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Chapter 1

General Introduction

1.1 General overview

With the depletion of non-renewable fossil resources and the growing interest in
renewable resources, the research of using renewable biomass materials to replace
petrochemical products has attracted wide attention in the past decades [!!. Most of the
researches are devoted to the conversion of cellulose and hemicellulose into sugar to
produce biofuel 2. However, as the second major component of biomass for sustainable
utilization, the most common way to utilize lignin is to burn directly to obtain heat
source or to utilize it directly without any treatment. Compared with cellulose and
hemicellulose, lignin is the most abundant renewable resource containing aromatic
rings, which is highly crosslinked by three monomers (coumaryl, coniferyl and sinapyl
alcohols) Bl Therefore, the conversion of lignin into aromatic ring chemicals provides
a great possibility for the efficient utilization of lignin.

In order to improve the utilization of biomass, it generally utilized by degradation or
hydrolysis, such as the preparation of hexose and pentose from cellulose and
hemicellulose ). Similarly, due to the complex structure of lignin, to make better use
of its aromatic ring structures, it is necessary to effectively degrade lignin, such as
acidolysis, pyrolysis, photodegradation, microbial degradation and so on, to obtain low
molecular aromatic chemicals and biomass oils 8], However, most of the degradation
methods of lignin are harsh, which is not conducive to environmental protection, and
the research on the reaction medium, catalyst selection and mechanism of lignin
degradation is still immature. Therefore, how to degrade lignin efficiently in a mild and

environmentally friendly way has become the key to value application of lignin.



1.2 Physicochemical properties and structure of lignin
1.2.1 Physicochemical properties of lignin

Lignin, as one of the most promising renewable sources to obtain phenolic molecules
in nature, is a typical amorphous polymer. The glass transition temperature (7%) of lignin
1s not easy to measure due to its chemical structure non-uniformity and the broad
molecular weight distribution caused by the separation method. In general, the 7, of
lignin depends on its molecular weight, in addition, it is also affected by the degree of
condensation (carbon-carbon bond number), the content of casein radical and methoxy
(syringyl). Generally, the T, of hardwood lignin is usually lower than that of softwood
lignin ), which may be due to the softwood lignin has more condensate structure and
higher phenolic hydroxyl content than those of in hardwood, which limits the molecular
movement through strong intermolecular hydrogen bonds [,

The lignin macromolecules form a large number of intramolecular and
intermolecular amino bonds due to the presence of hydroxyl groups. The solubility of
lignin in solvents is related to the properties of lignin and the solubility parameters and
hydrogen bond energy of the solvents used !''l. In addition, the difference of lignin
solubility is also related to its separation method.

The molecular weight of lignin has a wide range, which is caused by different plant
species and separation methods. For example, the molecular weight of sulfate lignin

13] obtained a molecular

extracted by Dong et al. 'l was as high as 42900. Liang et al. |
weight of only 450-2250 from lignin extracted from wood. In addition, the molecular
weight of lignin is also related to the determination methods (such as size exclusion

chromatography, gel permeation chromatography, light scattering method).



1.2.2  The structure of lignin

Lignin was first discovered by agronomist P. Payen in 1838, and later successfully
separated from plants by F. Schulze and named Lignin. In the world, lignin reserves are
very high, and about 150 billion tons of lignin are formed by plants every year !4, Like
cellulose and hemicellulose, lignin, accounting for 15-35 wt. %, 1s a major component
of lignocellulosic biomass ['*!. Specifically, lignin is a highly complicated cross-linked
three-dimensional amorphous resin that surrounds the outer layer of polysaccharide
fibers, protecting the inside carbohydrates and proteins from microbial attack and water
damage while providing structural integrity and rigidity H®!7l. Typically, three
monomers are present in lignin, namely, p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol as shown in Figure 1.1. These monolignols further generate
corresponding phenyl paranoids, p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
lignin subunits, in which they are incorporated into lignin macromolecules ['®. During
the biosynthesis of lignin, various cross-linkages (e.g., -O-4, a-O-4, 4-O-5) and C—C
interunit linkages (e.g., B-1, B-5, B-B, 5-5) are formed. Among them, the -O-4 linkage
represents the most abundant one, constituting approximately 50—65 % of the structure
as shown in Figures 1.2 and 1.3 [192%],

Table 1.1 lists the proportion of main links between phenylpropane units in softwood
and hardwood lignin. As the table 1.1 shows that the phenylpropane units mainly linked
by B-O-4 bonds in both softwood and hardwood lignin. This particular type of link
accounts for about 48 % - 60 % of the total links in lignin. In addition, about 10 % -
15 % of the ether bonds exist in a type of a-O-4 and 4-O-5 linkages. Since the lignin of
softwood is mainly composed of guaiacyl phenylpropane unit (Figure. 1.1) 211, and
there are no substituents at the 5th position of benzene ring in guaiacyl phenylpropane
unit, it will be polymerized with adjacent phenylpropane unit through the 5th position,

resulting in the formation of B-5 and 5-5 type links. Hardwood lignin contains more
3



syringyl phenylpropane units, and the 3 and 5 positions of the benzene ring in the
phenylpropane unit are replaced by methoxy groups, which reduces the formation of j3-
5 and 5-5 linkages, which explains why the content of B-5 and 5-5 type links in
hardwood lignin is lower than that in softwood lignin. Due to hardwood lignin is
relatively lack of multi-branched chain structure caused by 5-5 type linkage, hardwood
lignin has better linear structure ?!. Based on the above discussion, if the various
linkages widely existing between the lignin phenylpropane units can be broken,
especially the B-O-4 type chain which accounts for a large proportion, lignin can be
effectively depolymerized. And lignin with higher molecular weight could be converted
into aromatic compounds with smaller molecular weight, and also release cellulose and
hemicellulose components in lignocellulose, which can be used as raw materials for

biomass processing 122],

OH OH OH
/ ZZ F
_CH L
o 3 H3C\O o CH
OH CH OH

p-Coumaryl alcohol (H) Coniferyl alcohol (G) Sinapyl alcohol (S)

Figure 1.1. Chemical structures of the three monolignols of lignin.

OH
p-Hydroxyphenyl unit HO, O
e Q on O
Syringyl unit HO O
e o<—Bo4

Figure 1.2. Representative structure models of lignin (23],



Table 1.1. Proportion of major linkages between phenylpropane units of lignin 22-2%],

Approximate percentage (%)

Linkage type

Softwood Harwood
B-O-4 48 60
a-O-4 6-8 6-8
4-0-5 3.5-4 6.5
B-5 9-12 6
9-5 9.5-11 4.5
B-1 7 7
B-p 2 3
HO Lignin
" © OCH;, HO
I OCH,
A
Iignin HO Lignin
Hsco0CH3 Lighin Lignin HO_~g J g
Lignin on \(2;? OH OCH, ocH, :
D E OH F

Figure 1.3. Common linkages found in lignin: A : B-O-4, B : B-5, C: B-B', D : 5-5',
E :4-0O-5,F: B-1" 119,

Table 1.2 shows the content of functional groups per 100 Co units in softwood lignin.
It can be seen that lignin mainly contains methoxyl, aliphatic hydroxyl, phenolic
hydroxyl and carbonyl [2*1. Methoxy groups mainly present in the form of substituents
on benzene rings in guaiacyl and syringyl phenylpropane units. As mentioned above,
about 90 % of softwood lignin is composed of guaiacyl phenylpropane units, and each
of these units contains one methoxy group on the benzene ring, which explains that 90

21, 24

-95 methoxy groups are contained in every 100 Co units in Table 1.2 2241 As shown

in Figure 1.2, in the phenylpropane unit of cork lignin, each propyl group at position a
5



and y may have hydroxyl groups, which may explain why the aliphatic hydroxyl groups
are more abundant in softwood lignin. In the process of lignin formation, phenolic free
radicals usually undergo random radical coupling reaction, which results in relatively
low phenolic hydroxyl content. Carbonyl groups usually appear at the end of the

molecular structure of lignin and exist in the form of aldehydes.

Table 1.2. Content of functional groups in softwood lignin (per 100 Co units) 241,

Functional group Content
Methoxyl 90-95
Phenolic hydroxyl 20-30
Aliphatic hydroxyl 115-120
Carbonyl 20




1.3 Modification of lignin

Lignin is a macromolecule material, due to its complex structure, low reactivity and
poor solubility, high value utilization of lignin has become a major challenge.
Researchers mainly modified lignin by introducing other functional groups or changing
the spatial structure of molecules through cross-linking and condensation reactions,
such as amination, epoxidation, phenolation, hydroxymethylation, oxidation and
polyesterification etc. The modification is carried out to improve the reactivity of lignin
and expand its application in the field of materials.

Yuan et al. ?°! succeeded in obtaining esterification products by using ionic liquid 1-
butyl-3-methylimidazolium chloride ([Bmim]C1) as solvent and octanol chloride
modified wood powder at 130 °C. Oxygenation reagents such as H>O; and ClO; were
often used in the oxidation modification of lignin, Yang et al. % found that lignin was
oxidized by H>O» to produce a stable but highly pyrolytic modified structure, and the
content of ortho-disubstituted phenols in lignin macromolecule increased, which
expanded its application. Li et al. [*!1 used phenol phenolation to modify lignin, and
further epoxidized lignin with epichlorohydrin to obtain lignin-based epoxy resin.

Lignin macromolecules contain a wide variety of functional groups, which provides
various possibilities for the modification of lignin. The modified lignin has certain
functional polymer materials and has great application in materials, petroleum, mining,

agriculture and medicine.



1.4 Progress in lignin depolymerization

In order to make better use of lignin, which contains abundant aromatic ring structure,
it is necessary to convert lignin into low molecule weight products for the preparation
of value-added chemicals. At present, the main methods of lignin depolymerization are
biological method B2 physical method P**%], and chemical method %371, Among
them, the biological method mainly uses microorganisms such as fungi, bacteria and
enzymes which can degrade lignin. This method is environmentally friendly, but it has
poor controllability, slow degradation speed, long time-consuming and low efficiency.
Physical methods mainly use microwave, ultrasonic, steam explosion and other means
to promote the cleavage of the ether bond or the carbon-carbon bond of lignin. However,
they are usually combined with other depolymerization methods. The main chemical
methods used for lignin depolymerization are pyrolysis, hydro-reduction, acid catalytic
depolymerization, alkali catalytic depolymerization, and metal catalytic
depolymerization. Chemical methods are efficient and time-consuming, but harmful to
the environment. Compared with the characteristics of different depolymerization
methods, chemical method is a relatively mature method suitable for lignin
depolymerization, and the following discussion are mainly on the common chemical

methods for lignin depolymerization.
1.4.1 Pyrolysis process

The process of pyrolysis, also known as thermochemical treatment, which refers to
in the absence of oxygen, lignin was heated and caused the breakage, isomerization and
small molecule polymerization of lignin macromolecule to produce solid coke, non-
condensable gas and liquid fuel %39, Recently, this method has been regarded as an
efficient biomass energy conversion and utilization technology, and has become one of

the priority technologies in the field of biomass utilization. The pyrolysis process of
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lignin is more suitable for industrial large-scale production because of its short time-
consuming and large processing capacity, and has received extensive attention.
According to the phase of lignin pyrolysis, pyrolysis can be divided into pyrolysis
reaction in gas phase and in liquid phase. Generally speaking, the pyrolysis temperature
of lignin in liquid phase is relatively low, but with relatively high pressure.

The rapid pyrolysis process of lignin in gas phase was specially studied by the
international research organization of the United Kingdom, the Netherlands and the
Republic of Germany 1 in the laboratory scale and a pilot plant was set up, with
reaction temperature of 400-700 °C and the reaction residence time is 0.3-15 s by using
fluidized bed or airflow reactor with continuous feeding and intermittent feeding. The
results showed that the yields of liquid products, coke and non-condensable gases are
30-50 %, 30-50 % and 6-40 %, respectively. However, due to the low melting point of
lignin solid particles, the lignin melted at the feed of reactor which caused the feed of
lignin material was unstable in the process. Moreover, the molten lignin easily caused
the fluidized bed to lose fluidization, resulting in the reactor not being able to continue
to operate. Compared to pyrolysis process of lignin in gas phase, in liquid phase the
reaction temperature, the coke and gas yield were lower. Lavoie et al. [*!] studied the
pyrolysis of lignin in alkaline aqueous solution with reaction temperature of 300-330 °C.
The reaction conditions were milder than those of rapid pyrolysis. The results showed
that the yield of liquid products could reach about 60 %, but the solid yield was still
about 30 %.

From the current research, the gas phase pyrolysis process is still very immature, but
liquid phase pyrolysis can improve the yield of small molecular substances, which is a

relatively promising method.



1.4.2 Hydro-reduction process

The research on the preparation of phenolic compounds by hydrogenation reduction
of alkali lignin was very attractive. The mechanism of hydro-reduction was that methyl-
aryl ether bonds and unsaturated bonds in side chains of alkali lignin were attacked by
hydrogen atoms, resulting in depolymerization of lignin macromolecules. According to
the different catalysts, lignin hydro-reduction reaction can be divided into homogeneous
catalytic oxygenation reaction and heterogeneous catalytic hydrogenation reaction.

At present, many homogeneous catalysts cannot be used for lignin hydrogenation
reduction, mainly due to expensive synthesis and the low recovery. Hu et al. ¥ studied
the homogeneous catalytic hydrogenation reduction of lignin model compounds using
water-soluble ruthenium complexes as catalysts. The results showed that carbonyl
groups in the molecular structure of lignin could be hydrogenated to alcoholic hydroxyl
groups or methyl groups. Robinson et al. 3! studied the preparation of biofuel by
heterogeneous catalytic hydrogenation of lignin with cationic Rh/C as catalyst. The
results showed that the reduction effect was satisfactory. Pepper et al. 44l used Raney
nickel catalyst for catalytic hydrogenation, the yield of phenols reached 55.2 %, and the

H/C ratio of the product was also significantly improved.

143 Acid catalytic depolymerization

The first report on acid-catalyzed of lignin was in 1924, Higglund and Bjoérkman 4!

used 12 % hydrochloric acid to hydrolyze lignin to thiobarbituric acid, phloroglucinol
and barbituric acid. In recent years, different types of inorganic acids, Lewis acids,
zeolites, organic acids and acidic ionic liquids have been used to depolymerized lignin
and its model compounds. It was found that when FeClz, ZnCl,, Fe (OAc)2, Cu(OAc)
and Ni(OAc), were used as catalysts to degrade lignin, Brensted acid was formed by the

reaction of Lewis acid with water or alcohol. Therefore, Lewis acid was usually used
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for the depolymerization of lignin in water or low molecular alcohol. However, due to
the repolymerization of lignin, the product was mainly solid residue, and the bio-oil
with low yield [, Zhao et al. [*") studied the depolymerization of different kinds of
lignin catalyzed by phosphorus-aluminum-vanadium heteropoly acid (HsPMo10V2040).
It was found that 65.21 % of lignin was efficiency depolymerized, and the liquefaction
products were mainly small aromatic organic compounds and methyl succinic acid. In
addition, it has been found that solid acid catalyst ZSM-5 had the best catalytic effect
in pyrolysis of softwood lignin with the highest yield of aromatic products obtained
(48491 Riaz et al. %! found that in supercritical ethanol/formic acid mixed systems, when
lignin was hydrolyzed at 350 °C using concentrated sulfuric acid, the conversion of
lignin was 92 %. Generally, due to solvent effects, inorganic acids catalyzed lignin
depolymerization more efficiently in phenolic or alcoholic systems than in water
systems. However, due to the phenol solvent can undergo a nucleophilic substitution
reaction with a cation to form a corresponding phenolic by-product, it is prudent to
select the solvent °!1.  Otherwise, the hydrolysis rate of each functional group in lignin
was different, and the hydrolysis rate of 4-methoxy group was higher than that of 3,4-
dimethoxy group and 3,4,5-Trimethoxy group [°. In addition, in acidic system, the -
aryl ether bond was destroyed earlier than the B-aryl ether bond, resulted in the
hydrolysis rate of a-aryl ether was much faster than that of B-aryl ether, moreover, the
hydrolysis of phenolic a-ether was faster than that of non-phenolic [*31. Tonic liquids are
good solvents for lignin and are conducive to the formation of carbon cation reactions.
Some ionic liquids are inherently acidic, and they have been used for lignin
depolymerization. It has been found that the relative acidity is not proportional to the
ability of ionic liquids to catalyze the hydrolysis of lignin $-O-4 bond. This is because
besides acidity, the properties of anions and cations of ionic liquids and their ability to

form hydrogen bonds with lignin (model compounds) also affect the hydrolysis 34,
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1.4.4  Alkali catalytic depolymerization

Alkali catalytic depolymerization of lignin is an effective method to obtain aromatic
chemicals under mild conditions. Since aryl alkyl ether bonds (including -O-4 bonds)
are the most easily broken bonds in lignin, ether bond breaking is the main reaction of

53361 Some scholars had found that in the

alkali-catalyzed lignin depolymerization !
reaction of alkali catalytic depolymerization of lignin, the selectivity and yield of
degradation products particularly depend on the reaction pressure, temperature, time,
alkali concentration and lignin to solvent mass ratio °>°7], Higher reaction temperature
and longer reaction time were beneficial to the formation of monomers, but the solid
residue increased due to the repolymerization of the products or intermediates, and

