaiacyl units (G)

Cs—Hs in oxidized (C,=0) guaiacyl units (G”)
C3,5—Hs5 in p-hydroxyphenyl units (H)
C26—Haz1n p-hydroxyphenyl units (H)
Cp—Hp in cinnamaldehyde end groups (J)

Cs—Hsz and Cs—Hs in p-coumarate (PCA)

5.4 Results and discussion

5.4.1 Optimized conditions investigation

Electrochemical hydrogenation (ECH) in this work was conducted with a
three-electrode configuration in 1.0 M NaOH electrolyte. Alkaline water can dissolve
lignin to form a homogeneous solution and provide a good conductivity for the
electrochemical reaction. Before that, cyclic voltammetry (CV) was used to study the
redox property of the reaction processes. CV curves investigated different scan rates
(20-60 mV/s) in Fig. 5-3(a). The oxidation and reduction peaks show in the range of
0.25 to 0.55 V and -0.25 to -0.4 V, respectively. From the results, we can see that the
reduction peaks intensity increased proportionally with the increase of the scan rate, that

related to the process is irreversible. Thus, 50 mV/s of scan rate generally chosen in the

literature was selected to perform further experiments.
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The effect of lignin concentration on the redox property of the reaction system is
reported in Fig. 5-3(b). Comparing the reaction system without AL, the lignin loading
shows a more intensive redox reaction. The lignin concentration affected the oxidation
process, while the lignin concentration did not change the reduction peaks. Accordingly,
the higher lignin concentration leads to more lignin molecules absorbed on the surface

of Pt mesh. The excessive concentration of lignin would harm the electrochemical

reaction[25].
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Fig. 5- 3 The CV curve of the reaction system. (a) The CV curve of the reaction system
(WE: Pt mesh; CE: Pt wire; RE: Hg/HgO) with different scan rates (20-60 mV/s); (b)
The CV curve with different lignin proportion, testing conditions: 1cell, Pt mesh as WE,

electrolyte: 1 M NaOH, room temperature.

The undivided cell (1cell) and the divided cell (H-cell) were studied as Fig. 5-4(a).
In CV curves, oxidation peaks show outstanding signals under H-cell that separate
anode and cathode reactions by proton exchange membrane. H-cell avoids co-existing
and interacting with each other in the undivided cell. The reaction temperature was

investigated in the range from 25 °C to 60 °C (Fig. 5-4(b)). The temperature shows a
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relatively noticeable effect on the oxidation reaction, while no significant changes show
for the hydrogenation reaction. This is consistent with the literature, where high
temperatures promote oxidation reactions and thus increase the depolymerization rate of
lignin generally[26,27]. However, in this work, only the electrochemical hydrogenation
reaction of lignin was considered. It seems that temperature has less influence on the
reduction reaction, so there were no significant changes in the yield of the products

under the same electrochemical reaction conditions.
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Fig. 5- 4 The CV curves of the electrochemical reaction system in lcell and H-cell (a)
and under different temperatures (b). (a) Conditions: 10 g/L lignin conc., Pt mesh as WE,
electrolyte: 1 M NaOH, 50 mV/s, room temperature. (b) The CV curve of the
electrochemical reaction system under different temperatures. Conditions: 10 g/L lignin

conc., Pt mesh as WE, electrolyte: 1 M NaOH, 50 mV/s, H-cell.

One factor that affects the large improvement of hydrogenation efficiency is
electrode materials. In general, commercially available carbon paper (CP) and nickel
foam (NF) are widely used in electrochemical application. which were directly utilized

as a substrate to support catalysts loading. Rh/C, Ru/C, and Raney Ni as common
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hydrogenation catalysts were loaded on CP and NF here. The CV curve of various
electrode substrates is slightly different. Commercial Pt mesh compared with carbon
paper loaded with the catalysts are displayed in Fig. 5-5(a) and (b). The Pt mesh
electrode showed a reduction peak at -0.25 V, while carbon paper was not found redox
peaks during the CV test. According to the Pt electrode is one of the most active
materials for the reduction reaction. However, the advantage of Pt is the cost effect issue.
Thus, NF substrate was used to support different catalysts as shown in Fig. 5-5(c). By
comparison, the loaded catalysts (Raney Ni, Ru/C, and Rh/C) had more effect on both
reduction and oxidation than bare nickel foam. Especially, Raney Ni-NF outstands
superior activity on reduction due to the unique properties of Ni foam, such as large
surface area, mass transport, and high resistance under strong alkaline solutions[28].
Furthermore, Raney nickel as an electrode has also shown good performance on
electrocatalytic hydrogenation on lignin phenolic models[29]. Fig. 5-5(d) also compared
the systems with and without lignin by using the Ru/C-NF electrode. The presence of
lignin can promote the redox reaction, and the higher the lignin concentration, the more

intense the reaction is, as seen in the CV plots.
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Fig. 5- 5 Checking the performance of the reaction systems with various WE through

the CV curve. Conditions: 10 g/L lignin conc., 50 mV/s, room temperature, RE:
Hg/HgO, CE: Pt wire. (a) WE: Pt mesh, and Raney Ni-CP; (b) WE: Rh/C and Ru/C on
CP. (¢) WE: Raney Ni, Ru/C, and Rh/C on NF; (d) WE: Ru/C-NF.

Table 5-3 shows the details of reaction conditions and the product distribution of
ECH. The effect of input current or potential on the yield of HAL has been described
below. It can be seen that the yield of HAL increased with the current to 87.01 wt.% at
220 mA, while the oil-phase product has the opposite trend. When the experiments were
performed using a constant voltage (Entry 6), the lignin conversion was significantly
increased. Thus, the constant potential was used to demonstrate in this research. And the
specific input voltage was determined by the potential corresponding to the reduction
peak in the relative CV curve. However, the limitations of the undivided cell led to the
fact that the electrochemical reaction does not occur exclusively as a reduction reaction
on the lignin. Thus, the cell type is one of the crucial points to avoiding this problem.
H-cell (Entry 7) separated the oxidation and reduction reactions by proton exchange
membrane to avoid the effect of oxidative depolymerization on lignin, so that more

HAL was recovered after ECH. Furthermore, the HAL samples were recovered after a
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long-duration reaction via an H-cell reactor. In terms of product distribution of ECH, a
longer reaction time resulted in a higher lignin conversion rate and more oil phase.
While increasing the reaction temperature to 60 °C slightly increased the oil-phase
products. Actually, the temperature has been wildly investigated in other
electrochemical research, which both showed the temperature has a positive effect on

the oxidation reaction and conversion rate[29,30].

Table 5- 3 The details of electrochemical hydrogenation conditions and product yield.

Const Product
ant yield
Rea
curre Temp Ti Con (wt.%)
En Lignin Electrol WE/C ctor
nt eratu me V.
try /Conc. yte E/RE type
(mA)/ re (h) rate HA
s Oil
potent L
ial (V)
Pt/ Pt/
AL/ 10 1M 28.9
1 HgHg 44  lcell RT 2 2571 7429
g/L NaOH 3
0)
Pt/ Pt/
AL/ 10 1M 22.1
2 HglHg 88 Icell RT 2 21.55 7845
g/L NaOH 2
0)
Pt/ Pt/
AL/ 10 1M 22.0
3 HgHg 132 lcell RT 2 1548 84.52
g/L NaOH 5
0)
AL/ 10 1M Pt/ Pt/ 23.1
4 176 Icell RT 2 13.16 86.84
g/L NaOH HglHg 6
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AL/ 10
5
g/L
AL/ 10
6
g/L
AL/ 10
7
g/L
AL/ 10
8
g/L
AL/ 10
9
g/L

1M

NaOH

1M

NaOH

IM

NaOH

1M

NaOH

IM

NaOH

o)
Pt/ Pt/
Hg|Hg

o)
Pt/ Pt/
Hg|Hg

o)
Pt/ Pt/
Hg|Hg

o)
Pt/ Pt/
Hg[Hg

o)
Pt/ Pt/
Hg|Hg

0)

220 1cell
-0.25 1cell
H-cel
-0.25
|
H-cel
-0.25
|
H-cel
-0.3

RT

RT

RT

RT

60 °C

16

12.99

33.31

18.05

28.85

17.80

87.01

66.69

81.95

71.15

82.20

8.57

12.3

5.69

12.1

7.75

Note: 1cell: undivided cell; H-cell: divided cell; RT: room temperature.

5.4.2 The products distribution of Electrochemical hydrogenation and fast pyrolysis

Electrochemical hydrogenation (ECH) in this work was conducted with a

three-electrode configuration in 1.0 M NaOH electrolyte. Alkaline water can dissolve

lignin to form a homogeneous solution and provide a good conductivity for the

electrochemical reaction. Product distribution from ECH with different lignin

concentrations is shown in Fig. 5-6(a). Less HAL can be recovered as the solid product

when increasing AL loaded. It confirms the previous phenomenon that the higher lignin

concentration promotes the adsorption of lignin on the electrode for a specific time,
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fostering conversion rate (especially oxidation). Thus, it can be explained that a higher
lignin concentration allows partial depolymerization accompanied by the hydrogenation
reaction to occur on the lignin macromolecules. Less HAL can be obtained, and higher
oligomers (water phase) and low oil phase yield were found in the 1cell. However, the
lignin oligomers in the water phase after ECH were not detected in this work, which is a
challenge in future research. From Fig. 5-6(b), the light olefins yield (such as ethylene,
propylene, and butylene) from HAL samples both have various degrees of increase with
the increase of lignin concentration. As for aromatic products, benzene and xylene yield
had decreased first and then increased when increased lignin concentrations, reaching a
maximum at a lignin concentration of 10 g/L. Toluene maintained an upward trend
during the rise in lignin concentration. The reason is that the production of benzene
depends mainly on the thermal decomposition and recombination of HAL samples,
which depend not only on the effect of ECH but also on the fast pyrolysis process.