(381 Recently,

strong alkali was beneficial to the improvement of lignin conversion
organic alkaloids were used in lignin depolymerization with better results 501, Alkali
catalysts were also used combined with different catalysts, Long et al. [®!] studied the
depolymerization of lignin NaOH and Ru/C, from which lignin was firstly
depolymerized into monomer phenols and their oligomers, and then the oligomers were
further converted into more stable aliphatic alcohols. The conversion of lignin was 92.5 %
and compared with the effect of single catalyst, the yield of solid residue was greatly
reduced. In the case of alkali catalytic depolymerization of lignin, the yield of biomass
oil was generally limited to 20 % [%9] due to the repolymerization of intermediate
products of lignin depolymerization. Some scholars found that the use of phenolic end-
capping agents was conducive to the formation of phenolic compounds and could
inhibit the occurrence of repolymerization [*¥. In addition, acidic substances would be

formed in the process of lignin depolymerization, and the deactivation of the catalyst

may be caused by the neutralization of acid and alkali.
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145 Metal catalytic depolymerization

In metal catalytic depolymerization of lignin, the commonly used catalysts are noble
metal catalysts, nickel-based catalysts, copper-chromium oxide catalysts, sulfide metal
catalysts, homogeneous catalysts and amorphous alloy catalysts. Some scholars have
used the supported metal catalysts (such as Pt, Ru, Ni, Pd and Cu) to catalyze lignin
depolymerization, and found that aliphatic ether bonds and aromatic ether bonds were
not broken at the same time, and selective hydrogenation of aliphatic ether bonds was
more likely to occur. The cleavage of the aryl ether bond required a very high
temperature or pressure, and the conditions were more severe (%], In addition, some
scholars found that with the increase of the amount of Pt/C catalyst, the total yield of
monomeric phenol decreased due to the side reaction, but the yield of the target product
alkylphenol increased 1. Sergeev et al. [¢7] investigated the reaction of aryl ethers
catalyzed by Ni catalyst, and found that the stability of the ether bonds containing aryl
rings was aryl-aryl ether bond, aryl-alkyl ether bond and nodal-alkyl ether bond in turn.
Jietal.[%® considered the low catalytic activity of FeS, for aromatic ring hydrogenation,
and supported FeS> on activated carbon, SBA-15, SiO> and A1.03 to catalyze the
selective hydrogenation of dibenzyl ether and toluene to achieve a high yield of 100 %.
Some scholars used PW/C catalyst to catalyze alkali lignin depolymerization, and the
yield of phenolic substances reached 67 mg/g lignin [¢°). Compared with single metal
catalysts, the use of bimetallic catalysts made it possible to optimize the performance
of catalysts and improved the selectivity of catalysts. For example, CoMo catalysts were
superior to nickel catalyst because of its low hydrogenation ability and the ability of
maintain the integrity of aromatic rings "%, In addition, bifunctional catalysts contained
metal and acid components, which could effectively solve the problem of deactivation
of traditional sulfides. Zhao et al. ["! reported that bifunctional combinations of Pd/C,

Pt/C, Ru/C or Rh/C and phosphoric acid could selectively catalyze the conversion of
13



phenolic substances to cycloalkanes and methanol. Zhang et al. ["?l found that lignin
mainly undergo cleavage of 3-O-4 bond and methoxy group during depolymerization,
SO4*/ZrO> mainly caused the cleavage of B-O-4 bond, while CuO mainly caused the
removal of methoxy group from benzene ring. Crestini et al. ["*) found that MTO
(methyltrioxorhenium) could degrade lignin effectively combined with H>O». Recently,
the chalcopyrite (CuFeS») and hydrogen peroxide were used to oxidize lignin and its
model compounds, the reactants could be oxidized to dicarboxylic acid with high
selectivity 4 which was attributed to the oxidative cracking of B-p bond. Ouyang [7°!
and Wu U8 oxidized lignin with H>O», CuO and Fe»(SOs)s, it was found that the addition
of Cu?" could effectively promote the production of phenoxy free radicals, thereby
increasing the rate of free radical oxidation reaction, and promoting the breaking of side
chains and ether bonds; while Fe** could improve the oxidation ability of H>O> and
contribute to the increase of the yield of phenolic compounds.

In the process of chemical catalytic depolymerization of lignin, another important
condition is the reaction medium. It not only has a significant impact on the efficiency
of lignin depolymerization, but also is an important factor in measuring the

environmental friendliness of the reaction process.
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1.5 Tonic liquid and application in lignin
15.1 Structure of ionic liquid

Ionic liquid (IL) is generally a molten salt which is composed of an organic cation
containing nitrogen or phosphorus and an organic or inorganic anion which is in a liquid
state below 100 °C U7l Depending on the different cations, it is classified into
imidazole-, pyridine-, pyrroline-based ionic liquids, etc. as shown in Figure 1.4, and the
anions in IL are mainly CI°, Br’, I', BF4", CH3COO, NO3", HSO4", and so on. According
to the solubility of ILs in water, they can be divided into hydrophilic and hydrophobic
ILs. For example, most ILs such as [Bmim]Cl, [Bmim]Ac, [Bmim]BF; are hydrophilic,
while [Bmim]PF¢ and [BPy]PFs are hydrophobic ILs. In addition, according to the
acidity and basicity of ILs, they can also be divided into acidic, basic and neutral ILs,
among which acidic ILs include Lewis acidic and Brensted acidic ILs.

Compared with other solvents, ILs have many unique properties, such as, the low
melting point and they are liquid at room temperature. ILs have very low vapor
pressures and generally do not evaporate or boil, so they can be used in a wide
temperature range 8. In addition, ILs are non-volatile, non-flammable and non-
explosive, and have excellent chemical stability. Moreover, its solubility is also very
strong which can various substances including inorganic substances, organic substances
and even polymers. As a solvent, the ionic liquid can partially or completely dissolve
the reactants, but has poor solubility to the product, making it easier to separate it from
the product [”). Finally, ILs are designed solvents whose polarity and hydrophilicity can

be changed by the combination of different anions and cations 3%,
1.5.2 IL application in lignin dissolution and extraction
A large number of intramolecular and intermolecular hydrogen bonds have been
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Figure 1.4. Common cations of 1onic liquids.

formed in lignin macromolecules due to the presence of hydroxyl groups. The solubility
of lignin in solvents is related to the properties of lignin, the solubility parameters and

[81] Tt has been found that ionic liquids are

hydrogen bond energies of the solvents used
good solvents for lignin. By comparing the Hildebrand solubility parameters of lignin
and ionic liquids, the solvent for lignin can be found reasonably. The Hildebrand
solubility parameter of lignin is 24.6. If the Hildebrand solubility parameter of ionic
liquids is close to this value, it can dissolve lignin 8283,

In 2002, Rogers et al. ¥ found that 1-methyl-3-butylimidazolium chloride
([Bmim]Cl) could dissolved cellulose with the solubility of 25 % under microwave
irradiation. Subsequently, ILs were also found to have better solubility of lignin and
biomass %] Among them, 1-methyl-3-ethylimidazolium acetate ([Emim]OAc), 1-
methyl-3-butylimidazolium acetate ([Bmim]OAc), 1-methyl-3-ethylimidazolium
chloride ([Emim]Cl) and 1-methyl-3-butylimidazolium chloride ([Bmim]Cl) had the
high solubility efficiency for lignin and biomass. Furthermore, phosphite ionic liquids
are easy to dissolve cellulose, while methanesulfonate and amino acid based ionic
liquids are more soluble for lignin dissolution 87!, Pu et al. %] found that ionic liquids

containing methyl sulfate and trifluorosulfonic acid had excellent solubility for lignin

extracted from southern pine kraft pulp. And the solubility of lignin in [Hmim]CF3;SOs3,
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[Mmim]MeSOs, [Bmim]MeSO4 ILs exceeded 20 wt. %, among which the methyl
sulfate ionic liquid [Mmim]MeSO4 had the strongest lignin solubility, while ionic
liquids with large anion volume and no coordination capacity, such as [Bmim]PFs, were
almost insoluble to lignin. Lee et al. 2! studied the extraction of lignin from wood
powder by ionic liquid [Emim]OAc with a separation of 40 %, and the crystallinity of
cellulose can be reduced to less than 45. The cellulose obtained by this process could
be hydrolyzed by Trichoderma cellulase with a conversion of more than 90%.
Kilpeldinen et al. 3 showed the cations of ionic liquids contain unsaturated double
bonds or benzene ring structure are beneficial to lignin dissolution, because they could
form strong m-m interaction with aromatic rings in lignin, thus promoting lignin
dissolution. In addition, Muhammad °# and Zavrel [**! found that the unsaturated bonds
of cationic side chains in 1onic liquids could form n-x interaction, thus promoting lignin
dissolution. Janesko ®! also verified the obvious m accumulation and hydrogen bonding
between imidazole cations and lignin model compounds by using the dispersion
correction density functional theory.

According to the results of the literature, ionic liquids with high lignin solubility
should have the following characteristics: anions have small volume and high
coordination capacity such as Cl-, which could interact with lignin to form hydrogen
bonds; cations or their side chains should be linked with unsaturated double bonds or
unsaturated functional groups such as benzene rings, so as to form n-n stacking between

lignin benzene rings and promote lignin dissolution.
1.5.3 IL application in lignin depolymerization

Ionic liquids can be used as a reaction medium in lignin depolymerization, which are
more prone to form carbon cations; on the other hand, lignin shows high solubility in

ionic liquids 7). In addition, the special properties of ionic liquids, such as the high
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concentration of anions can reduce the depolymerization temperature and promote the
cleavage of lignin ether bonds lignin, also promote lignin depolymerization 8],

Boovanahalli et al. ! used highly nucleophilic brominated ionic liquids for ether
decomposition of lignin, using 2-methoxynaphthalene as a model compound to
demethylate in a mixed solution of 1-butyl-3-methylimidazolium bromide ([Bmim] Br)
and p-toluene sulfonic acid and obtained 2-naphthol with a high yield (97 %). In
addition, protonic acids such as hydrochloric acid and sulfuric acid were used as
catalysts, which obtained the same effect. Some scholars [!%! used heteropoly acid, as a
new kind of solid acid catalysts, in exploring solid catalysts suitable for dealkylation of
lignin model compounds in ILs. It was found that eugenol was converted into target
products with high conversion rate and no other by-products were formed. In addition,
Stark et al. [1°! used different metal catalysts to oxidize lignin in different ILs and found
that Mn(NO3)2 combined with 1-ethyl-3-methyl-mymitrifluoromethanesulfonate
([Emim]CF3S03) showed high conversion of lignin about 66.3 %.

At present, the study of lignin depolymerization in ionic liquids is still in the
preliminary stage. Due to the complexity of lignin structure, most of the studies are
carried out with model materials, and the depolymerization of practical lignin as raw
material is rare. Moreover, the influence of catalyst and reaction medium on lignin

depolymerization needs to be further studied.

18



1.6 Purpose of this study

Lignin is a complex aromatic biopolymer and a potentially valuable source of
aromatic compounds, an efficient means of extracting and depolymerizing are required
for the utilization of lignin. However, the traditional extraction and depolymerization
methods have several disadvantages including high energy inputs and potential
pollutants under harsh conditions, which were seriously impediment to their application.
Therefore, develop a novel process to extract lignin from biomass as the feedstock and
a continuous flow fixed-bed reaction system for lignin depolymerization are necessary
to produce high value-added chemicals.

Firstly, due to the complex structure, low reactivity and poor solubility of lignin, it is
difficult to directly utilize lignin, so high performance on lignin-based materials need
to be prepared by modification. In recent years, it has been found that ionic liquids
composed of cations and anions are new green solvents for lignin dissolution. However,
the processes typically require either high temperature processing (=100 °C) or long
processing time (>12 h), with a relatively low yield of lignin extracted from the biomass.
To separate lignin efficiently, a solvent system consisting of ionic liquids and
antisolvents should be developed.

Secondly, many approaches have been employed to convert lignin into value added
products, however, most of process operated at either higher temperature (> 250 °C) or
pressure (> 2.5 MPa) with hydrogen or oxygen in batch reactors with low yields of
phenols by using different model compounds. Therefore, it is indispensable to develop
a continuous flow system for efficient catalytic depolymerization of actual lignin into
value-added aromatic products at low temperature without external hydrogen or oxygen.

Thirdly, the catalysts for the depolymerization process are classified into
homogeneous catalysts and heterogeneous catalysts. The former is difficult to be

separated from the product and difficult to recover which limited in practical
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applications. The latter is difficult to contact with lignin macromolecules and often
needs to be carried out under harsh conditions. Moreover, the yield and selectivity of
phenolic products are low. So, it is important to construct a new catalytic system to
achieve efficient and highly selective depolymerization of lignin.

Finally, in comparison with noble metal supported catalysts, Pt-based catalysts show
great attraction because of their highly efficient in lignin depolymerization. Although
several studies have reported on lignin depolymerization by using ionic liquids
combined with different catalysts, but the reaction mechanism is still unclear. Therefore,
according to the studies of different model compounds, which can help us to understand
the synergistic effect of 1onic liquid and catalysts, and propose the mechanism of lignin
depolymerization.

Consequently, the purpose of this study is to develop a novel process to extract lignin
from biomass as the feedstock by using ionic liquids and antisolvents efficiently, and a
continuous flow fix-bed reaction system for efficient catalytic depolymerization of
actual lignin with metal-supported solid acid catalysts to produce phenolic compounds.
First, different types of ionic liquids were used as the extraction solvent to separate
lignin from red pine, combined with methanol, water and acetonitrile as antisolvents to
and extraction process is shown in Figure 1.5. Then three kinds of catalysts, including
SO4%/Zr0,, Pt-S04*/ZrO; and Pt-Lay03-SO04*/Zr0O>, under the synergy of [Apy]Cl
were studied for lignin depolymerization. Due to the remarkable properties of La>O3
which has a special electronic structure and acidic properties, furthermore, it is able to
decrease the size of the Pt domain and stabilize Pt dispersion. These properties indicate
that Pt supported on La>03-S04>/ZrO; is a rather considerable system for lignin
depolymerization. And according to previous research, self-assemble core-shell
structure catalysts (Pt-SO4>/ZrO, and Pt-La>03-SO4*/Zr0O,,) were prepared, the

possible structure is shown in Figure 1.6.
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Figure 1.6. Possible mechanism of addition of Pt and La into sulfated zirconia and
structure of the Pt/SZ and PtLay/SZ catalysts.

The detailed works in this research are introduced as below:
In Chapter 2, a novel process to extract lignin from biomass as the feedstock was
developed, the extraction of lignin from lignin/cellulose/xylan mixture and red pine
were evaluated with different kinds of ionic liquids and antisolvents. Comparing the
catalytic activity for lignin depolymerization and the mild modification effect on the
structure of alkali lignin among the used ILs, N-allyl-pyridinium chloride ([Apy]Cl)

was chosen as the promising ionic liquid, moreover, methanol, water and acetonitrile
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were chosen as antisolvents. Furthermore, based on results of three model compounds
in [Apy]Cl pretreatment, the effect of ionic liquid was also elucidated and a hypothetical
mechanism of lignin dissolution in ionic liquid was proposed.

In Chapter 3, to evaluate the feasibility of ionic liquid-solid acid catalysts system, the
effect of reaction temperature and the addition of platinum to the ZrO2/SO4*" on the
yields (carbon-based) of total products and phenolic compounds were studied. Based
on the above results and previous reports, the proposed mechanism of lignin
depolymerization under catalysis of ZrO»/SO4*~ and Pt-ZrO»/SO4> after [Apy]Cl
pretreatment was studied in a continuous flow fix-bed reaction system.

In Chapter 4, to further improve the catalytic performance, effects of lanthanum oxide
addition to the support on the performance of Pt-La,03-S04>/ZrO>, where La/Pt atomic
ratio was 1, 3, 6, were investigated. By adding La>Os; the number of Lewis acid sites
increased, less Pt oxide species and better Pt dispersion on surface and/or in the
mesopores of the support (La203-SO4*/Zr0,) especially with the La/Pt atomic ratio was
3, which showed the high yields of the carbon-based products and phenolic compounds.
Simultaneously, through the study of model compounds and products distribution the

reaction pathways of lignin depolymerization were proposed.
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Chapter 2

Extraction of Lignin from Red Pine by Ionic Liquid and

Modification of Extracted Lignin Structure

Abstract

Pyridinium- and imidazolium-based ionic liquids with different anions were
synthesized and used for the catalytic depolymerization of alkali lignin. All the ionic
liquids used had a mild modification eftect on the structure of the alkali lignin at 100 °C.
In the ionic liquids used, the extracted alkali lignin by N-allyl pyridine chloride
([Apy]Cl) was easier to decompose under the same conditions, which made the catalytic
depolymerization activity of alkali lignin higher than that of other ionic liquids at
200 °C. Therefore, [Apy]Cl was chosen as the promising ionic liquid to extract lignin
from red pine under atmospheric pressure. Extraction of lignin ([Apy]Cl-R-lignin) from
red pine was achieved, with recovery ratio of 98.7 wt.% at 90 °C for 6 h of dissolution
in [Apy]Cl. The extracted [Apy]CI-R-lignin and cellulose-rich solids were
characterized and compared with the raw alkali lignin and cellulose. Additionally,
compared to the fresh [Apy]Cl, regenerated [Apy]Cl had no change in structure and

thermal stabilities, which demonstrated potential recyclability.
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2.1 Introduction

With the increasing concern for the global environment and energy security coupled
with the reduction of fossil fuel resources, the development of renewable resources to
replace fossil fuels has attracted more and more attention 1. Lignocellulose biomass as
a renewable resource could be converted into liquid transport fuel, and it produces high
value-added products. Many value-added products, such as bioethanol, have been
commercialized from cellulose and hemicellulose, but there are relatively few studies
focused on the utilization of lignin 23], Lignin is a complex biopolymer that accounts
for 25-35% of renewable carbon in lignocellulosic materials ¥, and is also a potentially
valuable source of aromatic compounds 1], which is an important component in bio-oil.
The extended network of lignin is constructed by the monomers of coumaryl, coniferyl
and sinapyl alcohols in a random order through intermolecular C-O and C—C bonds ¢
91, As a potentially valuable source of aromatic compounds, efficient means of
extracting and depolymerizing are required for the utilization of lignin. However, the
traditional extraction methods, such as the kraft, sulfite, soda and organosolv processes,
have several disadvantages including high energy cost, potential pollutants under harsh
conditions and significant modification of the lignin structure, which seriously impedes
their application 10121,

Among different lignin extraction methods, ionic liquids (ILs) as one of superior
green solvents were employed in the lignin extraction with more advantages than
traditional methods (>4, Different types of ILs have been studied for the extraction of
lignin from biomass. Muhammad et al. ['> used 1-propyronitrile-3-(2-hydroxyethyl)
imidazolium chloride ([CoCN HEim]Cl), successfully extracting 53% of lignin at
120 °C for 24 h with acetone-water mixture and ethanol as the antisolvents, and the
relatively low yield of lignin and the longer extraction time was possible due to the low

extraction ability of the antisolvents. Achinivu et al. %) reported that more than 70% of
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the lignin was extracted from corn stock using pyrrolidinium acetate ([Pyrr]Ac) at 90 °C
with ethanol and water under a long extraction time of about 24 h. Li et al. [!” obtained
44% lignin from corn stalks using 1-ethyl-3-methylimidazolium acetate ([Emim]Ac) at
125 °C for 1 h. Most of the extraction processes typically require long processing time
with a relatively low yield of lignin extracted from the biomass. Additionally, even
though many studies have applied ILs to lignin extraction, there are relatively few
studies focus on using ILs as solvents and catalysts for lignin depolymerization,
especially in flow-through reactor system. Different ILs have different solubility and
depolymerization reactivity for lignin. Our previous study [ indicated that N-
allylpyridinium chloride ([Apy]Cl) could dissolve lignin effectively with partial lignin
macromolecules converted into low-molecular-weight compounds with the cleavage of
methyl aryl ethers and (B-O-4 bonds, which further promoted the catalytic
depolymerization of lignin. Meanwhile, the synergistic effect of the SO4>/ZrO; catalyst
and [Apy]ClI was proven for the efficient catalytic depolymerization of alkali lignin at
210 °C without external hydrogen or oxygen. Therefore, choosing an IL with a high
reactivity in lignin depolymerization and with a high lignin extraction ability is very
necessary for the utilization of lignin, especially for a continuous flow-reaction system.

In this study, due to red pine biomass being one of the dominant pine species in Japan
and commercially valuable for paper pulp and fuel, to make full use of this biomass, it
was applied to the extraction of lignin. In order to select an IL with high catalytic
activity for alkali lignin depolymerization but also one that could efficiently extract
lignin from red pine, a series of ILs with pyridinium- and imidazolium-based cations
were synthesized and the catalytic activity for alkali lignin depolymerization was tested.
The effect of the amounts of antisolvents (e.g., methanol, water and acetonitrile) on the
extraction of lignin under ambient pressure and low temperature were investigated.

Based on above results, the promising IL were determined and used for the extraction
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from red pine. The extracted IL-lignin and cellulose-rich solids were characterized with
Fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA)

together with differential thermal analysis (DTG) and elemental analysis (CHN).
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2.2 Experimental Section
2.2.1 Materials

The raw materials used in this experiment were alkali lignin, microcrystalline
cellulose and xylan used as a model material for hemicellulose, and these were
purchased from Sigma-Aldrich Chemical Company. The chemical composition of red

pine was analyzed by the National Renewable Energy Laboratory (NREL) method [*°!

cellulose, 56.2 wt.%; hemicellulose, 13.4 wt.%; lignin, 26.2 wt.%; lipid, 4.0 wt.% and
ash 0.2 wt.%. Prior to the process, red pine was milled and sieved to obtain a wood meal
with 250-106 pm, and it was air dried. Five kinds of ILs including 1-butyl-3-
methylimidazolium chloride ([Bmim]Cl), 1-butyl-3-methylimidazolium bromide
([Bmim]Br), N-allylpyridinium chloride ([Apy]Cl), N-allylpyridinium bromide
([Apy]Br) and N-butylpyridinium bromide ([BPy]Br) were investigated. Among these,
[Bmim]Cl (>98.0%) and [Bmim|]Br (>98.0%) were acquired from Wako Pure Chemical
Industries. [Apy]Cl, [Apy]Br and [Bpy]Br, with yields of 98.8 wt.%, 97.4 wt.% and
96.0 wt.%, were synthesized with the same method as the procedures listed in our
previous literature [!32°1, The catalyst, SO4>7/ZrO, was prepared as reported in our
previous research U8, The rest of chemicals used in this study, including pyridine, allyl

chloride, allyl bromide, butyl bromide, methanol and acetonitrile, were of analytical

grade and used as received. Distilled water was used in all cases.

2.2.2 Synthesis of ionic liquid

According to our previous studies *Y1 [Apy]Cl was synthesized in a 60 ml glass
pressure vessel. [Apy]Br and [Bpy]Br used the same synthesis method as [Apy]Cl by
the following process: firstly, acetonitrile, pyridine and allyl bromide were placed into
a glass pressure vessel with the mole ratio of 1:1:1 and the mixture was reacted in a
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microwave reactor at 150 W for 3 min, which was repeated 3 times, and then air-cooled
to room temperature. After that, the residual pyridinium salt was washed by ether and
the unreacted reactants, residual solvent and water were removed by using vacuum
distillation at 70 °C for 60 min. Then [Apy]|Br was synthesized with a yield of 97.4
wt.%. The content of H>O in [Apy]|Br was obtained by thermogravimetric analysis,
which was 0.3 wt.%. The content of the impurity components in [Apy]Br were
measured by gas chromatography with a flame ionization detector (GC-FID, Shimadzu
Co., Japan) with the column of Ultra alloy-5 (Agilent, 60 m x 0.25 mm i.d., 0.25 pm)
by diluting 10 mg of [Apy]Br 100 times with H>0O, and the specific method was
described below. The purity of [Apy]|Br was about 99.1%. The same method was used
to synthesize [Bpy]Br with butyl bromide instead of allyl bromide with yield of about
96.0 wt.%, and the purity was about 99.4% including 0.5 wt.% of H>O. Similarly, the

H2O0 content and purity of the synthesized [Apy]Cl were around 0.3 wt.% and 99.5%.

2.2.3 Catalytic Depolymerization of Alkali Lignin.

In order to select ILs with high activity for lignin depolymerization, the
depolymerization of alkali lignin by using different ILs was studied. Prior to reaction,
alkali lignin was dried at 110 <C for 2 h and ILs were re-dried at 70 <C under high
vacuum for 2 h. A measure of 0.5 g of alkali lignin was dissolved in the different ILs
and H20 mixtures with the mass ratio of lignin: IL: H.O = 1:10:1 at 100 <C in a glass
tube reactor, which was defined as feedstocks. Then 1.1 g of the catalyst, SO4*/ZrO,,
was added in the reactor and heated to 200 <C for 3 h. The dissolution and reaction
temperatures were monitored and measured by an oil bath with magnetic stirring at 700
rpm.

In this study, lignin was firstly extracted from the alkali lignin and IL solution to

study the effect of the ILs dissolution on lignin before reaction. After dissolution and
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reaction, the mixture was cooled to room temperature with the potential antisolvents
(H20 and acetonitrile) added to precipitate solid residues, which was defined as IL-
lignin. The IL-lignin was isolated by filtering through a glass sinter and heating to 70 <C
for 30 min. Then the filtered IL-lignin was air-dried and further dried in an oven at
60 <C for 10 hours, and then weighed and measured. The supernatant was extracted by
adding ether, and the amount of ether added was twice those of H>O and acetonitrile to
regenerate the ILs as an ether insoluble fraction, which was defined as the liquid
products that were analyzed by gas chromatography with flame ionization detector
(GC-FID, Shimadzu Co., Japan) and gas chromatography-mass spectrometer (GC-MS,
Shimadzu Co., Japan) with the same column of Ultra alloy-5 (Agilent, 60 m ><0.25 mm
i.d., 0.25 um). GC-FID and GC-MS used same analysis methods as following: 1 pL of
the liquid products was injected on the column with a split ratio of 1:80, and then used
helium as carrier gas with a constant flow at 1.5 mL mint. The GC oven was
programmed from 45 <C (1 min) to 100 <T at 10 T min* and held for 10 min, and
then increased to 320 <T at 10 T min* and held for 5 min. The interface temperature
was 200 C. O-xylene was used as the internal standard (IS) for the confirmation of the
peaks position and the mass-to-charge ratio [*8l, The mole yield of carbon-based
products for the whole reaction was calculated with respect to the IS. All the tests were
repeated three times, and the data were reported as the mean values of three trials. The
mole yield of the carbon-based products (Yc, C, mol%) was calculated by following

equation (Equation (2-1)):

)_ Carbon moles in products

Ye, (C, mol% x100% 2-1)

Carbon moles in feedstock

The regenerated ILs and liquid products were concentrated through vacuum
distillation and the regenerated ILs were dried at 70 <C under high vacuum to remove

the extraction solvents.
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2.2.4 Extraction of Lignin from Simulated Mixture and Red Pine

In preliminary studies, 0.1 g of a simulated mixture, which consisted of alkali lignin,
cellulose and xylan with the mass ratio of 1:1:1, was dissolved in 3.3 g of IL completely
at 100 °C in a 100 ml glass reactor, and then cooled to room temperature. A two-step
process of extracting lignin from the simulated mixture was proposed and appeared
most promising, as shown in Scheme 2.1. Firstly, methanol was used as antisolventl,
and the methanol-insoluble fraction, which was defined as the cellulose-rich solids, was
precipitated while the lignin remained in solution. The lignin was precipitated in a
second step. H>O and acetonitrile used as antisolvent2 were added in turn to extract the
H>O-soluble and H>O-insoluble fractions, respectively, which were collected and
defined as IL-M-lignin. The extracted cellulose-rich solids or IL-M-lignin was washed
by methanol, H2O and acetonitrile to make sure the IL was essentially removed, and
then they were centrifuged at 3000 rpm for 4 min and vacuum dried at 70 °C for 3 h.
The antisolvents were removed by distillation, followed by IL recovery with the
addition of excess ether and concentrated by vacuum distillation at 70 °C. After that,
the extracted cellulose-rich solids or IL-M-lignin were weighed and analyzed by FT-IR
and TGA. The same extraction process was applied to the extraction of lignin (IL-R-
lignin) from red pine. Furthermore, the effect of the mass ratio of antisolvent (methanol,
H>0O and acetonitrile):IL from 1:1 to 1:20 and the different dissolution time from 3 h to
12 h for IL-lignin extraction were investigated. The yields of extracted IL-R-lignin and

cellulose-rich solids were calculated according to Equation (2-2) and (2-3):

Extracted lignin (mg)

Yield y;opin= x100% 2-2
lignin Original content of lignin in red pine (mg) 0 ( )

. Extracted cellulose-rich solids (mg)
Yield = x100% 2-3
cellulose Red pine (mg) Y ( )
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Scheme 2.1. Flow chart of extraction procedure.

2.2.5 Characterization of Extracted Lignin

The extracted lignin was characterized by FT-IR spectrophotometer compared with
that of alkali lignin. Approximately 2.00 mg of lignin was mixed with 200 mg of KBr
and mechanically pressed to form a transparent wafer. FT-IR spectra were performed
by an IR Prestige-21 (Shimadzu Co., Japan) spectrometer from 4000 to 600 cm™! with

64 scans at a resolution of 2 cm™!.

A thermal gravimetric analyzer (DTG-60, Shimadzu Co., Japan) was used to measure
the thermal decomposition temperature (Tq) of the IL-lignin. Approximately 10 mg of
the samples was placed in an aluminum pan and heated at a rate of 10 °C min™! with a

temperature range of 100—800 °C at a rate of 50 ml/min in N».

Elemental analysis (CHN) of the extracted lignin and cellulose-rich solids, including
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the amount of carbon, hydrogen and nitrogen in the samples, were analyzed by a CHN
analyzer (JM10, J-science Lab Co., Japan). About 2 mg of each sample covered in a

silver capsule was analyzed.

BBC-NMR analysis was recorded to study the structure of the synthesized IL and
regenerated IL. 3C-NMR spectra were obtained in D20 using INM-ECA-500 (JEOL
Ltd., Japan) at 500 MHz. A measure of 10 mg of the sample of fresh or regenerated
[Apy]Cl was diluted 10 times with D>O and 600 pl of sample was injected into a quartz

glass sample tube, which was then performed for 800 scans.
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2.3 Results and discussion
2.3.1 Thermal Stability of ILs

TGA analysis was conducted to explore the thermal stabilities of the fresh ILs. The
DTG curves of ILs are shown in Figure 2.1. The maximum thermal decomposition
temperatures of [Apy]|Cl, [Apy]Br, [Bpy]Br, [Bmim]Cl and [Bmim|Br were 232, 253,
262, 288 and 311 °C, respectively. The thermal stability of the ILs was [Bmim]Br >

[Bmim]C1 > [Bpy]Br > [Apy]Br > [Apy]CL

0.04
< ]
S
o 051 — [ApyCl
3 . —— [ApylBr
= — [BpylBr
S -1.0 —— [BmimICI
‘© 1 —— [Bmim]Br
= -1.54
@ .
= ]
I
= -2.01
E ] IL [ApyICI [Apy]Br [BpylBr [Bmim]Cl [Bmim]Br
()] :
-2.51 3;?2’;?3':;7:& 232 253 262 288 311
T

| 2(|)0 | 3(|)0 | 400 | 5(IJO | 660 | 7(|)0 | 800
Temperature °C)
Figure 2.1. TGA and DTGA curves of the fresh ILs.

2.3.2 Effect of ILs Dissolution on Alkali Lignin

In order to study the effect of ILs dissolution on lignin, alkali lignin, as a model, was
extracted and characterized from different ILs solution. The DTG curves of raw alkali
lignin and extracted IL-lignin are shown in Figure 2.2. The maximum decomposition
temperature of raw alkali lignin was 350 °C, due to different ILs presenting distinct
solubility for alkali lignin with the disruption of intramolecular hydrogen or B-O-4
bonds. The ones that extracted IL-lignin by using [Apy]|ClL [Apy]Br, [Bpy]Br,
[Bmim]Cl and [Bmim]Br appeared at 235, 250, 264, 286 and 288 °C, which indicated

that the extracted IL-lignin became more ready to decompose than that of the raw alkali
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lignin, especially for the extracted [ Apy]Cl-lignin.

FT-IR analysis was performed for IL-lignin with raw alkali lignin used as the
standard. FT-IR spectra of alkali lignin and IL-lignin are compared in Figure 2.3.
Different types of peaks characteristic to aryl ring stretching, aromatic skeleton
vibration and aromatic C—H deformation were observed according to the reference ?!~
231, As shown in Figure 2.3, there was no significant difference between the raw alkali
lignin and extracted IL-lignin.

All of IL-lignin and alkali lignin samples were dominated by a wide band at 3418
cm !, which is attributed to phenolic and aliphatic O—H groups. Bands around 1635
cm ! are attributed to the C=C stretching vibration [?*], It was obviously found that after
the dissolution of [Apy]CL [Apy]Br and [Bpy]Br, the absorbance intensity of the peak
at 1635cm ™! increased compared to the raw alkali lignin, indicating these IL-lignin had
a much higher content of double bonds [*°1. Meanwhile, the absorbance intensity of the
peak at 770 cm™! was increased after ILs dissolution, which represented deformation
vibrations of C—H bonds associated to aromatic rings, indicating that IL-lignin was
more prone to aryl substitution reaction. Overall, all of the ILs used in dissolution had

an insignificant modification effect on the structure of alkali lignin.

= 0.00 1<
S ] ‘ ) ~
g -0.05 ‘ .-\
- | /
e
> -0.10- \
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Figure 2.2. DTG thermograms of alkali lignin and extracted IL-lignin from

dissolution.
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Figure 2.3. Comparison of FT-IR spectrum of the alkali lignin and IL-lignin;
(@): alkali lignin; (b)—(f): [Apy]Cl-lignin, [Apy]Br-lignin, [Bpy]Br-lignin,
[Bmim]ClI-lignin and [Bmim]Br-lignin (dissolution condition: 100 <C, 6 h).