Toluene yield is mainly due to the degree of hydrogenolysis of HAL.
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Fig. 5- 6 The product distribution from ECH (a) with different lignin concentrations and
the products of fast pyrolysis (b). (a) The product yield of ECH results with different

lignin concentrations. Conditions: 20 mA/cm?, 2 hours, and room temperature. (b) Fast
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pyrolysis of HAL samples treated with various lignin concentrations. Pyrolysis

conditions: 850 °C, residence time: 0.45 s, atmosphere: H».

The effect of input power was verified by introducing various currents and
potentials to the reaction system in Fig. 5-10. Since the contact area of WE is uniformly
4.4 cm?, 44-220 mA current represents 10-50 mA/cm? current density, respectively.
From Fig. 5-7(a), it can be seen that the higher the current input is, the higher the yield
of HAL is obtained after electrochemical hydrogenation. On the one hand, it may be
attributed to the high current promoting the intense reaction in water, which might
replace the hydrogenation of AL as the main reaction in the reaction system. On the
other hand, the excessive current might be over the range of the redox reaction that
happened, which caused more unreacted lignin to remain. So, the experiments also were
carried out with a constant potential by applying the voltage corresponding to the
reduction peak characteristic in the CV curves (Fig. 5-5(a)), which followed the
methodology of Yan, et al.[31]. It can be seen that less than 70 wt.% (64.08 wt.%) of the
solid was recovered as HAL after 2 hours of reaction under a constant potential of 0.25
V. It implies more reactions happened on the lignin.

The main pyrolysis products of HAL samples are shown and compared in Figure
5-7(b). It can be seen that when the current input was higher during ECH, the lower the
pyrolysis capacity of HAL was, and fewer olefins and aromatics could be produced.
This also confirms that the electrochemical reaction of water was promoted more at the
high current range. Here, the highest yields of ethylene, benzene, and toluene were
obtained, accounting for 1.93 wt.%, 2.14 wt.%, and 0.4 wt.%, respectively, when a
constant potential of 0.25 V was input. Thus, applying the suitable potential for the

system is more selective and efficient for the hydrogenation of lignin.
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Fig. 5- 7 The products yield from ECH (a) with different input power and the products
of fast pyrolysis (b). (a) The yield of HAL samples after pretreating with ECH under
different input current/potential. Conditions: lcell, room temperature, WE: Pt mesh, 2
hours. (b) Pyrolyzed products from HAL samples treated with different input

current/potential.

The undivided cell (1cell) and the divided cell (H-cell) were studied as Fig. 5-8. In
CV curves (Fig. 5-4 (a)), oxidation peaks show outstanding signals under H-cell that
separate anode and cathode reactions by proton exchange membrane. H-cell avoids
co-existing and interacting with each other in the undivided cell. As a result, the ECH
under H-cell provided high HAL at 81.95 wt.%. The main products from fast pyrolysis
of lignin samples are shown in Fig. 5-8. Concerning the product yield of HAL samples,
more pyrolyzed products can be produced after ECH. The reaction conducted in H-cell
slightly promoted olefins yield (2.05 wt.%) and xylenes from HAL samples while
benzene and toluene yield became slightly lower. Lower char yield (41.55 wt.%) can be
obtained after pretreating with H-cell simultaneously. It might be attributed to the H-cell
reactor can increase the reaction efficiency with no interfering reactions[32].

Furthermore, separating the oxidation reaction from lignin molecules caused the
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hydrogenated lignin could be recovered more in H-cell. In brief, HAL from treating in
H-cell had better pyrolytic activity and more volatile fraction released than HAL in Icell.

Hence, the subsequent reactions were carried out using H-cell.
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Fig. 5- 8 The pyrolysis distribution of raw lignin (AL) and hydrogenated lignin samples
from the undivided cell (HAL-1cell) and divided cell (HAL-Hcell). Conditions: 10 g/L
of lignin conc., 2 hours, Pt mesh as WE, electrolyte: 1 M NaOH, room temperature,

input: -0.25 V. Pyrolysis conditions: 850 °C, residence time: 0.45 s, atmosphere: Ho.

Table 5-4 lists the distribution of the products for fast pyrolysis of lignin samples.
Fast pyrolysis experiments were conducted under the same conditions. The effects of
reactor type, reaction time, and temperature on the pyrolysis products were compared
here. Electrochemical hydrogenation produces more organic volatile fractions and less
char yield than AL. Compared to the two different reactor types, the yield of olefins
from HAL-1cell was lower than that of HAL-Hcell, which was probably due to the
oxidation reaction. HAL-Icell has a lower molecular weight and can produce more
methane as well as aromatics through thermal cracking.

According to the product from fast pyrolysis, HAL pretreated with a long-time

reaction produced fewer olefins but more aromatic products (especially benzene,
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styrene, indene, phenol, and naphthalene). Jia et al. reported the effect of reaction time
on cumulative yield[33]. They found the cumulative yield of hydrogenation products
was proportional to the increase of time. However, the ratio became gradually small and
then stable after 4-5 hours. Thus, this study found that extending the electrochemical
hydrogenation time allows the hydrogenated lignin to produce more aromatic
compounds. For the effect of temperature, comparing HAL-Hcell (RT) and HAL-60
(60 °C), it can be found that increasing the reaction temperature leads to a decrease in
olefin yield without much change in total aromatic hydrocarbon yield, and an increase
in char yield. Some statements show that although increasing the temperature
accelerates the lignin molecular movement, it also has a negative impact on the
electrochemical hydrogenation reaction[19]. One reason is that the temperature is not
high enough to be able to influence the hydrogenation reaction, and another reason is
that the temperature also promotes the intermolecular repolymerization along with the

depolymerization reaction.

Table 5- 4 The products yield from fast pyrolysis of AL and HAL samples.

No Pyrolyzed Retentio Lignin samples
products n time HAL-l1cel HAL-Hcel HAL-1 HAL-6
(Wt.%) (min) AL I I 6 0
GC2014-TCD (Gaskuropack 54 column)
1 CcoO 0.84 4.50 5.69 4.90 5.22 4.83
11.0
2 COz 1.88 0 6.90 6.40 7.55 6.62
26.1
3 H>O 9.42 0 17.19 16.08 20.49 17.42
GC2014-FID (Gaskuropack 54 column)
4 CH4 1.11 5.18 8.42 7.60 7.75 6.92
5 C2H4 (C2H2) 3.48 0.71 1.93 1.97 1.65 1.43
6 C2He 4.87 0.50 0.77 0.85 0.75 0.71
7 CsHs 17.06 0.04 0.07 0.08 0.05 0.05
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0.00

8 CsHs 18.24 ) 0.02 0.02 0.002  0.006
9 CH;OH 2124 029  0.18 0.16 ; 0.08
10  CH;CHO 2681 002 0.5 0.05 0.027  0.031
11 CaHio 275 O'fo 0.002 0.002 0.002  0.001
0.00
12 CsHs 27.86 | 0.001 0.001 0.003  0.001
0.00
13 TIso-C4Hio 2925 ) 0.003 0.005 0.001  0.002
0.00
14 C,HsOH 29.96 1 0.003 0.005 ; 0.002
15  Iso-C3H;OH 3223 002  0.006 0.008 0.006  0.004
1 Cyclopentadien o0 0e 016 0.12 0.080  0.12
c
17 CH;COOH 3444 0.1  0.06 0.04 006  0.07
18 CeHs 4065 088  2.14 1.85 2.17 1.73
19 C7Hs 4736 012  0.40 0.35 027 030
20 Furfural 51.45 0'f7 0.072 0.05 0.077 ]
21 m= 0%, 57-62 001 0.10 0.27 0.35 0.65
p-Xylene
GC2010-FID (TC-1701 capillary column)
0.00
22 Styrene 17.18 0.034 0.034 0.076  0.022
0.05
23 Indene 2561 . 0.249 0.234 0307  0.182
0.05
24 Phenol 29.49 ) 0.249 0.077 0388  0.132
0.09
25  Naphthalene  32.36 5 0.506 0.278 0518  0.281
26 rmetyl 36459 90 0039 0.007 0041  0.010
naphthalene 2
27 Acenap:thylen 42.82 Ofo 0.007 0.001 0.008  0.002
28 Fluorene 46.78 0'?0 - 0.001 0.002 -
0.00
29 Phenanthrene 53.317 - 0.001 0.001 0.001

1
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0.00

30 Anthracene 53.611 3 - 0.001 - -

0.00

31 Floranthene 61.237 ) 0.001 0.001 0.002 0.001
0.00

32 Pyrene 62.563 ) 0.001 - 0.001 0.001
. 0.75

33 Total olefins yield ) 2.001 2.051 1.703 1.481
. 1.22

34 Total aromatics yield 9 3.626 2.835 3.784 2.899

35 Char 451'2 43.85 41.55 40.17 44.53

Undetected product (diff.) 6.04 12.53 18.75 13.55 15.37

Note: HAL-1cell: hydrogenated lignin treated in the undivided cell, HAL-Hcell:
hydrogenated lignin treated in the divided cell, HAL-16: hydrogenated lignin treated
with 16 hours (H-cell, RT), HAL-60: hydrogenated lignin treated under 60 °C (H-cell, 2

hours). Pyrolysis conditions: 850 °C, residence time: 0.45 s, atmosphere: Ho.