2.3.3 Catalytic Depolymerization of Alkali Lignin in IL

Firstly, alkali lignin was dissolved into the ILs and H,O mixture, and in the presence
of the SO4*/ZrO; catalyst, the catalytic depolymerization of alkali lignin was carried
out in a glass tube reactor at 200 °C for 3 h. After depolymerization, the main liquid
products obtained by using different ILs were quantified and identified by GC-FID and
GC-MS. Figure 2.4 and Table 2.1 show the main liquid products and their details of
structure from alkali lignin depolymerization using [Apy]Cl. Based on these results, the
products obtained by using other ILs were analyzed and calculated. The yields of the
main products obtained by different ILs are summarized in Table 2.2. The peaks for (i)
and (i1) were the extract solvents and the residue of pyridine in the process of the
synthesis of ILs, respectively. As listed in Table 2.2, phenolic compounds showed
higher yield and p-methylguaicol was the main product. Notably, [Apy]Cl showed
higher catalytic activity for lignin depolymerization than those of others ILs under mild
condition. It was consistent with the results of the DTG analysis that [Apy]CI-lignin
was more ready to decompose after dissolution. Considering the high reactivity of

[Apy]Cl in lignin catalytic depolymerization and its mild modification of alkali lignin
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structure, the further study on the extraction of lignin from red pine was conducted by

using [Apy]Cl.
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Figure 2.4. GC-FID spectra of liquid products over ZrO»/SO4*~ catalyst in [Apy]CL

Table 2.1. Identification of liquid products by means of GC-MS.

No. Compounds Structure
1 Furfuryl alcohol \O )
> Benzaldehyde Ol
3 Guaiacol @[ P
4 P-methylguaicol YA
5 2,2'-Biphenol \_/ (;\
1-(4-Hydroxy-3,5- °
6 dimethoxyphenyl) VLQO:

propan-1-one
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Table 2.2. Effect of ILs on alkali lignin depolymerization at 200 <C for 3 h over
S04>7/ZrO; catalyst.

Yield/C, mol%
Products [Apy]Cl  [Apy]Br  [Bpy|Br  [Bmim]Cl  [Bmim|Br
Furfuryl alcohol 3.08 7.47 - - -
Benzaldehyde 1.45 0.35 - - -
Guaiacol 1.78 0.04 - - -
P-methylguaicol 8.9 3.22 - - -
2,2'-Biphenol 0.73 0.54 - - -
1-(4-Hydroxy-3,5-
dimethoxyphenyl) 1.91 1.01 - 0.61 0.49
propan-1-one
Unknown 12.33 8.61 - 4.42 4.13
Yc 30.18 21.24 - 5.03 4.62

Unknown, uncertain components in the products; Yc, total mole yields of carbon-based
products.

2.3.4 Effect of Mass Ratios of Antisolvent to IL

In preliminary studies, the raw cellulose could be dissolved into [Apy]Cl completely
and almost all of the cellulose was extracted when the mass ratio of methanol:[Apy]Cl
was 1:1. Under the same conditions, the extraction result of xylan showed that the xylan
was almost completely decomposed and could not have the xylan-[Apy]Cl solid
extracted from it. Considering the amount of antisolvent (methanol, H>O and
acetonitrile) was an important factor for extracting lignin from the simulated mixture
and red pine, the effects of different mass ratios of antisolvent:IL from 1:1 to 20:1 were
investigated. A measure of 0.1 g of simulated mixture was put into 3.3 g of [Apy]Cl,
and then we used the two-step process (Scheme 2.1) to extract the lignin. As presented
in Figure 2.5, under the condition that methanol was the antisolvent1 and that the mass
ratio of methanol:[Apy]Cl was 1:1, the content of the precipitated lignin ([Apy]Cl-M-
lignin) from the simulated mixture increased when the mass ratio of antisolvent:IL
increased from 1:1 to 20:1. The recovery ratio of [Apy]CIl-M-lignin by adding H>O and
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acetonitrile was studied separately and it was proven to be the most efficient antisolvent
with recovery ratios of 75.0 wt.% and 66.1 wt.% under the same mass ratio of 20:1.
Due to the high recovery ratio of [Apy]CIl-M-lignin precipitated and the insignificant
change in the content elements compared to alkali lignin (Table 2.3), H2O and
acetonitrile with the mass ratio of 20:1 were considered as promising antisolvents and
used for the further extraction of lignin from red pine. Meanwhile, it was found that
[Apy]|Cl-M-lignin was also precipitated when methanol was used as antisolvent2 and
the mass ratio of methanol:[Apy]Cl was more than 3:1. Additionally, 0.5 wt.% of
[Apy]CI-M-lignin and 99.1 wt.% of cellulose-rich solids were precipitated with a mass
ratio of methanol:[Apy]Cl at 3:1. As shown in Table 2.3, elements of the extracted
cellulose-rich solids were similar to the raw cellulose, even with almost the same
thermogravimetry as that of raw cellulose (Figure 2.6), which indicated that during
[Apy]Cl dissolution, most of the xylan in the simulated mixture was decomposed.
Therefore, the extraction of cellulose-rich solids from red pine was conducted by using

methanol with a mass ratio of methanol:[Apy]Cl at 3:1.
80

—a— H0

—e— Acetonitrile
—v— Methanol

Precipitated lignin (%o)
= N w B (o] (*2] ~l
o o o o o o o o

5 10 15 20
Mass ratio of antisolvent/IL

o

Figure 2.5. Effect of the mass ratio of antisolvent:IL on lignin extraction from
simulated mixture.
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Table 2.3. Elemental analysis.

Content (wt.%0) H C N
Cellulose @ 6.47 42.89 0.15
Cellulose-rich solids P 6.78 43.41 0.17
Cellulose-rich solids ¢ 6.83 46.77 0.20
Alkali lignin @ 4.32 50.23 0.13
[Apy]CI-M-Lignin ® 4.01 50.00 0.47
[Apy]CI-R-Lignin ° 3.74 49.97 0.21

2 Supplied by Sigma Aldrich; ® From dissolution of simulated mixture using
[Apy]Cl; ¢ From dissolution of red pine using [Apy]CI.

—— Cellulose-rich solids
—— Raw cellulose

Derivative weight loss (%)

331°C 337°C

200 400 600 800
Temperature (°C)

Figure 2.6. DTG thermograms of cellulose and extracted cellulose-rich solids from

simulated mixture using [Apy]CL

2.3.5 Effect of Dissolution Time on Lignin Separation from Red Pine

A measure of 0.1 g of a ground sample of red pine (250—-106 um) was dissolved in
3.3 g of [Apy]Cl at 100 °C; then methanol, H,O and acetonitrile were added and the
mass ratio of [Apy]Cl to methanol, H>O and acetonitrile were 1:3, 1:20 and 1:20 for
extracted cellulose-rich solids and [Apy]Cl-R-lignin using the process showed in
Scheme 1. Different dissolution times for red pine in [Apy]Cl from 3 to 12 h were
investigated, as shown in Table 2.4. With the increase of dissolution time from 3 h to 6
h, the total recovery ratio of [Apy]Cl-R-lignin, based on the original content of lignin
(26.2 wt. %) in red pine, was increased from 56.9 to 98.7 wt.%, and then decreased to
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97.3 wt.% after 12 h of dissolution. In addition, the total recovery ratio of cellulose-rich
solids was reduced from 104.7 to 76.4 wt.% with the dissolution time increased,
possibly due to partial of hemicellulose, and cellulose was decomposed during [Apy]Cl

dissolution.

Table 2.4. Effect of dissolution time on lignin recovery at 100 <C.

Recovery Ratio (wt.% +1.5)

Time/h — = in Cellulose-Rich Solids
3 56.9 104.7
6 98.7 95.2
9 97.9 84.6
12 97.3 76.4

Table 2.3 shows the main elemental composition of alkali lignin, cellulose, the
extracted [Apy]Cl-R-lignin and the cellulose-rich solids. The [Apy]CI-R-lignin and
cellulose-rich solids were extracted from red pine after [Apy]Cl dissolution at 100 °C
for 6 h. Based on the results, there was an insignificant change in the content elements
for the [Apy]Cl-R-lignin compared to alkali lignin. Therefore, the extracted lignin
basically maintained its original functionality. The slight change of element content was
due to the breakage of partial bonds during dissolution, which was consistent with the
conclusion for the extracted alkali lignin seen above. For the extracted cellulose-rich
solids, it possessed a slightly larger carbon content compared to commercial cellulose,
which was due to part of the hemicellulose or decomposed macromolecules being
precipitated during separation. The elemental analyses also showed a slight increase in
the N amount for the extracted [ Apy]CI-R-lignin, which was from the cation of [Apy]CI.
This was possibly due to a small amount of residual [Apy]Cl due to the interaction

between the ionic liquid and lignin molecules during the dissolution process.
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2.3.6 Characterization of [Apy]Cl-R-Lignin from Red Pine

For alkali lignin and [Apy]CI-R-lignin, under the premise of eliminating different
production processes, a wide band at 3401 cm ™! represented the phenolic and aliphatic
OH groups ?%?71 followed by bands for carbonyl stretching (1710 ¢m™), C-O
stretching of syringyl groups (1390 cm '), C=0 deformation of guaiacyl groups (1216
cm ), C-O absorption of the methoxy group on the benzene ring (1129 cm ™) and C—
O(C) stretching of ether groups (1036 cm™) 2821 As shown in Figure 2.7, the
absorbance intensity of the peak at 1710, 1216 and 1036 cm™! increased compared to
alkali lignin, indicating that [Apy]Cl-lignin had a much higher content of unsaturated
bonds. Additionally, the absorbance intensity of the peak at 1390 and 1129 cm™!
decreased for [Apy]Cl-R-lignin, indicating that the demethylation reaction and
breakage of the ether bond occurred during [Apy]Cl dissolution.

I was attributed to the

As shown in Figure 2.8, the intensity of peak at 1513 cm™
aromatic skeletal vibrations in lignin increasing, indicating that partial lignin was
precipitated with the methanol extraction. The band at 1155 cm™' corresponded to C—
O-C asymmetric stretching vibration in cellulose/hemicellulose ], and the intensity of
this bond decreased, indicating that partial cellulose or hemicellulose was decomposed
in [Apy]CL.

The spectra of the extracted [ Apy]Cl-R-lignin and cellulose-rich solids from red pine
are compared to those of raw alkali lignin and cellulose in Figure 2.7 and Figure 2.8.

The close similarity of the spectra indicates that lignin was extracted from red pine with

mild modification.
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Figure 2.7. FT-IR spectrum of raw alkali lignin (a) and extracted [Apy]CI-R-
lignin (b) from red pine.
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Figure 2.8. FT-IR spectrum of commercial cellulose (i) and cellulose-rich
solids (i) from red pine.

The TGA and DTGA curves of the raw alkali lignin and extracted [Apy]CI-
R-lignin from red pine are shown in Figure 2.9. The maximum decomposition
temperature of raw alkali lignin was 350 °C, and the temperature for extracted
lignin from red pine appeared at 231 °C, due to the partial decomposition of
[Apy]CIl-R-lignin during the dissolution of [Apy] Cl, which was also consistent
with our previous research results ') Meanwhile, this result indicates that the

extracted [Apy]Cl-R-lignin was more ready to decompose.
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Figure 2.9. TGA and DTGA curves of raw lignin and extracted lignin from red

pine.

2.3.7 Recovery of [Apy]Cl

The regenerated mass yield of the ionic liquid was 96.1 + 0.5 wt.%. The 13C-
NMR spectra of the regenerated [ Apy]Cl and fresh [Apy]Cl showed no change
in structure (Figure 2.10). Also, TGA analysis results showed the maximum
weight loss rates of both appeared to be around 232 °C (Figure 2.11), and the
overall thermal decomposition behavior of the regenerated [ Apy]Cl was found

to be similarly to that of the fresh, which demonstrated potential recyclability.
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Figure 2.10. *C-NMR spectrums of fresh [APy]Cl (a) and [Apy]Cl-lignin (b) from red

pine.
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Figure 2.11. TGA and DTGA curves of [Apy]ClI and the regenerated [Apy]CL.

2.4 Pathway of alkali lignin dissolution in [Apy]Cl

Based on above results and analysis, the mechanism of alkali lignin dissolution in
[Apy]Cl was studied by using guaiacol and the synthesized lignin model compounds
(2-(2-methoxyphenyl)oxy-acetophenone and 2-(2-methoxyphenyl)oxy-1-phenethanol ,

Table 2.3, Scheme 2.2 and Scheme 2.3), which were dissolved in [Apy]Cl completely.
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Table 2.3. Structure of synthesized lignin model compounds.

Compounds Chemical structure

OH
Guaiacol ©:o
l
O OMe
2-(2-methoxyphenyl)oxy- o)
acetophenone
OH OMe
2-(2-methoxyphenyl)oxy-1- 0
phenethanol

2-(2-methoxyphenyl)oxy-acetophenone (model a) was synthesized by the following

methods: 2-bromo-1-phenylethanone and guaiacol with the mole ratio of 1:1 with
moderate amount of acetone and potassium carbonate were added in a three-necked
round bottom flask. Then reflux for 3 hours and filtered through a membrane filter to
separate potassium carbonate. After that, the filtrate was concentrated by rotary
evaporator and washed by ethanol to obtain the substrates of 2-(2-methoxyphenyl)oxy-

acetophenone (yield, 70.3 %) as shown in Scheme 2.2.

O OH
Br ome__KC0;
+ Acetone
Scheme 2.2. Synthesis of 2-(2-methoxyphenyl)oxy-acetophenone.

2-(2-methoxyphenyl)oxy-acetophenone (model b) was synthesized by the following
methods: the solvent including 28 mL of tetrahydrofuran and 7 mL of distilled water
with 1.97 g (8.06 mmol) of 2-(2-methoxyphenyl)oxy-acetophenone were added to a
three-necked round bottom flask, then 704 mg (18.6 mmol) of sodium borohydride was

added as a reducing agent. After 4 hours of reaction at room temperature, 50 mL
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saturated ammonium chloride solution was added to terminate the reaction. After
further conversion and dilution of 50 mL distilled water, the product was extracted three
times with 50 mL diethyl ether. In addition, the ether layer was washed twice with
saturated sodium chloride solution, and then dried with anhydrous sodium sulfate.
Finally, 2-(2-methoxyphenyl)oxy-1-phenethanol was obtained by concentrating in a

rotary evaporator (yield, 63.5 %) as shown in Scheme 2.3.

OMe
e} NaBH
THF+H, O
Scheme 2.3 Synthesis of 2-(2-methoxyphenyl)oxy-1-phenethanol.

After dissolution, acetonitrile was added to the liquid mixtures, including [Apy]Cl
and products, with the mass ratio of acetonitrile/liquid mixtures was 20, the acetonitrile-
insoluble fraction was defined as the solid residue. The acetonitrile-soluble fraction was
extracted by ether and the amount of ether added was twice that of acetonitrile, and the
ether-insoluble fraction was defined as the regenerated IL, whereas the ether-soluble
fraction was defined as the liquid products. Then, the liquid products were further
concentrated via vacuum distillation at 70 °C to remove the extraction solvents.

For each test, samples of liquid products were collected after concentration, weighed
to obtain the mass and then analyzed by gas chromatography with flame ionization
detector (GC-FID, Shimadzu Co.) and gas chromatography-mass spectrometer (GC-
MS, Shimadzu Co.). The compounds were quantified by GC-FID with a column of
Ultra alloy-5 (Agilent, 60 mx0.25 mm i.d., 0.25 pm) and identified by GC-MS using a
J&W Scientific DB-1 column (Agilent, 60 mx0.25 mm i.d., 0.25 um). To confirm the

position and the mass-to-charge ratio of the peaks, internal standard (IS) was chose by
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comparing to GC-FID spectra of the liquid products with/without o-xylene. The results
showed that there was no o-xylene in the liquid products, o-xylene was used as IS for
the further study with the mass fraction of 1 wt. %. After repeated three times of all the
test, the average of three trials were used in this study.

The liquid products obtained from dissolution of those three lignin model compounds
in [Apy]Cl were quantified and identified as shown in Figure 2.12, Table 2.4 and 2.5.
According to the results of guaiacol conversion, 2.81 % of catechol was produced after
[APy]CI pretreatment, indicating the demethylation occurred and [Apy]Cl cloud be
treated as a reagent to cleave of methyl aryl ethers in lignin. For the synthesized lignin
model compounds (model a and b), the composition and distribution of the products
indicated that [Apy]Cl could lead to the cleavage of -O-4 bond and methyl aryl ethers.
Based on above analysis, the produced catechol originated from two parts: one was
from the demethylation of guaiacol in ionic liquids; the other part was from the
depolymerization of the model under the effect of [Apy]Cl in the pretreatment process.
A hypothetical mechanism of model a and b under [ Apy]Cl pretreatment was proposed
as shown in Scheme 2.4.

Based on above results, the proposed mechanism of alkali lignin dissolution in
[Apy]Cl was suggested in Scheme 2.5, which including the cleavage of B-O-4 bond in
[Apy]Cl pretreatment. Based on the distribution of the liquid products obtained from
the model compounds, lignin was effectively depolymerized with the partial cleavage
of B-O-4 into low molecular weight products with the increase of phenolic hydroxyl
content after [Apy]Cl pretreatment. As illustrated in Scheme 2.5, [Apy]Cl contains
strong coordinating anion (Cl") was used as a reaction media to stabilize the hydroxyl
group on the intermedia compounds. Products with $-O-4 bond converted into an enol
ether isomer by dehydration, then hydrolyzed to release guaiacol and carbonyl

compounds. Meanwhile, under the demethylation of [Apy]Cl partial of guaiacol
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converted into catechol.