Figures 5-9(a) and (b) below show the comparison of the results obtained from the
experiments (ECH and fast pyrolysis) conducted under the conditions of using Pt and
CP as the electrode substrate. And (c) and (d) are the results of the experiments (ECH
and fast pyrolysis) conducted with NF as the electrode substrate. After ECH, the HAL
samples’ yield was between 64-80 wt.%, and the oil yield was 13-38 wt.%. The lowest
hydrogenated lignin (64.08 wt.%) yield was obtained when Raney Ni-NF was used as
WE, and the highest hydrogenated lignin yield (80.10 wt.%) was obtained when
Ru/C-CP was used as WE. The yield of HAL after ECH has a similar value when used
Ru/C-CP, Ru/C-NF, NF, and Pt as the electrode. The main pyrolyzed products from
HAL samples were tested and listed in (b) and (d). In terms of olefin yields, Pt, Ru/C-CP,
Rh/C-NF, and NF used as electrodes have similar ethylene yields (1.6-1.7 wt.%), while
propylene and butene yields were quite low. However, the propylene production from

HAL samples under NF as electrode substrate generated a higher yield than that of CP
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as the electrode substrate. The hydrogenated lignin treated with Raney Ni-NF can obtain
the highest olefins yield 2.22 wt.%. And benzene, toluene, and xylenes yield from HAL
treated with Raney Ni-NF were also higher than other catalysts. The reason might be
that Ni foam has a higher conductivity than carbon paper, and a more pronounced

reduction peak was found in the CV curves (Fig. 5-5(b) and (c)).
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Fig. 5- 9 The product distribution after ECH and fast pyrolysis reactions. (a) The
product yield after the electrochemical hydrogenation process, conditions: 10 g/L lignin
conc., 2 hours, constant current: 88 mA, 1 M NaOH. (c) The product yield after ECH,

conditions: 10 g/L lignin conc., 2 hours, constant potential: 0.3 V, 1 M NaOH. (b) & (d)
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The products from fast pyrolysis, conditions: 850 °C, residence time: 0.45 s, Ho.

All the volatile compounds from fast pyrolysis were tested and quantified. The gas
chromatography is shown with the same scale in Fig. 5-10. Twice pyrolysis experiments
were performed with the same conditions but conducted on two GC apparatus with
different columns. Raw lignin (AL) and hydrogenated lignin (HAL) were used to
compare. HAL here was selected after being treated with the best conditions found (Cell
type: H-cell; Working electrode: Raney Ni-NF; Input: constant voltage, 0.3 V; Reaction
time: 2 hours; Temperature: room temperature). It is clear from the graph below that
carbon dioxide and vapour have slightly decreased, while other hydrocarbons and
aromatic compounds have significantly increased after the electrochemical
hydrogenation reaction. However, in the GC2010-FID of HAL, the product peaks after a
retention time greater than 40 min were barely detectable, which proves that no 3-ring
and 4-ring aromatic clusters appeared in the pyrolysis after the electrochemical

hydrogenation reaction.
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Fig. 5- 10 Comparison of the GC diagrams of the pyrolysis products from AL and HAL

(Conditions: Raney Ni-NF, 0.3 V, 2 hours, H-cell).

Simultaneously, the pyrolyzed products were classified and compared in Fig. 5-11.
It can be seen that after ECH, HAL produces less char, inorganic gas (CO, CO», H>0O),
and light oxygenates carbon (including methanol, acetaldehyde, ethanol, and so on) in
fast pyrolysis. In contrast, the yields of major hydrocarbons (alkanes and alkenes), as
well as aromatic compounds, increased significantly. The yield of olefins (including
ethylene, propylene, and butylene) and aromatics (including benzene, toluene, xylenes,
and other aromatics listed in Table 1) from HAL is more than three times that of AL. For
AL, only 0.75 wt.% of olefins and 1.23 wt.% of aromatics were produced, while for
HAL, 2.22 wt.% (olefins) and 4.07 wt.% (aromatics) were obtained from HAL. This
implies that lignin treated with electrochemical hydrogenation has a more significant
potential to become an alternative to fossil energy and to achieve efficient use of

renewable energy.
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Fig. 5- 11 Comparison of product distribution for fast pyrolysis of AL and HAL (ECH

conditions: Raney Ni-NF, 0.3 V, 2 hours, H-cell).
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5.4.3 Characterization of hydrogenated products

Elemental analysis is used to probe the internal elemental structure of the lignin
macromolecules. Compared to AL in Table 5-5, the HAL samples showed varying
decreasing trends in the content of both sulfur and nitrogen compounds. This is due to
the chain breakage of some branched functional groups of lignin during the
electrochemical reaction. As for the carbon and hydrogen contents, HAL samples
treated with Ni foam and Raney Ni-NF electrode showed an increasing trend, while the
hydrogen content of HAL samples treated with Pt and Raney Ni-CP electrode had an
opposite trend. The carbon content of HAL treated with Raney Ni-CP even decreased,
which means the electrochemical reaction with the Raney Ni-CP electrode is not proper
for the occurrence of hydrogenation. Because the conductivity of CP substrate is lower
than that of Ni foam. Consequently, the Raney Ni-CP electrode does not show an
obvious redox peak for the reaction (Figure 5-5(a)). Another one is that constant current
seems to promote only the redox reaction of water, so the elemental analysis results
obtained are opposite to the others.

Compared to bare Ni foam, the loading of Raney Ni on NF substrate resulted in a
higher H/Cetr ratio and higher unsaturation. This is due to the excellent catalytic
capability of Raney Ni, which promotes the depolymerization reaction of lignin,
especially the cleavage of internal ether bonds. So, the oxygen, sulfur, and nitrogen
content decreased, and the carbon and hydrogen content increased to 62.40 and 4.94
maximum. And the H/Ce ratio increased from 0.006 (AL) to 0.23 (HAL under Raney
Ni-NF), which was mainly due to the increase in hydrogen content and the decrease in
oxygen content after ECH. The increased H/Cetr ratio demonstrates the increased ability

of the feedstock to produce olefins and aromatics[34]. On the other hand, the breakage
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of lignin functional groups in ECH makes the unsaturation of HAL decrease, which
tends to be similar to that of benzene (Q=4). This indicates that the aromatic ring
hydrogenation did not occur, but some of the oxygen-containing functional groups were

broken by electrochemical reduction.

Table 5- 5 The elemental composition of AL and HAL samples was pretreated with the

presence of different electrodes.

Sample Elemental composition® H/Cest o
Electrode C H 0 S N ratio®

AL - 54.67 4.76 37.86 2.43 0.30 0.006 3.19

HAL® Pt 57.64  4.69 3499 2.42 0.26 0.066 3.59
Raney Ni-CP  50.39  4.01 43.47 1.88 0.24 -0.34 3.31
Ni foam 58.38  4.89 34.08 2.40 0.25 0.13 3.55
Raney Ni-NF  62.40  4.94 30.01 2.38 0.27 0.23 3.87

% Onadry basis

».  The HAL samples were prepared at room temperature for 2 hours, with 1 M

" NaOH as electrolyte.

Hydrogen to carbon atomic effective ratio, H/Cetr ratio=(H-20)/C, where C =
number of carbons, H = number of hydrogens, O = number of oxygens.

4. Degree of unsaturation Q=(C+1) + N/2-H/2, where C = number of carbons, H =
" number of hydrogens, N = number of nitrogens.

The HAL samples treated with different electrodes with and without catalysts were
tested by FTIR (Fig. 5-12). The recorded spectra of lignin samples were analyzed based
on assignments in the literature[35]. After the electrochemical reaction, C=0 groups
showed in hydrogenated lignin samples, which were attributed to the cleavage of
internal ether bonds. On the other hand, after the treatment with Raney Ni-NF and Pt,
the intensity of carbonyl/carboxyl groups became lower due to hydrogenation further
occurring. So that, C-O deformation in secondary alcohols, C-O in aryl-alkyl and O-H
groups stretching both increased after the ECH pretreatment. Moreover, -CH3 alkane

and —CH» methylene groups of HAL samples treated with Raney Ni-NF and Pt also
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slightly increased. And the peaks of aromatic groups that became more intensive might
attribute to the partial decomposition of side groups during the electrochemical reaction.
And in all the HAL samples, HAL treated with Raney Ni-NF has a higher intensity of
functional groups mentioned above, next is Pt. However, due to complex bonds and

various vibration modes, the spectral below 1400 cm™! was hard to analyze exactly.

C-Opyrany  Aromatic rings Raney Ni-Ni foam
C'Omlc 1 - Hs O-H — M
——Ni foam

Raney Ni-CP
—AL

500 1000 1500 2000 2500 3000 3500 4000

Wave number (cm™)

Fig. 5- 12 FT-IR spectroscopy of AL and HAL samples with various electrodes.

HSQC NMR was used to provide more detailed information about lignin structure
before and after ECH, which has allowed for the resolution of overlapping resonances
observed in either the 'H or 3C NMR spectra[36]. The side-chain and aromatics regions
in HSQC spectra can be identified in the range of dC/6H 50-90/2.5-6.0 and d6C/6H
100-135/5.5-8.5, respectively[23]. The HSQC spectra of AL and HAL are shown in Fig.

5-13, and the assignments of the main cross signals detected are listed in Table 5-2.

As shown in Fig. 5-13, the C-H in methoxyl has a major signal in the side-chain
regions. The Cy-Hy correlations in -O-4" substructures (A), resinol substructures (B),
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and phenylcoumaran substructures (C) were shown at 6C/0H 59.5-59.7/3.4-3.63,
71.0/3.82, 4.18, and 62.5/3.73, respectively. These signals proved that the alkaline lignin
was partially acylated at y-position carbon in B-O-4' linkages[37]. However, the signals
for Co-He, and Cp-Hp were not found in the side-chain regions. G-type lignin units
(guaiacyl units) showed a prominent signal in the alkaline lignin, and the correlations
for C»-H», Cs-Hs, and Ce-Hs at 6C/6H 110.9/6.98, 114.9/6.77, and 119.0/6.8 were found
in the aromatic regions. Moreover, C>-Hz and Cs-Hs in oxidized G’ units were
observed at dC/6H 111.4/7.51 and 118.9/6.07, respectively. C3—H; and Cs—Hs in
p-coumarate (PCA) were also clearly detected. And minor correlations from Cs3s5-H3 s
and Cy6-Hzs in p-hydroxyphenyl units (H) were observed in the spectra. After
pretreating with the electrochemical hydrogenation process, the spectra of HAL have no
obvious differences from that of AL. Only Cs-Hg in oxidized G’ units were observed to
disappear after ECH due to the occurrence of the reduction reaction. And the signals of
G2’ also show weak after ECH. No apparent changes were found in the side-chain
regions of the HSQC spectra. Because the electrochemical hydrogenation reaction
occurs under very mild conditions, even the methoxyl groups, which are prone to bond
breakage, are well preserved. In fact, due to the properties of alkaline lignin, it does not
dissolve well in the DMSO-d6 solution, so the 2D NMR spectra obtained do not show
all the lignin structures. Therefore, the quantification of the lignin structure is quite

difficult.
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Fig. 5- 13 The 'H-'3C HSQC NMR spectra (§C/5H 105-136/5.7-8.0 ppm, 51-75/2.0-5.0
ppm, 31-55/2.0-3.2 ppm) for alkaline lignin and hydrogenated lignin. HAL was
pretreated with Raney Ni-NF in H-cell for 2 hours. The primary substructures
(involving different side-chain linkages and aromatic units) identified are listed in the

right column.

TG analysis was used to test the thermal decomposition regularity of lignin samples
within 1000 °C. From the TG diagram (Fig. 5-14(a)), it can be seen that the lignin
samples have a maximum weight loss slope between 200-500 °C, which is the main
temperature range for releasing volatile fractions. The DTG curve can clearly show the
reaction rate at each temperature point. Compared with AL (red line in Fig. 5-14(b)), the
DTG peaks of HAL samples all shifted to a higher temperature, around 350 °C.

Furthermore, HAL samples treated with NF and Raney Ni-NF have a more intensive
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mass reduction rate at a higher temperature range. This suggests that the
electrochemical hydrogenation reaction results in a better thermal reactivity of
hydrogenated lignin. In the temperature range from 800 °C to 1000 °C, there are some
fluctuations in HAL samples that might be due to the instability of instrument

measurements at high temperatures.
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Fig. 5- 14 Thermogravimetric analysis (TGA) for AL and HAL samples treated with

different catalysts.

The main compounds in the oil-phase compounds after ECH of lignin were
determined by GC-MS. The chromatogram of the different oil products with various
electrodes is shown in Fig. 5-15. According to Table 5-6, the main compounds in the oil
phase after electrochemical hydrogenation was phenolic aldehydes, like vanillin, and
4-hydroxy-benzaldehyde, which is also consistent with the results from Chen's
work[38][39]. And other phenolic compounds, like 2-methoxy-phenol,
4-hydroxy-3-methoxy-benzenepropanol, 3-Allyl-6-methoxyphenol, and etc., were found
in the bio-oil phase due to the occurrence of partial degradation and subsequent

hydrogenation on lignin polymers[40]. Moreover, trace amounts of phenolic acids, such

144



as apocynin, vanillic acid, and homovanillic acid, were also discovered in the oil phase
as high hydroxide concentration from 1 M NaOH electrolyte and the electrolysis of
water. It is a fact that the reduction reaction of the water in the cathodic electrolyte
occurs simultaneously with the electrochemical hydrogenation of lignin, forming H
radicals and OH" ions in base media[41]. Thus, both Hand OH™ reacted with the lignin
intermediates chemisorbed on the surface of the cathode, providing the hydrogen and
hydroxyl groups along with lignin molecules. This is also the reason that the oxygen
content of the hydrogenated lignin after ECH was reduced but not as low as that of the
hydrogenated lignin after thermal catalytic hydrogenation (TCH)[15]. Moreover, H
radicals chemisorbed on the electrode surface would suffer from desorption and form H»
(by Tafel reaction) as a by-product with the negative overpotential, which would
significantly affect the hydrogenation reaction of lignin. In truth, the acidic electrolyte is
preferable for ECH applications due to the requirement of high proton concentration as
the donor of hydrogen radicals[42]. But the most types of lignins can only dissolve in
alkaline solutions or some organic solutions. Therefore, it is more important how to
choose the electrolyte and how to provide a hydrogen source effectively in the study of
lignin electrochemical hydrogenation.

According to the distribution of the main products in the oil phase, it can be seen
that when Pt and bare Ni foam are used as working electrodes, the major product is
vanillin, followed by small amounts of apocynin and vanillic acid. When Raney Ni was
loaded on the electrode as a catalyst, the product distribution changed; Raney Ni-CP
promoted more vanillic acid production, while the presence of Raney Ni-NF led to an
increase in the proportion of apocynin. However, the saturated cyclic hydrocarbons
were not found in the present oil-phase products, which proves that the hydrogenation
reaction still has not occurred efficiently on the aromatic structure of lignin; instead
mainly occurred on the free radicals after the internal bonds cleavage of lignin. This part

of the oil-phase products, especially vanillin, can be used as a flavouring, or chemical
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intermediate in producing pharmaceuticals, cosmetics, and other fine chemicals[43],

when isolated and purified properly from the oil mixture[39]. Otherwise, this oil-phase

product can be used as bio-oil energy, which is the purpose of the most lignin

degradation research.
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Fig. 5- 15 The GC-MS chromatogram of oil-phase compounds with different electrodes:

Pt, Raney Ni-CP, Ni foam, Raney Ni-NF.

Table 5- 6 The main compounds in the oil-phase compounds after electrochemical

hydrogenation pretreatment with different electrodes were detected by GC-MS.

Compounds (area-%o)

Chemica

| formula

Retentio
Pt
n time

Rane Rane
Ni
y Ni- y
foam
CP Ni-NF
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Propanoic acid, 2-hydroxy-, ethyl
ester
3-Pentanol
2-Hydroxy-gamma-butyrolactone
Diethyl carbitol
2-Furancarboxylic acid
Phenol, 2-methoxy-
Benzoic acid
Ethane, 1,1'-oxybis, 2-methoxy-
2-Isobutoxyethyl acetate

Benzaldehyde, 4-hydroxy-

Vanillin

Acetophenone, 4'-hydroxy-

Tetraglyme

Apocynin

Phenol,
2-methoxy-4-(methoxymethyl)-
Vanillic acid
1-Propanone,
1-(4-hydroxy-3-methoxyphenyl)-
Homovanillic acid
Benzenepropanol,
4-hydroxy-3-methoxy-

Benzaldehyde,

CsHi003

CsH.0
C4HsO3
CsHi503
CsH405
C7HzO,
C7HeO
CsH 1403
CsHi603

C7HsOs

CsHsOs

CsHzO:

Ci0H220s

CoH 1003

CoH 1203

CsHsOq4

CioH1203

CoH 1004

CioH1403

CoH 1004
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11.94

13.71

14.28

15.53

15.58

1591

17.11

17.94

19.76

20.16

20.72

21.20

21.64

21.80

22.38

22.74

22.93

23.63

23.71

23.86

4.16

0.14

0.29

1.12

1.47

0.92

0.35

0.17

0.06

0.95

78.9

0.08

0.08

7.03

0.44

1.75

0.35

0.88

0.29

0.2

1.24

0.15

1.72

58.23

0.43

0.31

8.99

0.21

16.08

1.22

1.89

1.63

3.6

0.19

0.91

0.69

2.81

0.34

0.27

1.85

67.2

0.25

13.0

0.29

2.68

0.44

0.61

3.88

0.78

2.29

0.94

0.54

0.13

0.22

0.88

58.37

0.28

23.88

6.48

0.16

2.35

0.27

0.23

1.28

0.35



4-hydroxy-3,5-dimethoxy-
Phenylacetylformic acid,
C10H100s 24.18 0.16 1.02 043 0.15
4-hydroxy-3-methoxy-
Ethanone,
1-(4-hydroxy-3,5-dimethoxyphenyl)  CioH 204 24.66 044 0.67 031 0.12

3-Allyl-6-methoxyphenol CiH,0, 2496 175 035 008 -

After characterizing the solid and oil-phase products, the authors suggested possible
reaction pathways in the cathodic electrolyzer (in Fig. 5-16), which has been scarcely
mentioned in the literature. Importantly, the water reduction and hydrogen evolution
reactions proceed in base solutions for the formation of adsorbed hydrogen radicals and
H> evolution[44], continuously occurring in the cathodic electrolyte, simultaneously
with the ECH of lignin. The dimer compounds illustrated in Fig. 5-16 represent the most
typical lignin structures, including phenylpropane uint, which are linked with common
ether bonds (B-O-4, a-O-4). The R here represents -H or methoxyl group. First, the
lignin polymers were adsorbed on the electrode, and then the electrolysis reaction
occurred on the ether bonds and was cleaved into the lower-weight intermediates. And
the hydrogenation of lignin intermediates happened with absorbed H radicals to form
guaiacol or guaiacyl oligomers and apocynin. The hydroxide in the electrolyte further
reacted with the lignin oligomers or monomers, so that the vanillic acid, vanillin,
4-hydroxy-benzaldehyde, as well as homovanillic acid generated. For solid
hydrogenated lignin, in addition to depolymerization and hydrogenation reactions of
lignin, there is also the addition of the hydroxyl group, which is consistent with the

findings in FTIR.
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Fig. 5- 16 The proposed reaction pathways for the electrochemical cathodic reaction of

lignin.