FID signal (a.u)
-
H

” (b)
| memw

Retention time (min)

Figure 2.12. GC-FID spectra of liquid products from [Apy]Cl pretreatment, (a)

guaiacol; (b) model a; (c) model b.

Table 2.4. Quantification of the identified liquid products from model a.

No. Compounds Structure Yield, %
1 Guaiacol @[O/ 0.42
(o}
2-hydroxy-1 Ho¢k© 0.35
phenyl-ethanone
OH
1-methoxy-2- @O 0.10
phenethoxybenzene @
4 Model a 92.64
Others Unknown 6.49
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Table 2.5. Quantification of the identified liquid products from model b.

No. Compounds Structure Yield, %
1 Guaiacol I 0.02
2-h -1- i
ydroxy ¢K© 0.03
phenyl-ethanone
1-methoxy-2- <o L
0.06
(styryloxy)benzene @N ©
4 Model b 97.13
Others Unknown 2.76

@”G JOARS
s/

Scheme 2.4. Pathway of model a and b dissolution in [Apy]CL.
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Scheme 2.5. Pathway of lignin dissolution in [Apy]Cl

56



2.5 Conclusions

In order to compare the catalytic activity for lignin depolymerization and the mild
modification effect on the structure of alkali lignin among the used ILs, [Apy]Cl was
chosen as a promising ionic liquid. By investigating the effect of the amount of
antisolvent on the recovery ratio of lignin, the mass ratios of methanol:[Apy]Cl,
H20:[Apy]Cl and acetonitrile:[Apy]Cl were 3:1, 20:1 and 20:1, respectively, and were
used to extract cellulose-rich solids and [Apy]Cl-lignin from red pine. The extraction
of lignin from red pine was successfully achieved at atmospheric pressure, with 98.7
wt.% yield after 6 h of dissolution. Meanwhile, the regenerated [ Apy]Cl had no change
in structure and thermal stabilities, which demonstrated potential recyclability.
Furthermore, based on results in the depolymerization and demethylation of guaiacol
and 1-(4-hydroxyphenyl)-2-(2-methoxyphenoxy) ethenone, the effect of ionic liquid
pretreatment was elucidated and a hypothetical mechanism of lignin dissolution in ionic

liquid was proposed.
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Chapter 3

Catalytic Depolymerization of Alkali Lignin in [Apy]Cl
Synergizing Solid Acid catalyst using a continuous flow fixed-bed

reaction system

Abstract

The catalytic depolymerization of alkali lignin dissolved in a mixed solvent of ionic
liquid (N-allylpyridinium chloride, [Apy]Cl) and water, with ZrO,/SO4>" or Pt-
Zr0,S04* catalyst, were performed in a continuous flow fixed-bed reaction system at
low temperature (from 150 °C to 210 °C). The yields (carbon-based) of total products
and phenolic compounds catalyzed by ZrO»/SO4>", which increased with increasing
temperature, were 30.6 % and 13.4 % at 210 °C, respectively. Furthermore, the addition
of platinum to the ZrO»/SO4* catalyst enhanced the depolymerization of alkali lignin.
In the case of Pt-ZrO,/SO4?", the yields (carbon-based) of total products and phenolic
compounds reached 44.9 % and 18.7 %, respectively, at 210 °C. Additionally, [Apy]Cl
readily dissolved lignin and served as a medium for lignin depolymerization, which
improved the reactivity of lignin for the use in the continuous flow system at low

temperature.
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3.1 Introduction

Lignin is a complex compound composed of phenylpropane structural units, which
contains abundant aromatic polymers in lignocellulosic biomass, and the utilization of
lignin has been studied for decades. The three main types of phenylpropane structural
units in lignin are p-coumaryl alcohol, sinapyl alcohol and coniferyl alcohol. Due to
unique chemical structure of lignin, makes it become a kind of alternative resources for
the high-value chemicals through chemical, physical, or biological technologies ['1. The
aromatic units in lignin are linked by C-O-C and C-C bonds in random order 2],
Among various types of C—-O—C bonds, p—O—4 bond is the most abundant one,
accounting for approximately 50-65 % of all bonds in lignin; in addition, it contains a
small number of B—f, B—5 and 4-O-5 bonds B34,

Among various reported lignin utilization techniques, depolymerization is a
promising one for converting lignin into value-added aromatic compounds. Methods
for the depolymerization process of lignin vary according to different approaches, and
mainly include acid- and/or base-catalyzed 5-#), thermochemical treatment-assisted, e.g.,

16-181 and

pyrolysis 1 and gasification [!%!!] metal-catalyzed ['*°], biocatalysis-assisted !
Tonic liquids-assisted ['-2!] lignin depolymerizations. Up to now, many researchers had
studied the lignin depolymerizations by use of different catalysts associated with
organic solvents 2224 however, most of which operated at either higher temperature (>
250 °C) or pressure (> 2.5 MPa) with hydrogen or oxygen in batch reactors. To a certain
extent, organic solvents used in the process will pollute the environment, on the other
hand, the application of gas not only increases energy consumption, but also increases
the requirements for the devices.

Nowadays, ionic liquids (instead of organic solvents)-assisted depolymerization

process of lignin has been getting more and more attention, due to ionic liquids (ILs)

are green and functional solvents with different kinds of anions and cations **). ILs in
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the process are used as reaction media to dissolve lignin can promote the lignin
depolymerization, moreover, the catalytic effects of the catalyst on the target bond are
improved [!l. Therefore, the reaction conditions of lignin depolymerization using ILs
are generally milder.

Due to the complexity of lignin structure, many researchers have studied lignin model

compounds to explore optimum reaction conditions for lignin depolymerization. Kubo

1.26 [27]

et a and Binder et al. employed model compounds to study lignin
depolymerization in several dialkylimidazolium ILs without or with catalysts in the
presence of hydrogen in a batch reactor blew 200 °C, which suggested that ILs could
not cleave the B~O—4 linkage in the absence of catalysts. Stirk et al. !”) studied the
depolymerization of organosolv beech lignin by 1-ethyl-3-methylimidazolium
trifluoromethansulfonate under the catalysis of Mn(NOs3); at 100 °C and 8.4 MPa of air
in a batch reactor, 2,6-dimethoxy-1,4-benzoquinone, rather than phenolic compounds,
was the main product with the yield of 11.5%.

In order to select suitable ILs, Casas et al. [2!1 and Kilpeliinen et al. ) studied on
solubility of lignin in various ILs and suggested that ILs with the anions having smaller
size, and higher coordination capacity such as chloride allowed the IL molecule to form
hydrogen bonds with lignin and favorited dissolution of lignin. In addition, when a
cation contains an unsaturated double bond or a benzene ring structure which can form
strong -1 interactions with aromatic rings in lignin also tend to promote dissolution of
lignin.

Therefore, taking into account the drawbacks of these reports, it is indispensable to
develop a continuous flow system for efficient catalytic depolymerization of actual
lignin into value-added aromatic products at low temperature (from 150 to 210 °C)

without hydrogen or oxygen pressure. Based on the research of Zhang et al. ??! and

Kimura [*°, B—0—4 linkages were mainly cleaved with ZrO,/SO4* and Pt-promoted

63



SO4*7/ZrO; (Pt-SO4>/ZrO;) can be obtained steady activity during reaction, because of
the stability of the strong acid sites in sulfated zirconium were improved with the
addition of platnium. As far as we know, there is no related research on lignin
depolymerization using ionic liquid as solvent in a continuous flow fix-bed reaction
system has been reported.

In the present study, N-allylpyridinium chloride ([Apy]Cl) added less water where
the water was also considered as a reactant was used as the solvent for lignin as well as
a medium for lignin catalytic depolymerization, and a continuous flow fixed-bed
reaction system was developed to study the catalytic depolymerization of alkali lignin
at a low temperature (150, 170, 190 and 210 °C), with ZrO2/SO4*" and Pt-ZrO»/SO4*~
as the catalysts. The effects of different reaction temperatures and catalysts were
investigated. Furthermore, the relationship between the chemical structure of the alkali
lignin and residues and the thermal stability of the IL and regenerated IL were

investigated. Also, the effect of the IL pretreatment of lignin was estimated.
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3.2 Experimental section
3.2.1 Materials

Alkali lignin was purchased from Sigma-Aldrich Chemical Company, and the
ultimate analysis results are: C, 50.23 %; H, 4.32 %; N, 0.13 %; and O, 45.32 % by
weight. Zirconia powder was supplied by Daiichi Kigenso Kagaku Kogyo. Pyridine,
allyl chloride and o-xylene were purchased from Wako Pure Chemical Industries with
purity of 99.5 %, 98.0 %, 98.0 %, respectively. HoPtCls:6H>O was purchased from
Sigma-Aldrich Chemical Company with purity of 98.5 %. Ether, acetonitrile, and the

rest of the chemicals were used as received. Distilled water was used in all cases.
3.2.2 Synthesis of ionic liquid

Based on our previous studies B! N-allylpyridinium chloride ([Apy]Cl) was
synthesized with a yield of 98.8 %. One-dimensional '"H-nuclear magnetic resonance
(NMR) spectra was measured using an ECA500 Delta V5 (JEOL Co.), which operated
with the frequency of 500 MHz and at room temperature. DMSO-ds was used as the
solvent for the 'H-NMR analysis of [Apy]Cl. The thermo stability of [Apy]CIl was
analyzed by thermogravimetric analysis (TGA). The results of the analysis are: 4.8
(2H, d), 5.1(1H, d), 5.3 (1H, d), 6.0 (1H, m), 8.0 (2H, t), 8.4 (1H, t), 8.7 (2H, d); and
maximum thermal decomposition temperature (Tq) was 232 °C. The main structures of

the IL used in the present study are shown in Scheme 3.1.

IL Cation Anion

apict - Qo o

Scheme 3.1. The main structures of the IL used in the present study.
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3.2.3 Preparation of catalyst

The solid acid catalysts, ZrO2/SO4* and Pt-ZrO,/SO4>", prepared based on our
previous studies [*?l. Prior to impregnation, Zirconia pellet and the prepared ZrO2/SO4>~
(as support) were ground into 425-850 um particles. Then Pt-ZrO»/SO4>~ with 1 wt. %
platinum was prepared by the impregnation with H>PtClse6H,0O. After the
impregnation, the samples were dried and followed by calcination in air. Prior to the
reaction, all of the catalysts were ground into 425-850 um particles and Pt-ZrO,/SO4>~

was reduced by Hb in situ at 400 °C for 3 h.
3.2.4 Catalytic depolymerization reaction

Firstly, to verify the feasibility of experiments under mild conditions, the
depolymerization of alkali lignin in [ Apy]Cl was explored in the presence of SZ catalyst
in pressure resistant glass reactor as shown in Figure 3.1. 0.2 g of alkali lignin dissolved
in 2.0 g of [Apy]Cl were added into the reactor and held in 90 °C using oil bath, which
was stirred at 300 rpm for 3 h with a magnetic stirrer. After the dissolution, 0.2 g of SZ
catalyst and 0.2 g of distilled water were added to the reaction system, and the reaction
system was reacted at 210 °C for 1h, 2h and 3 h, respectively.

After the lignin depolymerization, samples of the liquid mixtures were collected and
weighed each hour. Acetonitrile was added to the liquid mixtures with the mass ratio of
acetonitrile/liquid mixtures was 20, the acetonitrile-insoluble fraction was defined as
the solid residue, which contained unreacted lignin then centrifuged to separate. The
acetonitrile-soluble fraction was extracted by ether and the amount of ether added was
twice that of acetonitrile, and the ether-insoluble fraction was defined as the regenerated
IL, whereas the ether-soluble fraction was defined as the liquid products. Then, the
liquid products were further concentrated via vacuum distillation at 70 °C to remove

the extraction solvents.
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Pressure tube

I w |

Figure 3.1 The batch reactor for lignin depolymerization.

Based on our previous researches, a continuous-flow fix-bed reaction system was
developed, including pretreatment unit, reaction unit and separation unit, as shown in
Figure 3.2. Lignin was dissolved completely in the [APy]Cl and H>O mixed solvent
with the mass ratio of lignin: [APy]Cl: HoO = 0.2:10:1 at 90 °C for 3 h in the
pretreatment unit which defined as feedstock. Then a certain amount of feedstock (from
vessel 2) was pumped into the pipeline. Through pumping pump oil (from vessel 1) to
push the feedstock into the fixed-bed reactor in reaction unit under the weight hourly
space velocity (WHSV) of 3.8 h™!. The length and inner diameter of the reactor were
160 mm and 8 mm, respectively. And the fixed-bed reactor with 0.452 g catalyst
(Zr02/SO4* or Pt-Zr0,/SO4*") was heated to the reaction temperatures and maintained
for 0.5 h before the feedstock fed into the system.

During the lignin depolymerization, samples of the liquid mixtures were collected
and weighed each hour and the separation methods were same as those for batch reactor.

/74"3\/'61“ gas
IL

N, Ice bath

Pump oil A NI Catalyst

Vessel 2 v Reactor
A A
* Vessel 1 Pump

S|

Pump

Products receiver

Figure 3.2. Flow diagram of a flow fixed-bed reactor for lignin depolymerization.
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3.2.5 Analysis of liquid product and solid residue

For each test either in batch or flow reactor, samples of liquid products were collected
after concentration, weighed to obtain the mass and then analyzed by gas
chromatography with flame ionization detector (GC-FID, Shimadzu Co.) and gas
chromatography-mass spectrometer (GC-MS, Shimadzu Co.). The compounds were
quantified by GC-FID with a column of Ultra alloy-5 (Agilent, 60 mx0.25 mmi.d., 0.25
um) and identified by GC-MS using a J&W Scientific DB-1 column (Agilent, 60
mx0.25 mm i.d., 0.25 pm). To confirm the position and the mass-to-charge ratio of the
peaks, internal standard (IS) was chose by comparing to GC-FID spectra of the liquid
products with/without o-xylene. The results showed that there was no o-xylene in the
liquid products, o-xylene was used as IS for the further study with the mass fraction of
1 wt. %. The liquid products identified by GC-MS were divided into phenolic and
nonphenolic compounds. Product yield was obtained in terms of molar carbon yield,
and the total mole yield of carbon-based products and phenolic compounds are divided
by the moles of carbon in the feedstock which fed in the reactor with respect to the IS.
After repeated three times of all the test, the average of three trials were used in this
study. The total mole yield of carbon-based products (Y., C, mol %) and phenolic

compounds (Y,, C, mol%) were calculated by equation (3-1) and (3-2):

)_ Carbon moles in liquid products

Y., (C, mol%

x100% (3-1)

Carbon moles fed in

Carbon moles in phenolic compounds

Yy, (C, mol%) =

x100 (3-2)

Carbon moles fed in

The solid residues after pretreatment and reaction were analyzed by use of Fourier
transform infrared analysis (FT-IR) with an IR Prestige-21 (Shimadzu Co.)
spectrometer from 4000 to 600 cm ™!, scanning 64 times with a resolution of 2 cm™!. The

solid residue was mixed with KBr with mass ratio of 1:100, then mechanically pressed
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to form a pellet.

X-ray diffraction (XRD) patterns of the raw and regenerated lignin from the
pretreatment unit were recorded using RINT2100 VPC/N with Cu-Ka radiation (40 kV,
30 mA) at 20 angles from 5 to 85 °.

The thermal behavior of the samples was measured by a thermal gravimetric analyzer
(DTG-60, Shimadzu Co.) by heating 10 mg of the samples, which were placed in an

aluminum pan, at a rate of 10 °C/ min from100 to 800 °C under N> gas atmosphere.
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3.3 Results and discussion

3.3.1 Analysis of liquid product and solid residue

The TGA and DTGA curves of raw lignin and regenerated lignin after pretreatment
with [Apy]Cl are shown in Figure 3.3. The maximum decomposition temperature of
raw lignin was 350 °C, and the one of regenerated lignin from the pretreatment unit
appeared at 227 °C, indicating that after pretreatment lignin became more readily to be

decomposed.
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Figure 3.3. TGA and DTGA curves of raw lignin and regenerated lignin from the
pretreatment unit at 90 °C for 3 h.

Meanwhile, the change in the crystal phase of lignin before and after pretreatment
with [Apy]Cl were analyzed by XRD. The results of XRD showed in Figure 3.4. Alkali
lignin without [Apy]Cl pretreatment showed a broad peak and had a few characteristic
peaks 3 of Na>SO4 at 19.08°, 28.00°, 33.97°, 38.55° and 46.37°. And at 31.97° was
NaCl characteristic peak, which was consistent with the production process of the
sample. In contrast to this, after pretreatment, almost all the characteristic peaks
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disappeared and the formation of amorphous materials was observed. It means that the
application of IL as the solvent by dissolving the lignin macromolecules into relatively
small molecular weight products, which improve the accessibility of targeted bonds for

catalysts in reaction and make the reaction conditions typically less harsh.