5.5 Conclusions

In the present study, we investigate the effect of electrochemical hydrogenation on
alkaline lignin structure and the pyrolysis characteristic of hydrogenated lignin. The
various parameters (such as lignin concentrations, reaction time, temperature, input
current/potential, and electrode materials) affect hydrogenated products, which were
examined and rationalized through analyzing product structure. The electrode material
is one of the important factors to affect the redox properties of the electrochemical
reaction, in which an obvious reduction peak (in CV curve) was shown when Ni foam
was used as the WE substrate. And a better reduction effect was obtained when Ni foam

was loaded with common commercial hydrogenation catalysts (Raney Ni, Ru/C, and
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Rh/C). The electrochemical conversion under mild conditions effectively prevented the
depolymerization of lignin and allowed the recovery of more HAL (64-82 wt.%).
According to the characterizations (FTIR, TGA, and elemental analysis), the HAL
samples have shown intensive C=0O functional stretching, relatively higher thermal
reactivity, and higher H/Ces ratio, especially treated with Raney Ni-NF as WE. So,
electrochemical hydrogenation is regarded as an effective pretreatment for lignin to
produce more light olefins. Fast pyrolysis of HAL samples has been performed by
TS-TR coupled with GC-TCD/FID with different columns. The light hydrocarbons and
aromatic compounds released from the lignin samples can be detected, showing a
noticeable increase after ECH. Compared to 0.75 wt.% of olefins yield from AL, the
highest olefins yield of HAL obtained from Raney Ni-NF catalyst for 2 hours reaction
was 2.22 wt.%. Moreover, the aromatics yield also significantly increased from 1.23 wt.%
of AL to 4.07 wt.% of HAL (Raney Ni-NF, 2 hours, RT). For the oil products after ECH,
not only phenolic monomers but the phenolic aldehydes and acids were generated by
lignin electrochemical reaction due to the high hydroxide concentration in the cathodic
cell. Vanillin is the major product after the ECH of lignin, and can also be used for other
fine chemicals or cosmetics in manufacturing production after proper purification.
Milder electrochemical hydrogenation technology can avoid the thermal
depolymerization of lignin at high temperatures. Furthermore, ECH has offered several
advantages in terms of safety, operability, and economics. Thus, the insights gained
from this work will benefit the future technology on electrochemical hydrogenation and

the fast pyrolysis process on lignin.
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Chapter 6 Economic evaluation of the two-stage processes

6.1 Abstract

Appropriately utilizing lignin is a promising direction for improving the
exploitation of biomass sources. In addition to experimental scale demonstration, the
techno-economic of the processes should also be verified at the demonstration
plant-scale. Aspen Plus was used to represent this two-stage on process simulation for
converting lignin into valuable products in this chapter. Based on previous experimental
data, the process was evaluated based by modelling a 1000 kg-feedstock/h. For the
overall hydrogenation process coupled with pyrolysis reactions, process simulation
buildup and optimization, heat exchange network creation, and economic evaluation
were performed. The impact of different lignin feedstock (organosolv lignin and
alkaline lignin) and hydrogenation technologies (thermal catalytic hydrogenation and
electrochemical hydrogenation) on the overall economics was calculated and compared
as different Scenarios. Simulations revealed that the annual profit of the whole process
was mainly influenced by the product's value and the reaction materials, especially
hydrogen and the solvent of the hydrogenation reaction. Economic analysis determines
the feasibility of the process and is therefore necessary to provide some data support for

the industrialization of lignin utilization.

6.2 Setup of process simulation in aspen plus

6.2.1 Process design

According to the process design, the overall process can be simplified separated

into these five sections, hydrogenation process, product separation, fast pyrolysis
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process, aimed product purification and heat supply. The process setup is shown like Fig.
6-1. The parameter setup was all based on the experiment data. Aspen Plus V12.1 was
used to develop the process model and simulation setup. PR-BM method was used to
describe the global properties.

In the hydrogenation process, the reactor used a RYield module, while 1000 kg/h
lignin feedstock was set in the simulation. The condition was set to 250 °C, and 3 MPa
H> atmosphere according to the previous experimental data. The hydrogenation reaction
was performed in the presence of 5% Ru/C as a catalyst. After the hydrogenation
reaction, hydrogenated lignin was separated by flash modules and then go to the
subsequent pyrolysis section. The product distribution was input in the ASPEN model
as the data reported in Chapter 4.4.1 (hydrogenated lignin treated under the condition of
3 MPa H; at 250 °C with Ru/C). The phenolic products were separated from two-stage
flash modules. Moreover, around 90% of hydrogen gas and 97% of THF can be
recycled to reduce material costs.

When the stream moves to the pyrolysis reaction step, 20 kg/h of hydrogen is used
as the carrier gas to pass the hydrogenated lignin into the reactor at 850 °C. The
pyrolysis reactor was also used with the RYield module, so that the pyrolyzed products
yield, including C1-C4 olefins and alkanes, inorganic gases and major aromatic
hydrocarbons (BTXN: benzene, toluene, xylenes, naphthalene) were input into the
process with reference to the experimental data (Chapter 4.4.3).

After that, the products from fast pyrolysis were sent to the product separation
section. The flash module was used to separate the char residue and bio-oil products
from the volatile mixture at 100 °C. And then, the volatiles was fed into two distillation
columns (RadFrac), in which the gaseous products were separated from the top of the
column, and the light aromatics (benzene, toluene, xylenes and naphthalene) were
delivered to the bottom column for distillation. Moreover, the distillation solvent (THF)

was going to the top column and recovered for recycling. Finally, the char residue was
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put into the combustion section for heating supply.

Purification

Hydrogenation

Fig. 6- 1 The simulation flow sheet for the whole process combined hydrogenation with

fast pyrolysis.

The economic assumptions of the process were determined based on the parameters
provided in Table 6-1. In this study, the basic information of plant, equipment, and its
operating consumption, and raw material prices are referenced to Yang's work[1] with
some adjustments. The price of the feedstock is highly dependent on the type of lignin
used, which is assumed that organosolv lignin as technical lignin with a price of

$120/MT in this work.

Table 6- 1 Description of parameters assumption for economic estimation.

Parameters Assumptions
Plant

Plant life 15 years
Start-up time 0.25 years
Construction period 3 years
Depreciation 7 years
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On-stream percentage after start-up

Finance

Construction costs

Equity

Working capital

Plant salvage value

Internal rate of return (IRR)
Revenue

Variable and fixed costs
Interest rate of financing

Income tax rate

Feedstock and chemicals
Feedstock price

H>

THF

5% Ru/C

Products
Olefins
Alkanes
Benzene
Char
Syngas

Phenolics

91.3% (8000 operating hours each year)

32%Y1;60% Y2; 8% Y3
40%

5% of FCI

No

10%

50% of normal

75% and 100% of normal
8% annually

35%

$120 /MT
$3.3 /kg
$2740/ MT

$14.2/g (Sigma-Aldrich)

$697/MT
$1350/tons [2]
$883/ MT
$42.5/MT
$1041/tons
$750 /tons®
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Bio-oil $0.94/gal[3]

Utility

Electricity price $0.06 /kWh
Cooling water $0.002 /kWh

H>O $0.2 /MT

Cooling tower chemicals $33.8 /ton-cool/year
Wastewater treatment $1.36 /MT

Solid disposal $33 /MT

Operation cost

Plant manager $140000 annual

Maintenance 3% of FCI

Total salaries $5.958*10* per position annual
Insurance and taxes 0.7% of FCI

: Value is taken from the blog of Forest2Market (https://www.forest2market.com/blog),

which varies from $650-1000/ton.

6.2.2 Process optimization

And after the process set up, the heating network was built for energy saving, as
seen in Fig. 6-2. The heat exchange network consists of two main parts, one is the
hydrogenation process, and another is the pyrolysis part. A part of the heat from the
hydrogenated products was used to preheat the lignin, and another part was used to
supply to EX4. And the heating exchange of the pyrolysis process is very important for
energy saving of the whole process because the pyrolysis reaction takes place at a

higher temperature (850 °C), so utilizing the extra heating energy is essential. Here, five
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heat exchange modules (EX1-EX5) were added after the pyrolysis reaction to utilize the
heat energy after the pyrolysis in a hierarchical way. One part is used for the preheating
of the hydrogenated lignin (EX1). Another part acts on the char combustion part for
preheating the char and air by EX2 and EX3, respectively. EX4 and EXS5 exchanged
part of the heat from the hydrogenation process and the heat of the column module (C1),

respectively.

(o)

57 s o e k)

Q  Duty{cal/s=c) CETEE R i
3000 H
W Power(kW)

& CORE +

Fig. 6- 2 The main flow sheet of the optimized process with data (heat duties, flow rate

and operating conditions) on streams.

The establishment of the heat exchange network significantly reduces the energy
consumption of the whole process. The whole process after optimization has a net heat
value of 0, consumes 235.4 kW of electrical energy, and consumes a net cooling value
of 5.4967*10* cal/sec. Figure 6-3 shows the energy savings after building the heat
exchange network, which is enabled directly by Aspen Energy Analyzer (AEA) module.
It can be seen that due to the heat exchange network, there is a substantial reduction in
the energy consumption of the entire process, especially the heating utilities. Because
the heat energy after pyrolysis is used for heat exchange, it can meet the heat energy

supply needs of other equipment. And carbon emission derived from AEA shows a large
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decrease after being optimized with the heating exchange network (seen in Table 6-2).

Although the cost of heat exchange equipment rises as the number of exchange units

grows, energy conservation is the primary requirement of modern industry.

Total Utilities Heating Utilities Cooling Utilities
[cal/sec] [cal/sec] [cal/sec]
44160
0 1459 29570
00 0
47790 S076 40710
Before After Before After Before After

Fig. 6- 3 Energy analysis of the utilities before and after heating exchange network

setup.