140

Lignin
— Regenerated lignin

120 * Na2SOq4
e NaCl

100
80
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Intensity (a.u.)

20 40 60 80
26 (9

Figure 3.4. XRD patterns of raw and regenerated lignin from pretreatment unit.

3.3.2 Catalytic depolymerization of lignin in batch reactor

After depolymerization, the liquid products obtained from batch reactor were
separated and identified by GC-FID and GC-MS. The details of structure and yields of
major products are summarized in Table 3.1 and Table 3.2. Figure 3.5 shows the results
of liquid products analyzed by GC-FID. The peaks 1 and ii represent the extract solvents
and pyridine residue from the process of synthesis of IL, respectively.

As Table 3.2 showed, the main compounds observed in identified compounds at
210 °C were the phenolic compounds. The total yields of the phenolic compounds
increased as the reaction time increased. At the same time, it is feasible to decompose
lignin under mild conditions using ILs combine with catalysts, which lays the

foundation for the study of the flow fix-bed reaction system.
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Figure 3.5. GC-FID spectra of liquid products from batch reactor at 210 °C for 3 h.

Table 3.1. Identification of liquid products by means of GC-MS.

No. Compounds Structure
1 Furfuryl alcohol \O )
2 Benzaldehyde g
3 4-Vinylphenol —Q—/
4 P-methylguaicol Q
5 2,2'-Biphenol @@
1-(4-Hydroxy-3,5- 0 .
6 dimethoxyphenyl) \*QO;

propan-1-one
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Table 3.2. Quantification of the identified liquid products by means of GC-FID at
210 °C.

Yield/C, mol %

No. Compounds Zr02/S04*~
lh 2h 3h

1 Furfuryl alcohol 3.73 6.48 10.59
2 Benzaldehyde 0.58 0.48 0.28
3 4-Vinylphenol - 0.05 0.01
4 P-methylguaicol 022 059 2.64
5 2,2'-Biphenol - 0.15 1.16

1-(4-Hydroxy-3,5-
6 dimethoxyphenyl) - 0.17  0.80

propan-1-one

Ye 169 194 29.6

Y., total yields of carbon-based products.

3.3.3 Catalytic depolymerization of lignin in flow reactor

The catalytic depolymerization of alkali lignin dissolved in a mixed solvent of
[Apy]Cl and water, in the presence of ZrO2/SO4*~ or Pt-ZrO»/SO4>~ catalyst, was carried
out in a continuous-flow fixed-bed reaction system at low temperature. After
depolymerization, the liquid products obtained from pretreatment unit and reaction unit
were separated and identified by GC-FID and GC-MS. The details of structure and
yields of major products are summarized in Table 3.3 and Table 3.4. Figure 3.6 shows
the results of liquid products analyzed by GC-FID: (a) is the results of liquid products
from extraction of the feedstock in the pretreatment unit; (b) ~ (e) are catalyzed by
Zr0,/SO4* at 150, 170, 190 and 210 °C under WHSV of 3.8 h'!, respectively; (f) is
catalyzed by Pt-ZrO,/SO4>~ at 210 °C under WHSV of 3.8 h'!. The peaks i and ii
represent the extract solvents and pyridine residue from the process of synthesis of IL,
respectively. As Table 3.4 showed, the main compounds observed in identified
compounds at 210 °C were the phenolic compounds. The total yields of the phenolic

compounds increased as the reaction temperature increased; Pt-ZrO»/SO4*~ showed
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higher yields than those of Zr0O»/SO4~ at 210 °C, and 1-(4-hydroxy-3,5-
dimethoxyphenyl) propan-l-one (1.21 %) was obtained. Among the phenolic
compounds, the main products were 4-vinylphenol, 4-hydroxyphenylacetic acid and 5-
dihydroxy-1,2,3,4-tetrahydronaphthalene, and the yields of these increased with the
increase of temperature. As shown in Table 3.4, 4-vinylphenol was the main phenolic
compound with a high yield. Moreover, the yields of nonphenolic compounds also
increased with increasing reaction temperature. Meanwhile, p-methylguaicol was the
main product with a low yield in the pretreatment unit, indicating that the lignin

structures were partially depolymerized.
3.3.4 Effect of reaction temperatures on the yields of liquid products

As shown in Figure 3.6 and Table 3.4, over the entire reaction temperature range, the
yields of carbon-based products and phenolic compounds increased as the temperature
increased. The yields of the carbon-based products and phenolic compounds catalyzed
by Zr0,/SO4*  appeared to be minimized (14.9 % and 2.96 %, respectively) at 150 °C
and increased to 30.6 % and 13.4 % at 210 °C, respectively. Under the catalysis of Pt-
Zr02/S04>", the yields of the carbon-based products and phenolic compounds increased
to 44.9 % and 18.7 % at 210 °C, respectively as shown in Figure 3.7. This significant
increase might be due to the depolymerization of the degraded lignin intermediates as
the temperature increased.

The distribution of phenolic compounds with temperature increased was shown in
Figure 3.7 and Table 3.4. According to Table 3.4, the yield of the phenolic compounds
of p-methylguaicol (No. 5) and 1-(4-hydroxy-3,5-dimethoxyphenyl propan-1-one (No.
12)) were increased from 0.00 % to 0.446 % and from 0.00% to 1.21 %, respectively,
in the presence of Pt-ZrO,/SO4>~ with temperature increased to 210 °C. The yields of

most phenolic compounds (2,6-xylenol (No. 3), 4-vinylphenol (No. 4), 1,5-dihydroxy-
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1,2,3,4-tetrahydronaphthalene (No. 9), butylated hydroxytoluene (No. 11) and 4-
hydroxyphenylacetic acid (No. 7)) was also increased. However, the yield of 6-
methylsalicylic acid ethyl ester (No. 6) increased at first before decreasing, with the
highest yield of 0.874 % observed at 210 °C. This effect probably resulted from 6-
methylsalicylic acid ethyl ester being depolymerized as the reaction temperature
increased. Further, the yield of 2, 2'-biphenol (No. 10) was decreased at 190 °C, then it
increased to 1.04 % at 210 °C in the presence of Pt-ZrO»/SO4>", which indicated
repolymerization occurred at 210 °C.

In short, the reaction temperature was an important factor in lignin depolymerization
[34-36] and it had a significant effect on the yield and composition of liquid products. The

above results indicated 4-vinylphenol was the main product.
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Figure 3.5. GC-FID spectra of liquid products from pretreatment and reaction units.
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Figure 3.6. Effects of different reaction temperatures on the yields of carbon-based
products and phenolic compounds (C, mol%; based on lignin) catalyzed by ZrO»/SO4>".
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Figure 3.7. Effects of different reaction temperatures on the yields of phenolic
compounds (C, mol%; based on lignin) catalyzed by ZrO»/SO4*".

3.3.5 Effect of metal-supported catalysts on the yields of liquid products

According to the above results, to investigate the effect of metal loading of the
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catalyst on the yields of liquid products, the lignin depolymerization reactions were
conducted at 210 °C. The 1 wt. % Pt-ZrO2/SO4>" catalyst was used for comparison. The
effects of the catalysts on the yields of carbon-based products and phenolic compounds,
based on lignin, are shown in Table 3.4 and Figure 3.5. It was observed that 1 wt. % Pt-
Zr0,/SO4* catalytic depolymerization produced higher yields of all compounds than
those of ZrO2/SO4*", and the yields of the carbon-based products and phenolic
compounds were increased from 30.6 % to 44.9 % and 13.4 % to 18.7 %, respectively.
Meanwhile, the yields of 1,5-dihydroxy-1,2,3,4-tetrahydronaphthalene (No. 9) and 1-
(4-hydroxy-3,5-dimethoxyphenyl propan-1-one (No. 12)) in the presence of Pt-
Zr0,/SO4* were higher than those of catalyzed by ZrO,/SO4>", indicated that combined
with solid acid catalyst, hydrogen ions from partial H>O and acidic IL could be migrated

and adsorbed at Pt sites, which promoted lignin depolymerization.
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Table 3.3. Identification of liquid products by means of GC-MS.

No. Compounds Structure
1 Furfuryl alcohol \o )
2 Benzaldehyde Ol
3 2,6-Xylenol \fﬁ/
=
4 4-Vinylphenol —@—/
5 P-methylguaicol Q
6-Methylsalicylic acid JU SR
6 ﬂ \\\L o T
ethyl ester o
4-Hydroxyphenylacetic RN~ .
7 . I
i I,
8 2,6-Dimethylstyrene 4’\]’ 9
1,5-Dihydroxy-1,2,3,4- /vﬂ
9 k |
tetrahydro naphthalene ( ~
10 2,2'-Biphenol @@
Butylated ﬁ>J\ //L/(
11 )
hydroxytoluene *-T
1-(4-Hydroxy-3,5- @ .
12 dimethoxyphenyl) \/LQO:

propan-1-one
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Table 3.4. Quantification of the identified liquid products by means of GC-FID.

No. Compounds Z1r02/S04*

Yield/C, mol %

Pt-
Z1r02/S04>

150 °C 170 °C 190 °C 210 °C 210 °C

Non-phenolic compounds (np)

1 Furfuryl alcohol 0.233 0.332 2.200 3.440 4.500
2 Benzaldehyde 0.140 0.925 0.570 1.400 2.440
8 2,6-Dimethylstyrene 0.175 0.424 0.560 1.030 1.060

Total yield (Yup) 0.548 1.680 3.330 5.870 8.000

Phenolic compounds
3 2,6-Xylenol 0.019 0.051 0.161 0.193 1.060
4 4-Vinylphenol 0.225 0.946 2.00 5.490 9.430
5 P-methylguaicol 0.000 0.197 0.258 0.383 0.446
6 6-Methylsalicylic acid ethyl - 00 0778 0330 0874 0.658
ester

7 4-Hydroxyphenylacetic acid 0.088 0.167 0.634 3.480 3.590

1,5-Dihydroxy-1,2,3,4-

1.970 1.060 0.086 2.080 2.690
tetrahydro naphthalene

10 2,2'-Biphenol 0224 0283 0265  0.728 1.040

11 Butylated hydroxytoluene 0049 0116  0.118  0.143 0.159

p  [-(4-Hydroxy-3,5- 0.000  0.000  0.000  0.000 1210
dimethoxyphenyl) propan-1-one

Y, 2.96 3.60 3.85 13.4 18.7

Ye 14.9 18.4 24.6 30.6 44.9

Y., total yields of carbon-based products; Y, yields of phenolic compounds; Y, yields
of nonphenolic compounds.

3.3.6 Pathway of lignin depolymerization

Based on the above results and previous reports [*> 41 the distribution of the liquid
products indicated that lignin was effectively depolymerized into low molecular weight
products after [Apy]Cl pretreatment, which were proved in Chapter 2, two reaction
pathways were suggested in Scheme 3.2. Both of pathways for -catalytic
depolymerization of lignin begins with the relatively low molecular weight products

with B-O-4 ether bond after lignin pretreatment. As illustrated in Scheme 3.2, [Apy]Cl
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contains strong coordinating anion (Cl) was used as a reaction media to stabilize
thehydroxyl group on the intermedia compounds. In pathway A, under catalysis of
Zr0»/S04>", small molecular weight products with p-O-4 ether bond transformed into
an enol ether isomer by releasing H>O, then hydrolyzed to release guaiacol and carbonyl
compounds. In pathway B, by the catalytic dehydrogenation of Pt ketone was generated,
and then dehydrated to form o, B-unsaturated ketone. Then the hydrogenation and
reduction cleavage reactions were performed with chemisorbed hydrogen catalyzed by
Pt, from which aryl propylene was produced.

Additionally, in the whole process, the active intermediates can be protected and/or

stabilized or side reactions were inhibited with [Apy]Cl used as the solvent and reaction

media 4, which promoted lignin depolymerization to produce desired value-added

products.
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Scheme 3.2. Proposed pathway of lignin depolymerization under catalysis of
7Zr02/S04* and Pt-Zr02/SO4*~
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3.3.6 Changes in the structure of lignin after depolymerization

FT-IR analysis was performed for the solid residues obtained from lignin
depolymerization in the reaction unit and pretreatment unit using commercially
available alkali lignin as the standard. Various peaks were observed according to the
previous studies 37371,

All samples in Figure 3.8 showed a wide absorption band at 3400 cm™!, which
corresponded to the vibration of the O—H stretch in aromatic and aliphatic O—H groups.
Peaks at approximately 2962, 2938 and 2873 cm ™! were assigned to C—H vibrations of
the ~CH, and —CH3 groups 21, and the peak that appeared at 1707 cm™! was assigned
to carbonyl stretching vibration %), The band at 1635 cm™! represented the structure of
the C=C stretching vibration %1, Compared to the raw lignin (a), with temperature
increased from 150 to 210 °C the absorbance intensity of peak (b ~ ¢) at 1635cm™! had
no obvious change. However, the absorbance intensity of peak (f) at 1635cm™!
increased, indicating the content of double bonds was higher*! than others. The intensity
of peak at 1594 cm™!, showed a decrease when compared to that of raw alkali lignin,
indicating that a substitution reaction occurred on the aromatic ring and that a
condensation reaction mainly occurs on the aromatic ring [*8. The absorption peak at
1131 cm™! was attributed to the C—O absorption of the methoxy group on the benzene
ring 21 and its absorption intensity was weakened or even disappeared as the
temperature increased. This finding indicated that the demethoxylation reaction and
breakage of the ether bond, such as beta B-O-4, occurred during lignin
depolymerization.

In addition, the FT-IR spectra of the residues (b ~ €) regenerated from 150-210 °C
catalyzed by ZrO,/SO4*" showed that the absorbances of peaks at 2962, 2873, and 1447
cm ! increased, which were attributed to C—H stretching vibrations of -CH, and -CH3

groups, indicating alkyl groups existed in residues. The absorbance at 1568 cm™! was
81



increased indicated the formation of the highly organized aromatic residues.
Additionally, the absorbance approximately 1097 cm™! decreased implied the breakage
of ether bonds. As comparison, the residue (f) regenerated from 210 °C catalyzed by
Pt-Zr0,/SO4*" showed increased intensities for 1207 cm™! band, which was associated

with guaicyl ring breathing with C-O stretches (4%,
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Figure 3.8. Comparison of FT-IR spectrum of commercial alkali lignin and residues:
(1) is the residues regenerated from the solution in the pretreatment unit; (a) is
commercial alkali lignin; (b) ~ (e) are residues regenerated from 150, 170, 190, and
210 °C catalyzed by ZrO2/SO4*, respectively; (f) is residue regenerated from 210 °C
catalyzed by Pt-ZrO,/SO4>".

3.3.7 Thermal stability of [Apy]Cl

The thermal stabilities of the regenerated ILs and compare to fresh IL were explored
by TGA. The TGA and DTGA curves of [Apy]Cl and the regenerated [Apy]Cl are
shown in Figure 3.9. The maximum weight loss rates appeared at 232 °C for fresh
[Apy]Cl, and the maximum weight loss rates of regenerated [Apy]Cl from the

pretreatment unit appeared at 232 °C and from the reaction unit at 150, 170, 190, and
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210 °C appeared at 228, 232, 225 and 235 °C, respectively. Changes in the
decomposition temperature were probably due to the presence of low-melting inorganic
mixtures and the ash derived from alkali lignin in regenerated [Apy]Cl after lignin
depolymerization. However, the overall thermal decomposition behavior of all the

regenerated [Apy]Cl was found to be similar to that of the fresh compound, which

demonstrates reasonable recyclability.
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Figure 3.9. TGA and DTGA curves of [Apy]Cl and the regenerated [Apy]Cl from the
pretreatment unit and reaction unit catalyzed by ZrO,/SO4>~ at 150, 170, 190, 210 °C.
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3.4 Conclusions

In this work, after pretreatment with [Apy]Cl at 80 °C lignin macromolecules
degraded into relatively small molecular weight products, which became more readily
decomposed and the accessibility of targeted bonds for catalysts were improved for the
catalytic depolymerization. In the presence of ZrO»/SO4?, the alkali lignin dissolved in
[Apy]Cl and water decomposed even at 170 °C. 4-vinylphenol was the primary phenolic
compounds during lignin depolymerization. The yields of carbon-based products and
phenolic compounds catalyzed by Pt-ZrO2/SO4*” were 44.9 % and 18.7 %, respectively,
and were higher than those of Zr0»/SO4* (30.6 % and 13.4 %) at 210 °C. With the in-
depth analysis of the liquid products two reaction pathways were suggested with part
of the H>O and acid IL in the system utilized as a source of hydrogen during lignin
depolymerization by Pt-ZrO,/SO4>~. Meanwhile, thermal stability results showed that

[Apy]Cl was basically unchanged, demonstrating reasonable recyclability.
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Chapter 4

Catalytic depolymerization of alkali lignin in ionic liquid on Pt-

supported La;03-S04>/ZrO: catalysts

Abstract

A series of PtLay/ZrO2/SO4* with different addition amount of La>Os (y: atomic ratio
of La to Pt, 1, 3 and 6) catalysts were prepared, and used to catalytic depolymerization
of alkali lignin with ionic liquid in a continuous flow fix-bed reaction system.
Compared to the catalyst of SO4?7/ZrO,, the introduction of Pt and La,Os significantly
enhanced the catalytic activity in alkali lignin depolymerization. Based on the
characterization results of the catalysts obtained from BET measurement, FT-IR spectra
of CO or pyridine adsorption, XPS, TEM, with the instruction of La>0O3, the number of
Lewis acid sites increased and resulted in the strong interaction between Pt and support
which improved the dispersion of Pt particles. PtLa3/SO4>7/ZrO, catalyst showed the
highest yield of phenolic compounds (28.7 Carbon. mol%) at 210 °C. Furthermore,
based on results in the depolymerization and demethylation of two model compounds
of lignin, the synergistic effect of ionic liquid and catalysts was also elucidated and a

hypothetical reaction pathway of lignin depolymerization was proposed.
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4.1 Introduction

Lignin is a heterogeneous phenolic biopolymer with p-coumaryl, sinapyl and
coniferyl alcohol as monolignols [ 2. Owing to its complex structure and properties
make lignin-derived monomers as useful precursors for high value-added chemicals,
however, previous researches mainly focused on either cellulose- or hemicellulose-
based material as feedstocks to obtain value-added chemicals >3] remaining lignin
underutilization. Therefore, it is imperative for developing lignin-processing methods
to convert lignin into high value-added chemicals.