Table 6- 2 Summary of the energy saving before and after heating exchange network

setup.
Property Before After
Total Utilities [cal/sec] 441600 47790
Heating Utilities [cal/sec] 145900 7076
Cooling Utilities [cal/sec] 295700 40710
Carbon Emissions [kg/hr] 240.3 12.84

After that, the author also optimized the process using MATLAB software. In order
to optimize the process, an economic assessment of the processes was introduced. The
total annualized profit was defined as the value of products (Vp,) minus the total
operating cost (TOC), expressed in eq. (6-1).

Profit = Vp,, — TOC (6-1)

Where the Vp,, includes the annualized value of olefins, syngas, aromatics,
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bio-oils (in pyrolysis), and phenolics (PH in hydrogenation); TOC is the sum of variable
operating costs (e.g., feedstock cost, consumable cost, and fixed capital investment
(FCI)) and fixed operating costs (e.g., operating labour cost and maintenance cost, and
insurance costs).

To achieve the maximum profits of the process, the parameters, including the
operating specifications of the distillation column, the temperature and pressure of
flashes, and the temperature of the exchangers, have been optimized as discrete
variables or continuous variables. Therefore, the maximum profit can be formulated as

an MINLP problem and is mathematically demonstrated as follows.

max Profit = f{x) (6-2)
s.th(x)=0 (6-3)
g(x) =0 (6-4)
Xmin =X = Xpmax (6'5)

Where f(x) represents the objective function in Eq. 6-2, which is the maximum
profit of the process, 4(x) represents the black-box model of the process in Aspen Plus;
g(x) represents the nonlinear inequality constraints of the optimization problem, x is the
vector of decision variables that contain both discrete and continuous variables, which
are bounded by Eq. 6-5 and expressed by Eq. 6-6 for the optimization of the combine
plant process.

X =[Tex1> Tex2, Texs> STpggs STgas2> RRet, Teeis Trros Triss

(6-6)
Pri2s Teooiz» Texel
_[eM7_ [ 0.70 - pcens ]
£ 5|~ [092 per” | (D

Where Txx; gxz ex3 5xs and Tpy; gz mrs are the temperature of the exchangers and
flashes; Ppy, is the pressure of the Flash 2; STgge, STres + ST q,» RRc1 are the
feed trays of RE6, the total number of feed trays, and reflux ratio of distillation columns,

respectively. In this study, the constraints (g(x)) for the optimization of the process can
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be expressed as follow Eq. (6-7). g(1) and g(2) represent the purity of the benzene and
phenolic compounds in the product stream, respectively.

Figure 6-2 shows the optimal process and stream data, like temperature, pressure,
flow rate, and heat duties. The multi-tube reactors for hydrogenation and pyrolysis were
designed to consist of 5 and 10 tubes with 6 m lengths and 0.04 m diameters,
respectively. The gaseous products and aromatic products separation column has a total
of 16 stages, and the reflux ratio became 0.05 moles. Moreover, the condenser pressure
and temperature are 20 bar and 10 °C, and the flow rate from the bottom of the column
is 60.33 kg/h. The spacing of each tray is 0.6096 meters with diameters of 0.135 m.

The calculation formulas of the total profit, and the total operating costs (TOC)
consisting of the materials cost, fixed capital investment (FCI), and fixed operating cost
are based on Douglas' book[4]. The annual profit of this the two-stage process is
calculated $1.86x10%, in which total Vp,, is $5.20x10%, TOC is $3.34x10° and FCI is
$7.24x10°,

6.3 Results and discussion

6.3.1 Economic evaluation

The economic analysis was investigated and estimated in the different scenarios,
named Scenario 1-3. The descriptions are listed in Table 6-3. The effect of feedstock
and hydrogenation techniques on the economic evaluation of the whole process was
compared in this section. Two types of lignin, organosolv lignin and alkaline lignin,
were selected as feedstock to compare in this two-stage process (scenariol and
scenario?). Base on the experimental findings[5][6], these two types of technical lignins
had different performances in the hydrogenation process and the fast pyrolysis process

for product distribution. The differences generated by thermal catalytic hydrogenation
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and electrochemical hydrogenation were compared in Scenarios 2 and 3.

The economic calculations are all based on the process in Figure 6-3, changing the
price of the feedstock and the corresponding product distribution to calculate the total
profit. And for different hydrogenation technologies, although the conditions are
different, they all consume electrical energy. It is possible to use part of the thermal
energy of pyrolysis for the thermal catalytic hydrogenation reaction by thermal
integration, while electrochemical hydrogenation is performed at room temperature
consuming only electrical energy. With thermal integration, it's assumed that both

processes consume the same amount of energy.

Table 6- 3 Description of different Scenarios.

Scenarios Descriptions

Scenario 1 Thermal catalytic hydrogenation + fast pyrolysis on organosolv lignin
Scenario 2 Thermal catalytic hydrogenation + fast pyrolysis on alkaline lignin
Scenario 3 Electrochemical hydrogenation + fast pyrolysis on alkaline lignin

First, the comparison of economic analysis on two processes which are using
organosolv lignin (Scenariol, left charts) and alkaline lignin (Scenario2, right charts) as
the feedstock separately. As can be seen from Figures 6-4, the difference in feedstock
causes a significant difference in the overall benefit, with the total annual profit of
Scenario 1 being $1.86*10° and that of Scenario 2 increasing to $2.78*10°. This is due
to the difference in the price of raw materials on the one hand, and the difference in the
product yields on the other hand, which also leads to a difference in the revenue. From
the comparison of Fig. 6-4(a) and (b), it can be seen that the difference in the feedstock
leads to different product distribution in the hydrogenation and pyrolysis processes,
respectively. For Scenariol, the alkane products from pyrolysis accounted for the largest
ratio of V. Whereas, olefins and aromatic hydrocarbons have the lowest ratio of the

overall Vyr, because they had the lowest yield relative to the raw feedstock. Here, the
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syngas mainly includes inorganic gaseous products, like CO and CO», which can also be
used as fuel with further separation from the major gas phase. Therefore, this part of the
product was calculated separately with the price of $1.041/kg, which is lower than
syngas. For Scenario 2, due to the hydrogenation process, the liquefaction ratio was
higher, so the value of phenolic compounds (PH) accounts for more than half of the
total product value. The other pyrolyzed products do not account for much value
because the amount is too low, especially olefins and aromatics. The difference in
product values between the two scenarios is not significant, at around 2.5%.

Then, Figure 6-4(c) and (d) shows the annual total operating costs (TOC), including
major raw feedstock and chemicals (THF, H», and catalyst), fixed capital investment
(FCI), labour costs (col cost), waste costs (total cwt cost), and cut (heating/cooling cost
and electricity). The feedstock, hydrogen gas, and pure THF account for a large
percentage of the total operating cost, as both hydrogen and THF are pure chemicals
with a high price. Scenario 2 employed THF as the solvent in the hydrogenation
reaction to dissolve alkaline lignin instead of NaOH solution. So, the solution cost was
greatly reduced. And the cost of the feedstock was also reduced from $120/MT to
$58.5/MT in Scenario 2. So, when comparing Scenario 1 and 2, alkaline lignin as raw
material would effectively reduce the value of TOC.

In addition to that, Figures 6-4(c) and (d) show the distribution of fixed capital
investment (FCI), which includes the utility investment and the operating costs. The
utility investment includes the exchangers (EXs), condensers, reboilers, columns,
flashes, cooler, and MCOMP, while the operating costs mainly include the
hydrogenation and pyrolysis reaction. Since more HL flows into the pyrolysis process in
Scenario 1, the consumption of the pyrolysis reaction (Reaction-Py) accounts for a
higher percentage of FCI in Scenario 1, resulting in a higher value of the fixed capital
investment. In fact, the consumption of utilities was calculated proportionally to the

volume of the flow of materials.
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Fig. 6- 4 The cost contribution and economic evaluation of Scenario 1 and Scenario 2

with the different feedstock.

The comparison of economic analysis on two technologies, thermal catalytic
hydrogenation (Scenario2, left charts) and electrochemical hydrogenation (Scenario3,
right charts) was shown below (Fig. 6-5). The settings for the electrochemical
hydrogenation process were entered based on the experimental data in Chapter 5.4. The
comparison of hydrogenation technologies was also determined by the same calculation,
comparing the annual profit and total operating costs of thermal catalytic hydrogenation
and electrochemical hydrogenation with alkaline lignin as feedstock. In the
electrochemical hydrogenation process (Scenario3), the hydrogenated lignin retains
more due to performing on the milder reaction conditions, and therefore the phenolic
compounds account for a smaller V. The overall product value of Scenario3 was
reduced to $4.84*10% per year, because the alkaline lignin itself produced fewer
valuable products (like alkanes, olefins, and aromatics) by fast pyrolysis. The main
difference for TOC is that electrochemical hydrogenation does not use hydrogen gas, so

this part of the consumption is reduced. The reduction of hydrogen consumption leads
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to a 23.5% reduction in TOC. And the overall Profit of Scenario3 is thus slightly
increased from $2.78*10° of Scenario2 to $2.89*10° each year. For the fixed capital
investment of both processes, the consumption of the hydrogenation reaction caused the
main influence. Electrochemical hydrogenation was carried out under mild conditions,
so this part of the consumption accounts for less, while the larger amount of
hydrogenated lignin leads to an increase in the consumption of the pyrolysis reaction,
which in turn increases the overall FCI. So, this is the main reason for the higher FCI of

Scenario3 compared to Scenario?2.

Scenario2 Vpro= $5.33E+06 Scenario3 Vpro= $4.84E+06

&

d
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Fig. 6- 5 The comparison of Scenario2 and Scenario3 on economic analysis and cost

contribution for different hydrogenation techniques.

6.3.2 Sensitivity analysis

To investigate the economic feasibility, the minimum selling price (MSP) for the
products (olefins, aromatics and alkanes) was calculated based on Scenariol (Fig. 6-6).