Recently, a series of catalytic depolymerization processes have been developed to
convert lignin into low-molecular-weight compounds with different methods. Although
traditional processes could depolymerize lignin effectively, most of them were very
energy intensive, such as the presence of higher temperature (> 250 °C) or pressures (>
2.5 MPa) with external hydrogen or oxygen 78], and the organic solvents used would
be hazardous to the environment [ 1%, Considering the drawbacks in the traditional
processes, ionic liquids (ILs) with exploitable tunable properties were employed in the
lignin depolymerization as one of superior green solvents and catalysts 121 Ag
superior green solvents, ILs could dissolve lignin effectively with partial lignin
macromolecule converted into low-molecular-weight compounds, which further
promoted the catalytic depolymerization of lignin 1. Moreover, ILs were also the
promising reagents for the cleavage of methyl aryl ethers and B-O-4 bonds of lignin
model monomers in the presence or absence of catalysts even at room temperature ['>-
161 Tn our previous study [®], the synergistic effect of SO4?>7/ZrO and N-allylpyridinium
chloride ([Apy]Cl) was proved for the efficient catalytic depolymerization of alkali
lignin at 210 °C without external hydrogen or oxygen. From preliminary experimental,
Pt-containing SO4> /ZrO, demonstrated a better activity than that of SO4*/ZrO, might

due to the presence of partial platinum oxide improved active sites by interacting with
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adjacent sulfate particles ['’! or the coordination of platinum oxide for S=O enhanced
the acid strength of the catalyst '®], which improved the catalytic activity in lignin
depolymerization. Additionally, the metal nitrate (Mn(NO3)2) combination with IL of
1-ethyl-3-methylimidazolium trifluoromethane sulfonate ([EMIM]CF3SO3) were also
proved to mediate depolymerization of lignin with 11.5 wt. % of 6-dimethoxy-1,4-
benzoquinone produced under high pressure of 8.4MPa (air) at 100 °C for 24 h "],
Therefore, considering the presence of the synergistic effect of ILs and catalysts, it is
possible to catalytic depolymerization of lignin under less harsh reaction conditions.

Although most of the metal site in catalysts works as the active site and some
researchers also reported that the increase of the noble metal content would improve the
activity of catalysts, the higher cost seriously impediment to their application. Therefore,
the addition of modifiers, such as rare-earth metal oxides, were used as effective
methods to favor the activity [2%2!1. The remarkable properties of La,O3, such as special
electronic structure and acidic properties, make it enable to decrease the size of the Pt
domain and stabilize Pt dispersion after the modification of the catalyst > 23], These
properties indicated that Pt supported on La>03-SO4*>/ZrO; (as the support) would be a
rather considerable catalyst for lignin depolymerization.

In the present study, N-allylpyridinium chloride ([Apy]Cl) and catalyst of Pt-La>O3-
SO4*/ZrO; (PtLay/SO4* /ZrO; catalysts, y was the atomic ratio of La to Pt of 1, 3 and
6) was prepared, characterized and tested for lignin depolymerization at 210 °C in a
flow fix-bed reactor system. Among all the catalysts studied, the platinum content was
constant at 1.0 wt. %. The effect of different catalysts on the distribution of liquid
products and the properties of catalysts were investigated. Moreover, the synergistic
effect of ionic liquid and catalysts and a hypothetical reaction pathway of lignin
depolymerization was elucidated based on the results of guaiacol and guaiacylglycerol-

B-guaiacyl ether in pretreatment and reaction unit.
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4.2 Experimental
4.2.1 Materials

The raw material of alkali lignin was purchased from Sigma-Aldrich Chemical
Company. Pyridine (99.5 %, Wako Pure Chemical Industries, Ltd.), allyl chloride
(98.0 %, Wako Pure Chemical Industries, Ltd.), H2PtCls- 6H20 (98.5 %, Sigma-Aldrich),
La(NOs3)3-6H20 (98.0 %, Sigma-Aldrich), O-xylene (98.0 %, Wako Pure Chemical
Industries, Ltd.), guaiacol (> 98.0 %, Sigma-Aldrich), guaiacylglycerol-B-guaiacyl
ether (Sigma-Aldrich), ether, acetonitrile, and the rest of the chemicals used were of
analytical grade and used as received without further purification. Distilled water was
used in all cases. [Apy]Cl was synthesized based on our previous studies [>*1 the
structure and decomposition temperature were characterized by one-dimensional 'H and
B3C nuclear magnetic resonance (NMR) spectra (JNM-ECA500 Delta V5, JEOL Co.)
and thermogravimetric analysis (TGA): 61 (D20)= 4.8 (2H, d), 5.1(1H, d), 5.3 (1H, d),
6.0 (1H, m), 8.0 (2H, t), 8.4 (1H, t), 8.7 (2H, d); dc = 63.0, 123.0,128.0, 130.0, 144.0,

146.0; and the maximum thermal decomposition temperature (Tq) was 232 <C.

4.2.2 Preparation of catalyst

S04>/Zr0, (SZ) and Pt-SO4>/ZrO, (Pt/SZ) catalysts were prepared based on our
previous studies [*!. Lay03-SO04*7/ZrO; (La;03/SZ) catalysts with different contents of
LaO3 were prepared by using incipient wetness impregnation method. Prior to
impregnation, SZ was ground and sieved to yield 425-850 pum particles, then
impregnated with an aqueous solution of La(NO3);*6H2O with desire La content,
followed ultrasonication for 15min. After ultrasonication, the solid dried at 120 °C for
2 h and calcined at 600 °C for 3 h, which was denoted as La>O3/SZ catalyst. Afterward,

La>03/SZ was used as the support to prepare the catalysts of PtLay/SZ (y =1, 3, 6),
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where y referred to the atomic ratio of La to Pt, with an aqueous solution of
H>PtCle*6H20. The preparation methods of PtLay/SZ were the same as that of
La>03/SZ, except that PtLay/SZ catalysts were calcined at 450 °C for 5 h. The nominal
platinum loading was held constant at 1.0 wt. %. For comparison, the La>O3/SZ catalyst

with 1.0 wt. % La was also investigated.

4.2.3 Catalyst characterization

BET surface area, pore volume and pore diameter of the prepared support and
catalysts were measured by No-physisorption at 77 K using a Belsorp-mini II analyzer
(Bel Japan Inc.). Before testing, all the catalysts were degassed in vacuum at 673K for
1 h.

X-ray fluorescence (XRF) analysis of the catalysts was conducted with an XRF
spectrometer (JSX-3100RII, JEOL Corp.) for quantitative analysis of metallic elements.

X-ray diffraction (XRD) patterns of the reduced catalysts was recorded with an XRD
instrument (RINT2100 VPC/N, Rigaku Corp.) using Cu-Ka radiation (40 kV, 30 mA)
at 20 angles from 5 to 85 ° with step-sizes of 1° and counting times of 2 s.

Ammonia temperature-programmed desorption (NH3-TPD) analysis of the catalysts
was performed using a chemisorption-physisorption analyzer (ChemBET PULSAR
TPR/TPD; Quantachrome Instruments) with a thermal conductivity detector (TCD).
200 mg of catalyst was loaded and reduced at 400 °C for 3 h by a pure H; at a rate of
15 cm?/min, then cooled to 30 °C in He stream. The ammonia adsorption was conducted
in a flow of 10 vol. % NHs/He flow (15 cm?/min) for 40 min. The physically adsorbed
ammonia was removed at 100 °C for 2 h under helium flow, and the TPD was measured
by linearly increasing the cell temperature from 100 to 800 °C at a heating rate of 10 °C
/min. The amount of desorbed ammonia was calculated by pulse calibration.

Hydrogen temperature-programmed reduction (H2-TPR) of the catalysts was carried
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out in the same instrument as NH3-TPD. 100 mg of catalyst was pretreated with He at
500 °C for 1 h, then analyzed from room temperature to 900 °C with heating rate of
5 °C/min. The consumption of H> was monitored online by a TCD detector.

FT-IR spectra of CO adsorption were performed using an IRPrestige-21 instrument
(Shimadzu) with a measurement cell with CaF> windows and investigated with 64 scans
at 4 cm™! resolution. The catalyst was ground and pressed into a wafer with a diameter
of 10 mm and inserted into the measurement cell, which was connected to a vacuum
apparatus. The measurement cell with catalyst wafer was heated to 400 °C (20 °C /min)
and reduced for 3 h by H> (30 mL/min), then evacuated until the pressure less than 10
> Torr for 2 h. The CO adsorption was investigated at 40 °C for 0.5 h, followed 20 min
of evacuation.

The FT-IR spectra of pyridine adsorption was investigated on the same instrument as
CO adsorption. Before adsorption, the catalyst was reduced at 400 °C for 3 h then
degassed for 2 h. Pyridine adsorption was performed under the pyridine pressure of 4
Torr for 30 min at 100 °C. Prior to recording the IR spectra, the sample was degassed
for 20 min at each temperature.

X-ray photoemission spectra (XPS) were obtained using an ESCA-3200 (Shimadzu)
spectrometer equipped with monochromatic Mg Ka radiation (240 W, 8 kV, E =1253.6
eV). The binding energy (BE) value of adventitious carbon (C 1s, 284.6 eV) was used
as the reference. The catalyst sample prepared in a dry box under argon flow with a
degassing pretreatment prior to perform.

TEM measurement of catalyst was performed on a JEM-1400 (JEOL) electron
microscope operating at 200 kV. The catalyst was reduced ex-situ in H, flow at 400 °C
for 3 h and dispersed in ethanol, then a drop of the suspension was deposited on a

carbon-coated copper microgrid as test sample.
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4.2.4 Catalytic test

The catalytic depolymerization of alkali lignin and was performed on the same
process as reported in our previous study [l firstly, lignin was dissolved in a mixture
solvent of [Apy]Cl and water as lignin-solution; then 0.452 g of SZ, Pt/SZ, PtLay/SZ
and La,0s3/SZ catalysts loaded in the reactor, among of which the Pt-supported catalysts
were reduced at 400 °C under a 30 mL/min H, flow for 3 h at atmospheric pressure
before reactions. After that, the lignin-solution was continuously pumped into the fixed-
bed reactor (i.d. 8 mm, length 160 mm) and reacted at 210 °C under the weight hourly
space velocity (WHSV) of 3.8 h™!. During the depolymerization process, the liquid
mixtures were collected per hour as a sample, then added acetonitrile and ether to
separate solid residue and regenerate IL from the sample. After that, the liquid products
of lignin depolymerization were collected and concentrated via vacuum distillation at
50 °C to remove the extraction solvents.

After concentration, the liquid products analyzed by gas chromatography with flame
1onization detector (GC-FID, Shimadzu Co.) with a column of Ultra alloy-5 (Agilent,
60 mx0.25 mm i.d., 0.25 um) and gas chromatography-mass spectrometer (GC-MS,
Shimadzu Co.) with a J&W Scientific DB-1 column (Agilent, 60 mx0.25 mm i.d., 0.25
um). O-xylene was used as internal standard (IS) to confirm the position and the mass-
to-charge ratio of the peaks during GC-FID analysis [®l. The liquid products identified
by GC-MS were divided into phenolic and nonphenolic compounds. Product yield was
obtained in terms of carbon molar yield, and the total mole yield of carbon-based
products and phenolic compounds are divided by the moles of carbon in the feedstock
which fed in the reactor with respect to the IS. After three repetitions of all the tests, the
average of three trials was used in this study. The total mole yield of carbon-based
products (Yc, C, mol %) and phenolic compounds (¥p, C, mol%) were calculated by

equation (4-1) and (4-2):
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Carbon moles in liquid products
Ye, (C, mol%)= TP x100% (4-1)
Carbon moles fed in

Carbon moles in phenolic compounds
Yp, (C, mol%) = P P X 100% (4-2)
Carbon moles fed in

Furthermore, guaiacol and guaiacylglycerol-B-guaiacyl ether (GG) were used as the
model compounds of lignin to elucidate the reaction pathways of lignin
depolymerization and the possibility role of [Apy]Cl in the whole process in the
absence/presence of SZ and Pt/SZ catalysts corresponding to the pretreatment and

reaction unit in pressure resistant glass reactor.
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4.3 Results and discussion

4.3.1 Characterization of the properties of the catalysts

Textural properties and chemical compositions of the prepared catalysts were
summarized in Table 4.1. No significant changes observed in pore diameter except for
the slight decrease in BET surface area and the pore volume of the catalysts with the
introduction of platinum and lanthanum, due to the blocking or filling of SZ micropores
by the species of Pt and La>,Os;. Meanwhile, the chemical analyses results demonstrated

the contents of platinum and lanthanum were approximately the same as nominal values.

Table 4.1. Physical and chemical characteristics of the catalysts.

Catalyst BET XRF
Vm(cmiegl)?@  As(m?eg?l® d(nm)° Pt(wt%) La (wt%)
Sz 0.159 45.9 145 -

Pt/SZ 0.153 43.1 15.5 1.01 -
La,0s/SZ 0.168 40.7 16.5 - 1.05
PtLal/SZ 0.163 42.5 15.0 1.03 0.74
PtLa3/SZ 0.144 38.4 15.4 0.98 2.43
PtLa6/SZ 0.130 34.3 15.1 1.05 4.35

a, Pore volume; b, surface area; ¢, pore diameter of the catalysts derived from nitrogen
adsorption—desorption isotherms measured at 77 K.

The XRD patterns of catalysts were presented in Figure 4.1. Prior to analysis, the Pt-
supported catalysts were reduced at 400 °C for 3h. Almost no changes in the XRD
patterns among all of the catalysts were observed comparing with that of SZ, which
suggested that the Pt and La>O3 were mainly deposited on the surfaces of the support
(SZ, La,03/SZ) without altering the structure. Also, no Pt peaks were detected by XRD,

suggesting that Pt particles were dispersed well and less than 5 nm [%],
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Figure 4.1. XRD patterns of the reduced catalysts. Reduction temperature: 400 °C.

The acidity of SZ and PtLay/SZ catalysts analyzed by NH3-TPD as shown in Figure
4.2. All of the catalysts exhibited similar distributions of weak acid sites at a range of
200-270 °C, however, the medium and strong acid sites located at around 350 °C were
almost disappeared after Pt and La,O3 addition compared with that of SZ. Taking the
NH3 desorption profile for SZ into account, the peaks of weak acid sites were mainly
originated from the SZ support and the intensity were increased with the La>O3 content
increased in PtLay/SZ catalysts, which significantly affected the distribution of the acid
site. Additionally, the number of the acid site was calculated by a calibration curve as
listed in Table 4.2. With the La,Os content increased, the total acidity exhibited an
increasing tendency. To identify the type of acidity, FT-IR spectra of pyridine adsorption
of all the catalysts were shown in Figure 4.3. And the ratio of Lewis to Brensted acid
sites (L/B) at different evacuation temperatures was listed in Table 4.2. The main bands
at around 1455 and 1542 ¢cm™! were assigned to Lewis and Brensted acid [*¢], which
contained in all of the catalysts. The addition of Pt and La,O3; onto SZ support caused

an increase of the L/B ratio from 1.6 to 2.9 and 2.7 after evacuation at 100 °C,
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respectively. Notably, Lewis acid sites as well as the L/B ratio significantly increased
with adding lanthanum, due to the induced effect of S=O the electronic capacity of the
corresponding Zr*" increased resulting in a strong shift of Zr-O electrons and an increase
of Lewis acid sites 2% 2!l; meanwhile, partial of PtO or PtO, existed on the surface of
catalysts also enhanced the Lewis acid strength through the coordination of PtO for
S=0 '8, However, there was no significant change in the L/B ratio for the sample
evacuated at 200 °C and 300 °C, suggesting the new Lewis acid sites exhibited weak
acidity. In conclusion, the acid sites on PtLay/SZ catalysts were partially from the SZ
support and the other from the introduction of platinum and lanthanum which enhanced

the acidity of Lewis acid.

LaPt6/SZ
. LaPt3/SZ

/N
/ N\

Y LaPtl/Sz

M
‘K’—VSZ\A
100 200 300 400 500 600 700 800
Temperature (°C)

Intensity (a. u.)

Figure 4.2. NH3-TPD profiles of the support and reduced catalysts.