The product's MSP is the price at which the overall value of the products equals the total
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operating cost of the process, expressed in US dollars per kilogram. Therefore,
sensitivity analysis was conducted to check that the price of feedstock and the cost of
hydrogen gas contributed the largest percentage of the total operating costs. The
influence of the price of the materials (feedstock and Hz) on the MSP of the main
products in decreasing order is aromatic > olefins > alkanes.

The price of feedstock has a relatively large impact on the MSP of olefins and
aromatics, and the slope is similar (slightly larger for aromatics), which is partly related
to the price of the product and partly due to the product yield. It can be concluded that
the higher the product value accounted in the total product value, the smaller the
influence of material price on its MSP. H> cost contributed a large proportion of the
MSP of the products. Fig. 6-6 (b) lists sensitivity analysis conducted on H> obtained
from the typical sources[7]. The price of hydrogen gas fluctuates between $2/kg and
$18.9/kg because of the different technologies and sources of hydrogen production. So

here are the MSP values of the products obtained from different prices of hydrogen.
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Fig. 6- 6 The MSPs of the products (olefins, aromatics, and alkanes) with the different

feedstock (a) and various H» prices (b).

In truth, market fluctuations, exchange rate variations, and numerous elements such
as the purity of the substance all affect the product's price, and the product's value is the
factor that has the most impact on profitability. So, the effect of the products (alkanes
and phenolic compounds) price on the total annual profit was shown in Fig. 6-7.
Alkanes, as the most important pyrolyzed products were identified as C1-C3 alkanes.

As can be shown, the price of alkanes has a significant impact on the entire product's
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annual return. When the price of alkane rises from $0.5/kg to $1.5/kg, the annual profit
increases from $7.7*10° to $2.05*10° proportionally. In addition, as the major product
of the hydrogenation reaction, the phenolic products were also considered in the profits
of products. There is no specific ratio of phenolic products, after the thermochemical
hydrogenation process, such oil-phase products mainly consisted of guaiacol and its
derivatives, while after the electrochemical hydrogenation mainly phenolic aldehyde,

especially vanillin, were produced as PH. And since they are blended compounds, the
price would vary substantially. $0.2-0.75/kg was chosen for the range of phenolics price,
and the overall yield will range from $9.06 *10° to $1.86*10°. It can be shown that
phenolics’ price has a greater impact on overall profit, which is mostly owing to
phenolics’ higher yield and higher percentage of the products value. In sum, although
olefins, alkanes, and aromatics have very high prices, the overall yield is low, making it

difficult to have a significant impact on overall revenue.
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Fig. 6- 7 The effect of the products (alkanes and phenolic compounds) price on the total

annual profit.

6.4 Conclusions

This chapter utilizes ASPEN plus to perform a process simulation of the proposed
process, which evaluates the feasibility of the processes in terms of a large scale. A heat
transfer network was constructed to efficiently reduce overall process energy
consumption. MATLAB software is also employed to further optimize the process
primarily through the purity of the phenolic and aromatic products. The impact of
different lignin feedstocks on the economics of the process was analyzed, as well as the
impact of different hydrogenation technologies on the economics of the overall process.
From this part of the process simulation work, it can be concluded that.

(1) The thermal energy of the pyrolysis section can be utilized via thermal
integration techniques to lower the energy consumption of the overall process.

(2) The use of different lignins can have a significant impact on the process'
profitability. The feedstock cost is cheaper when alkaline lignin is used instead of
organosolv lignin, and alkali water is replaced with THF as the solvent, which are the

main reasons for the TOC value being reduced. Despite the fact that the amount of

176



aimed pyrolyzed product is lower for alkaline lignin, the profit value can be increased
by selling phenolic compounds. As a result of the whole analysis, alkaline lignin has a
greater profit and feasibility value.

(3) The contribution of hydrogenation technologies to total profit is minor. The
advantage of electrochemical hydrogenation over thermochemical hydrogenation
technology in terms of lower energy consumption is not fully shown because this
process involves thermal integration technology. The electrochemical hydrogenation
process decreases a major amount of the TOC due to a lack of H> consumption;
however, the overall product value is lower in Scenario3, bringing the total net profit of
the two hydrogenation technologies closer to each other.

(4) Moreover, involving in hydrogenation technology makes this process
impossible to avoid lignin partial liquefaction during the hydrogenation process, which
leads to PH products stated above. The focus of improving the feasibility of this process
is on how to use this part of phenolic products and how to raise the value of those
phenolic products.

The framework of this part of the work is extensively applicable to the utilization
technologies for lignin. However, the environmental analysis was not involved in this
work, but analyzed in terms of heat transfer optimization and economy. But this process
use utilization of renewable energy so that the environmental impact needs to take into
account, which is the purpose of using lignin or biomass. Therefore, in further lignin
studies, the environmental impact needs to be taken into account in terms of products,

process operation, and material transportation.
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Chapter 7 Conclusions and comparison

7.1 Comparison of two hydrogenation technologies
7.1.1 Products yield

This research does not only conduct lignin conversion via thermochemical
hydrogenation coupled with fast pyrolysis, but also via green -electrochemical
technology with fast pyrolysis. The comparison of these two technology processes on
alkaline lignin was reported in Table 7-1. The hydrogenated lignin treated by
electrochemical hydrogenation (ECH) is called “ECH-HAL”, and the hydrogenated
lignin treated by thermal catalytic hydrogenation (TCH) is called “TCH-HAL”.
Electrochemical conversion has been increasingly explored as a more environmentally
friendly alternative method due to its properties like low cost, reagent free,
environmentally friendly, and mild conditions[1]. According to the experimental results
of ECH on lignin, more hydrogenated lignin was recovered because of the gentle
conditions, which avoid the decomposition of lignin macromolecules. In contrast, TCH
requires high temperature and high-pressure hydrogen conditions to prompt the
hydrogenation reaction, which leads to the breaking of internal bonds[2].

Through the exploration of experiments, these two processes boosted the generation
of olefins, benzene, and toluene from pyrolysis of hydrogenated lignin after being
modified with hydrogenation. TCH-HAL appears to have a greater ability to generate
olefins and aromatics (benzene and toluene). However, the olefins and aromatics yield
of ECH-HAL is not as much high as that of TCH-HAL, which accounted for 2.05 wt.%
and 2.2 wt.%, respectively. This is attributed to (1) the high OH™ concentration of the
electrolyte, which causes the hydroxide group to react with lignin molecules; (2) the

occurrence of water electrolysis limited chemisorption of lignin. So more efficient
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lignin electrochemical approaches and catalytic electrodes should be utilized to further
hydrogenate lignin while limiting the water reduction and hydroxide reaction with
lignin, which is a further research direction for this technology.

When the product calculation was based on raw lignin due to the higher yield of
hydrogenated lignin, the high olefin yield was found via ECH-HAL. The olefins yield
of ECH-HAL based on raw lignin even has twice as much as that of AL. Because the
electrochemical hydrogenation process is simple and mild to operate, a higher yield of
hydrogenated lignin allows for the production of relative more olefins and benzene. In
summary, the goal of this procedure is to achieve improved hydrogenation selectivity
under mild conditions, which should confirm not only the yield of olefins and aromatics,
but also the yield of hydrogenated lignin. At the same time, the yield of char produced
from hydrogenated lignin was reduced, and the char yield obtained from TCH-HAL was
even lower. This is due to the effect of high temperature and high pressure, lower
molecular weight and higher pyrolytic activity was obtained after thermal catalytic

hydrogenation.

Table 7- 1 Comparison of electrochemical hydrogenation and thermal -catalytic

hydrogenation in terms of the yield of major pyrolyzed products.

HAL Products yield of fast pyrolysis Products yield based on

Lignin yield (wt.%) raw lignin (wt.%)
type (wt. Olefin Benzen Tolue Olefi Benze Tolue

%) Char

° S e ne ns ne ne

AL - 0.75 0.88 0.12 4521 0.75 0.88 0.12
ECH-HA
Le 81.95 2.05 1.85 0.35 41.55 1.68 1.52 0.29
TCH-HA
L[2] 4594 3.09 2.85 0.95 3646 1.42 1.31 0.44

Note: ECH-HAL was alkaline lignin treated with electrochemical hydrogenation under

180



the conditions (Constant potential: -0.25 V, reaction time: 2 h, room temperature,
H-cell.); TCH-HAL was alkaline lignin treated with thermal catalytic hydrogenation
under the conditions (Raney Ni, reaction time: 7 h, 250 °C, 0.9 MPa Ha», Parr reactor),

according to Chapter 3. : work based on Chapter 5.

Based on the experimental results, the author also compared the oil-phase products
from thermal catalytic hydrogenation and electrochemical hydrogenation. It found that
after the thermal catalytic hydrogenation reaction, high-temperature and high-pressure
conditions mainly caused the breaking of C-O bonds, and then hydrogenation reaction
was carried out to produce stable low-molecule compounds or monomer compounds in
the presence of a catalyst. As shown in Figure 7-1(a), the oil phase consists mainly of
guaiacol, creosol, 4-ethyl-2-methoxy-phenol, 3-Allyl-6-methoxyphenol as well a small
number of phenolic aldehydes. However, for electrochemical hydrogenation, the main
oil-phase products were determined to be phenolic aldehydes like vanillin, which is also
consistent with the results from Chen's work[3]. This is due to the fact that the reduction
reaction of the water in the cathode electrolyte occurs simultaneously with the
electrochemical hydrogenation of lignin, producing Hz and ‘OH radicals. Thus, both Ha
and "OH reacted with the lignin intermediates, providing the hydroxyl groups along with
saturating lignin molecules. This is why the oxygen content of the hydrogenated lignin

after TCH is reduced but not as low as that of the hydrogenated lignin after ECH.

181



244000
183000
122000
61000
0
244000
183000
122000
61000
0
244000
183000
122000
61000
0
244000
183000
122000
61000
0

Absolute Intensity

Y

— Bio-0il 1

A A Ao\ A

— Bio-0il 3

— Bio-0il 5

ll,”L,l

M 1 M
5(\ —— Bio-0il 7

S RTY | @ el

10

25200000

16800000

8400000
0

3300000

2200000

0

13500000

Absolute Intensity

4500000

6300000

4200000

2100000

0

1100000

9000000

0

12

14 16 18 20 22 24 26

Retention time (min)

6)

@\7 —pt
N

2

@Y —— Raney Ni-CP
SN

>
HO.
HO. T, .
2 . T,
\ OH.

10

15 20 25
Retention time (min)

182

30



Fig. 7- 1 GC-MS of the bio-oil samples after being treated with thermal catalytic
hydrogenation (a) and electrochemical hydrogenation (b). (a) Bio-oil samples with
different reaction times. Bio-oil 1: reaction time: 1 h; Bio-oil 3: reaction time: 3 h;
Bio-oil 5: reaction time: 5 h; Bio-oil 7: reaction time: 7 h. (b) Bio-oil samples with
different electrodes, Pt: being treated with Pt as working electrode; Raney Ni -CP:
being treated with Raney Ni on carbon paper as a working electrode; Ni foam: being
treated with bare Ni foam as a working electrode; Raney Ni-NF: being treated with

Raney Ni on Ni foam as a working electrode.

In fact, it can be found that the content of olefins and aromatic hydrocarbons
obtained from the lignin here is significantly increased after the hydrogenation
pretreatment, while the content is still relatively low. This is partly due to the effect of
the lignin species, which the alkaline lignin has a lower purity and activity due to its
over-modified isolation. The further exploration of the effect of this technology on other
types of lignin is required in the future. On the other hand, the selectivity and
effectiveness of the electrochemical hydrogenation reaction can have further
improvement, either by catalysts optimization or by the choice of reaction conditions.
This technique effectively verified that the electrochemical hydrotreating can improve
the pyrolytic properties of hydrogenated lignin to obtain more olefins and aromatic
products, and it was also found that the oil-phase products in ECH are composed of
phenolics and phenolic aldehyde monomers (including mainly vanillin) when the oil
phase was qualified. Therefore, the oil phase products can also be utilized to improve
the feasibility of this whole technology, either as a bio-oil source for petroleum

alternatives or via further purification and refinement to obtain high-value chemicals.

7.1.2 Economic and energy consumption
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Process simulation was conducted by ASPEN plus software, which analyzes the
feasibility of the processes in terms of a large scale. After setting up the overall process,
not only is a heat transfer network constructed to efficiently reduce the energy
consumption of the overall process, but MATLAB software is also used to further
optimize the process based on the purity of the phenolic and aromatic products. From
the process simulation of this two-stage process, the impact of different hydrogenation
technologies (TCH and ECH) and different feedstock on the economics of the overall
process was compared.

Firstly, the thermal energy of the pyrolysis section can be utilized on thermal
hydrogenation via thermal integration to lower the overall process energy consumption.
Therefore, the advantage of ECH over TCH in terms of lower energy consumption is
not fully shown. Electrochemical hydrogenation has a lower amount of the total
operating cost (TOC) due to a lack of gaseous hydrogen. At the same time, the overall
product value is lower than that of the process consisting of TCH and pyrolysis. Thus,
the total annual net profit of the processes contained in these two different
hydrogenation technologies is closer. For different feedstock, the difference in price and
the difference in solvent are the main factors affecting the value of TOC. When alkaline
lignin was used as feedstock, it is cheaper and can be solved with a low-cost sodium
hydroxide solution, so TOC is lower, and the revenue is higher.

This process employs a hydrogenation reaction for pretreatment of lignin, so it is
difficult to avoid partial liquefaction of lignin during the hydrogenation process, which
leads to phenolic products (like guaiacol, vanillin and etc.). The focus of improving the
feasibility of this process is on how to use this part of the phenolic products. However,
the environmental analysis was not involved in this work, but analyzed in terms of heat
transfer optimization and economy. The environmental impact needs to be considered
when lignin is used as a feedstock, which is the purpose of utilizing a renewable energy
source. And the environmental impact needs to be taken into account in terms of
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products, process operation, and material transportation in further lignin studies.

7.2 Conclusions

To sum up, the use of lignin as a raw material for the production of high-value
chemicals is a promising research direction, but it is still in a preliminary stage for
lab-scale research. Because of the intrinsic stubborn overlapping structure and irregular
composition of lignin polymers, the effectiveness and feasibility of its chemical
conversion are limited. Therefore, an effective process is expected to modify the
structure and chemical characteristics of lignin, for example, hydrogenation. This work
explored the thermal pyrolyzed features of hydrogenated lignin and checked its
characterization under various hydrogenation conditions. The influence of both thermal
catalytic hydrogenation (TCH) and electrochemical hydrogenation (ECH) techniques on
lignin was investigated in depth in this study. Because of the harsh conditions in TCH,
thermal depolymerization is more likely to occur so that the yield of hydrogenated
lignin is lower. As a result, the electrochemical process performed on lignin
hydrogenation was investigated under gentler conditions. The performance of thermal
catalytic hydrogenation and electrochemical hydrogenation on lignin was compared and
investigated in this work at a preliminary stage, which was mainly examining the
structure of hydrogenated lignin and the effect on pyrolysis properties before and after
two different hydrogenation processes. For the overall two-stage procedure, ASPEN
Plus software was used to simulate the process, and the economic analysis of the
process in large-scale operation was also evaluated in this work. The following results
are concluded.

(1) Compared with raw lignin, the H/Cefr ratio[4] of hydrogenated lignin samples
has an increase. The content of oxygen and sulfur both decreased significantly after

pretreatment due to the thermal decomposition of ether bonds and side-chain groups.
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The vibrational stretching of O-H groups C-O, and C=0O of H-EOL becomes weaker,
while the aliphatic group is the only functional group increased after thermal catalytic
hydrogenation of organosolv lignin. This phenomenon can be more pronounced in
response to a higher temperature and longer reaction time. Hydrogenolysis of ether
bonds, hydrodeoxygenation of hydroxyl groups, demethoxylation and alkylation
happened in the hydrogenation process successively

(2) Organosolv lignin has a lower molecular weight, and can decompose to more
volatiles in fast pyrolysis than that of alkaline lignin. And both lignin samples can
produce more light hydrocarbons through the fast pyrolysis in the hydrogen atmosphere.
An activated atmosphere can promote thermochemical decomposition. Almost all
compounds except CO2 detected by GC-TCD/FID were intensively yielded. Less char
was remained after pyrolysis under the hydrogen atmosphere, since the hydrogen can
react with the intermediates and suppress the repolymerization.

(3) The TGA results signify that hydrogenated lignin samples have higher reactivity
which can be easily decomposed at relatively low temperatures. At the same time, fast
pyrolysis of H-EOL samples has been checked, in which the maximum yield of light
olefins is 9.94 wt.% from hydrogenated organosolv lignin. Besides, the yield of alkanes,
benzene, and toluene also has a marked increase after hydrogenation pretreatment. More
than 85 wt.% of hydrogenated organosolv lignin can be converted into volatiles in fast
pyrolysis. Moreover, 3.1 wt.% of total olefins were obtained for pyrolysis of
hydrogenated alkaline lignin (HAL), which was treated with Raney Ni for 7 hours at
250 °C. HAL's olefins yield is almost three times that of the raw alkaline lignin.

(4) Milder electrochemical hydrogenation technology can avoid the thermal
depolymerization of lignin under severe conditions. Furthermore, ECH has offered
several advantages in terms of safety, operability, and economics. In addition, operating
under mild conditions provides high catalytic efficiency and selectivity toward the target
products.
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(5) The oil-phase products in the hydrogenation process are mainly phenolic
monomers, resulting from the liquefaction of the lignin macromolecules. After
thermochemical hydrogenation, the major compounds are guaiacol and its derivatives in
the oil phase. After electrochemical hydrogenation, it contains mainly vanillin. This is
due to the fact that the electrochemical conversion process provided ‘OH in addition to
hydrogen from the electrolyte. This part of the oil product can also be utilized as an
available product, which can improve the utilization of lignin sources and the feasibility

of the process. But more exploration is required in future work.

7.3 Future outlook

The author has conducted a more thorough evaluation of this proposed process
combining the two steps of hydrogenation and pyrolysis reactions to convert lignin into
valuable chemicals throughout this part of the research. For this process, some
modifications and enhancements have been offered, which the author plans to
investigate more in future work.

First of all, the hydrogenation catalysts must be more selective; only commercially
hydrogenation catalysts were utilized in this study, and more efficient catalysts can be
developed later to improve the selectivity of the aromatic ring hydrogenation reaction.
Then, this work also can be combined with the existing technology for hydrogenolysis
lignin, which only focuses on generating liquefied phenolic chemicals and ignores solid
products. This work offers the possibility of utilizing hydrogenated lignin that has
higher pyrolytic activity and the capacity for producing olefins and aromatic
hydrocarbons. What’s more, additional olefins and aromatic products can be produced
by catalytically pyrolyzing the phenolic compounds formed in hydrogenation, which is
aimed for resulting in more target olefins and aromatic compounds from the lignin

source. Yang's group performed catalytic pyrolysis of phenolic model compounds like
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cresol, phenol, guaiacol, and syringol, and C1-C5 hydrocarbons as well as aromatics
were successfully obtained with zeolite catalyst[S]. These are the conclusions based on
current experimental and calculations results, which should have more extension and

improvement in these directions in the future.
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