Table 4.2. Acidity of the support and reduced catalysts.

Ratio of Lewis to Brensted acid

Total acidity .
Catalyst (umol NHs/g) sites
100 °C 200 °C 300 °C

SZ 387 1.6 1.1 0.7

Pt/SZ 322 2.9 7.9 3.5
PtLal/SZ 473 13.8 7.7 3.4
PtLa3/SZ 544 17.3 6.0 3.2
PtLa6/SZ 570 22.1 8.3 3.5
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Figure 4.3. FT-IR spectra of pyridine adsorption on the (a)SZ, (b) Pt/SZ, (c) PtLal/SZ,
(d) PtLa3/SZ and (e) PtLa6/SZ catalysts after evacuation at (A) 100 °C, (B) 200 °C and
(C) 300 °C.

The electronic properties of metal-supported particles were qualitatively evaluated
by means of IR spectra of CO adsorption and the results were shown in Figure 4.4. Prior
to the FT-IR spectra of CO adsorption at 40 °C, Pt/SZ and PtLay/SZ catalysts were
reduced in-situ in Hz at 400 °C for 3h. The main band at around 2090 cm™! was assigned
to CO adsorption on Pt° 271, Compared to the Pt/SZ catalyst, with the increase of La>Os3
content, the band of CO adsorption on Pt’ in PtLay/SZ catalysts shifted to higher
wavenumber, which associated with the Pt-support interaction (i.e., Pt-O-La bond) 23!,

XPS spectra peaks corresponding to Pt 4f, La 3d, and O 1s of the reduced catalysts
were shown in Figure 4.5 and 4.6 and the binding energy (BE) were summarized in
Table 4.3. Binding energy (BE) values of Pt 4f signals at the peaks with BEs of 71.37
and 74.85 eV were assigned to the 4f7» and 4fs» peaks of Pt°, respectively [2*]. The
higher BEs position of the two peaks (72.83 and 76.08; 77.90 and 79.43 eV) were
assigned to the 4f7,, and 4fs peaks of Pt** (i.e. PtO and Pt(OH),) and Pt*" (PtO,) [28],
respectively. With the increase of La,Os content, the peaks of Pt’ in PtLal/SZ, PtLa3/SZ

and PtLa6/SZ catalysts had slightly higher BE values by 0.13,0.17 and 0.20 eV for 472
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Figure 4.4. FT-IR spectrum of CO adsorption at 40 °C on the Pt/SZ and PtLay/SZ.

and 0.24, 0,28 and 0.31 eV for 4fs» peaks, respectively, than those of Pt/SZ catalyst,
due to the strong interaction between Pt and La>03/SZ 2], Binding energy values of La
3ds) signals at the peaks with BEs of 837.8 and 834.1 eV were assigned peaks of La>O3
and La(OH)s, respectively . No significant differences were observed in the La 3dsy,
especially for PtLal/SZ and PtLa3/SZ catalysts. However, in PtLa6/SZ catalyst peak of
La(OH)3 disappeared and the BE value of LaxOs3 shifted to a lower value (837.5 eV).
The O 1s spectrum of Pt/SZ, which were divided into three peaks with BE values of
531.63, 532.45 and 533.45 eV assigned to the surface lattice oxygen species (O1), the
surface adsorbed oxygen species (02) and the electrophilic O-species (O*~ or O7) (03),
respectively ?). The presence of various oxygen species could be resulted in the
formation of PtOx (i.e. PtO, PtO) species on the surface of the catalysts %, Compared
to the O 1s in Pt/SZ, with the increase of La>Osz content, the BE value of Ol was
gradually reduced, resulting in the generation of oxygen vacancies and promoting the
formation of Lewis acid site. On the other hand, the BE values of O2 increased with
higher La>O3 contents, which caused the partial La(OH); oxidized to La>xO3 and the

disappearance of La(OH); in PtLa6/SZ catalyst. Moreover, the increase of La/Pt content
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shifted the BE values of O3 from 533.45 eV to 533.98 eV, which also meant the strong

interaction between Pt and La>O3/SZ.
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Figure 4.5. XPS spectra of Pt 4f and La 3d for the reduced La>O3/SZ, Pt/SZ and
PtLay/SZ catalysts.
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Figure 4.6. XPS spectra of O 1s for the reduced La>O3/SZ, Pt/SZ and PtLay/SZ
catalysts.

Figure 4.7 showed TEM images and the statistic distributions of the Pt particle size
of the Pt/SZ, La>03/SZ, PtLal/SZ, PtLa3/SZ and PtLa6/SZ catalysts after reduction at

400 °C for 3 h. The PtLal/SZ, PtLa3/SZ and PtLa6/SZ catalysts exhibit smaller average
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Table 4.3. Summary of XPS analyses on the reduced catalysts.

Catalyst Pt 4f La 3ds/ O1s
411 Afs,  LaxOs La(OH)s O1 02 03
Pt/SZ 71.37 7485 - - 531.63 53245 533.45
Lax03/SZ - - 837.81 834.12 531.63 532.45 533.77

PtLal/SZ 715 75.09 837.82 83411 531.42 532.07 533.43
PtLa3/SZ 7154 7513 837.82 83410 530.29 53211 533.45
PtLa6/SZ 7157  75.16 837.58 - 530.48 532.15 533.98

Pt particle sizes (0.90, 0.84, 0,94 nm) than that of the Pt/SZ catalyst (1.26 nm),
indicating the addition of La;O; promoted Pt particles dispersion. Interestingly, the
TEM images of Pt/SZ, PtLal/SZ, PtLa3/SZ and PtLa6/SZ catalysts showed a core-shell
structure with the core of Pt particles on the surface of all the Pt-supported catalysts.
On the basis results of XPS and FT-IR of CO adsorption, Pt was mainly in metallic
phase appeared to interact with SZ and/or La;O3/SZ with part of Pt oxidized state
outside which formed self-assembled the Pt-O shell. And this result was consistent with
previous research !l in which X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) were used to prove Pt-O shell
presented in a reduced Pt/SZ catalyst. And the Pt particles distribution results of XPS
were less than 2 nm also confirmed the conclusion of XRD analysis.

To investigate the reducibility of catalysts of Pt/SZ and PtLay/SZ, H>-TPR was
performed and the results were shown in Figure 4.8. Three main peaks were exhibited,
small peak at 190-300 °C was attributed to the reduction of Pt oxide species in low
interaction with the support (SZ, La>03/SZ); the peak at 600—-650 °C was assigned to
the reduction of surface sulfate groups as compared with that of SZ; the peak at > 700 °C
was assigned to the reduction of partial metal oxides with strong interaction with SZ
and/or La,03/SZ 1. The introduction of Pt and La,O3 affected the reducibility of the

catalysts 1321, as the reduction peak of Pt in Pt/SZ was 238.9 °C which was shifted to
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high temperature of 251.8 and 278.1 °C in the case of PtLal/SZ and PtLa6/SZ catalysts,
respectively. On the other hand, in the case of the PtLa3/SZ the reduction peak of Pt
shifted to low temperatures about 191.0 °C. These changes might be associated to the
promoting effect of La>O3 dispersed on the SZ giving finely Pt species interacting with
La>Os3. From H2-TPR results, the low content of La,O3 was conducive to the formation

of strong interaction of Pt with the supports and the reducibility of catalysts was

PtLa3/SZ > Pt/SZ > PtLal/SZ > PtLa6/SZ.

A — )11 1)

Figure 4.7. TEM images and Pt particle size distribution of the (a)SZ, (b) La>03/SZ,
(c)Pt/SZ, (d) PtLal/SZ, (e) PtLa3/SZ and (f) PtLa6/SZ catalysts. The metal catalysts
were reduced at 400 °C for 3 h.

105



TCD Signal (a.u.)

N

200 400 600 800
Temperature (°C)

(@)

Figure 4.8. H>-TPR profiles of the reduced (a) SZ, (b) Pt/SZ, (c) PtLal/SZ, (d)
PtLa3/SZ and (e) PtLa6/SZ catalysts.

From the characterization results of Pt/SZ and PtLay/SZ catalysts, it was inferred that
the Pt-O shell with micropores structure exists on the surface. The possible mechanism
of addition of Pt and La into sulfated zirconia and the possible structure of the Pt/SZ
and PtLay/SZ catalysts were shown in Scheme 4.1. Before the introduction of Pt and
La, the Bronsted sites of SZ catalysts were mainly derived from sulfate species and
Lewis sites from unsaturated Zr atoms on the surface. With the introduction of Pt and
La, some Bronsted sites were covered by Pt and La resulted in a decrement of Bronsted
acidity. For Pt/SZ catalyst, Pt on the surface of Pt/SZ catalyst was mainly in metallic
phase with part of Pt oxidized state (i.e., Pt**, Pt*") outside with larger Pt particles,
which formed Pt-O shell with a high interaction with SZ. And the withdrawal of
electrons from the framework hydroxyl group with the presented Pt oxidize also
resulted the number of Brensted acid sites and total acidity decreased. For La>O3/SZ
catalysts, the introduction of La caused the condensation of Zr-OH with La*" occurred
with the new Brensted acid sites formed, combined with the electronic capacity of the

corresponding Zr*" increased resulting in a strong shift of Zr-O electrons and an increase
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of Lewis acid sites ?!l. For PtLay/SZ catalysts, with Pt addition into the surface of
La>03/SZ, the number of new formed Brensted acid sites decreased with the formation
of Pt-O-La linkage, meanwhile, due to the strong interaction the dispersion of Pt
particles on the surface of PtLay/SZ catalysts was improved with smaller Pt particles.
In conclusion, the introduction of Pt and La>O3 caused highly covalent character of
sulfate species on the catalyst surface and high interaction between Pt and La>O3, which
led to an increase of the number of Lewis acid site and a more highly dispersion of Pt
particles on the surface of PtLay/SZ catalysts.
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Scheme 4.1. Possible mechanism of addition of Pt and La into sulfated zirconia and
structure of the Pt/SZ and PtLay/SZ catalysts.
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4.4 Depolymerization of alkali lignin in [Apy]Cl

4.4.1 Products in lignin depolymerization

Similar to our previous report [®], a lot of the non-phenolic and phenolic compounds
were produced during the depolymerization of alkali lignin as shown in Table 4.5.
Figure 4.9 showed the GC-FID chart of liquid products in lignin depolymerization in
the presence of studied catalysts at 210 °C under WHSV of 3.8 h™!. The yields of various
products were listed in Table 4.4. The total yields of the phenolic compounds increased
with Pt and La>O3 addition, and the new product of 1-(4-hydroxy-3,5-dimethoxyphenyl)
propan-1-one (No. 12) obtained. With the increasing La>Os3 contents, PtLa3/SZ showed
the highest yield of No.12 (1.25 C, mol %). Among the phenolic compounds, the main
products were 4-vinylphenol, 4-hydroxyphenylacetic acid and 5-dihydroxy-1,2,3,4-
tetrahydronaphthalene, and the yields of these increased with the increase of La>Os
contents. As shown in Table 4.4, 4-vinylphenol was the main phenolic compound with

a higher yield.
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Figure 4.9. GC-FID spectra of liquid products in case of different catalysts at 210 °C
under WHSV of 3.8 h'l.
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Table 4.4. Quantification of the identified liquid products by means of GC-FID.
Yield/C, mol %

Ne- SZ Pt/SZ La03/SZ PtLal/SZ PtLa3/SZ PtLa6/SZ
1 344 450 4.07 7.50 6.46 5.96
2 1.40 2.44 2.64 2.39 4.50 3.37
8 1.03  1.06 1.26 1.24 1.58 1.18

Ynp 5.87  8.00 7.98 11.10 12.50 10.50
3 0.193 1.06 1.21 1.08 1.12 0.59
4 549 943 9.91 8.09 13.67 9.28
5 0.38 0.45 0.415 0.42 0.42 0.17
6 0.87  0.66 0.361 0.24 0.20 0.33
7 348 3.59 4.87 3.72 5.02 5.32
9 2.08 2.69 3.10 3.58 1.58 2.73
10 0.73  1.04 2.77 2.30 245 2.26
11 0.15 1.21 1.25 1.17 4.05 1.31
12 0.00 0.16 0.26 0.65 1.25 0.68
Yp 134  18.7 24.1 21.2 28.7 22.7

Total 193  26.7 32.1 32.3 41.2 33.2

Yc 306 449 47.8 58.4 63.9 52.1

Y., total yields of carbon-based products; Y, yields of phenolic compounds; Y, yields
of nonphenolic compounds.
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Table 4.5. Identification of liquid products by means of GC-MS.

No. Compounds Structure
1 Furfuryl alcohol \O )
2 Benzaldehyde C s
3 2,6-Xylenol A
N
4 4-Vinylphenol —@—/
5 Iso-creosol ‘Q
‘ 6-Methylsalicylic acid ethyl J
ester ﬂ\/L
7 4-Hydroxyphenylacetic acid \OJL
8 2,6-Dimethylstyrene b
1,5-Dihydroxy-1,2,3,4- /Qﬁ
9 LI
tetrahydro naphthalene l/ ~
10 2,2'-Biphenol \_/ @
:ﬂ‘\\ //ji - L\/
11 Butylated hydroxytoluene L J
[
- 1-(4-Hydroxy-3,5- QAQ\

dimethoxyphenyl) propan-1-one
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4.4.2 Effect of LaxO3 content on the activity of PtLay/SZ catalysts.

The yields of carbon-based products (Y.), phenolic compounds (Y,) and nonphenolic
compounds (Y»p) increased with Pt and La>Os added, especially to the increase of La>O3
contents. It was noteworthy that the La>O3/SZ catalyst also showed a higher activity
than that of SZ in the depolymerization, might be due to the induced effect of S=0O, the
electronic capacity of the corresponding Zr*" increased, resulting in a strong shift of Zr-
O electrons and an increase of Lewis acid sites ?%!. This also indicated that the content
of Lewis acid played an important role in lignin depolymerization. The yields of the
carbon-based products and phenolic compounds catalyzed by SZ appeared to be
minimized (30.6 and 13.4 C, mol %, respectively). In the case of PtLa3/SZ catalyst, the
yields of the carbon-based products and phenolic compounds increased to 63.9 and 28.7
C, mol %, respectively. As shown in Figure 4.10 and 4.11, the highest yields of carbon-
based products (Y.), phenolic compounds (Y,), nonphenolic compounds (Y,,) and the
main product of 4-Vinylphenol were exhibited in the presence of PtLa3/SZ catalyst,
which were 63.9, 28.7, 12.5 and 13.67 C, mol %, respectively, were higher than those
of in PtLa6/SZ catalyst due to size distribution of Pt particles increased with higher
La>Os contents as XPS and TEM results revealed. Nevertheless, the low content of
La>Os; promoted the reaction to produce the phenolic compounds in the overall reaction
and the active Pt sites became accessible to lignin depolymerization with increased the
atomic ratio of La to Pt to 3. The PtLa3/SZ catalysts had the larger pore diameter and
higher dispersion of Pt particles resulted in the highest activity for lignin

depolymerization.
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Figure 4.10. Effects of La;O3 content on the yields of carbon-based products (Yc) and
phenolic compounds (Yp) (C, mol%; based on lignin).
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Figure 4.11. Effects of d La>O; content on the yields of 4-Vinylphenol.
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4.5 Reaction pathways of lignin depolymerization

In the present study, reaction pathways of lignin depolymerization and the possible
role of [Apy]Cl in the whole process were studied by using the model compounds of
lignin, guaiacylglycerol-p-guaiacyl ether (GG) in the absence/presence of SZ and Pt/SZ
catalysts in pressure resistant glass reactor under the same condition of lignin
depolymerization in the pretreatment and reaction unit.

After pretreatment and reaction processes, the liquid products obtained from those
two substrates were quantified and identified by GC-FID and GC-MS were listed in
Figure 4.12 and 4.13. Table 4.6. showed the relative content of liquid products from the
depolymerization of guaiacylglycerol-B-guaiacyl ether (GG) at 210 °C. For guaiacol,
2.81 % of catechol was produced during pretreatment, indicating [Apy]Cl was a
promising reagent to cleave of methyl aryl ethers which was same as the previous
reported ['*. For the depolymerization of GG in pretreatment unit, as shown in Table
4.6, there were two ways to degrade GG: 1) B-O-4 bond cleavage (pathway a); 2) Cy-
elimination reaction (pathway b), that is, Cy was removed in the form of (Z)-2-methoxy-
4-(2-(2-methoxyphenoxy)vinyl)phenol. The formation of guaiacol (19.2 %), coniferyl
aldehyde (2.5 %) and coniferyl alcohol (0.8 %), indicating that the main
depolymerization pathway of GG was mainly B-O-4 bond cleavage (pathway b), while
the low relative content of 4-vinylguaiacol, indicating that the pathway b (i.e., Cy-
elimination reaction) was a secondary cleavage pathway. Through compared the results
obtained from pretreatment and reaction unit, the addition of the catalyst promoted the
depolymerization of lignin, in particular the cleavage of the -O-4 bond in the form of
guaiacol. Meanwhile, Pt/SZ showed higher catalytic activity than that of SZ which was
consistent with lignin depolymerization results.

Based on above analysis, the produced catechol originated from two parts: one was

from the demethylation of guaiacol in ionic liquids; the other part was from the
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depolymerization of GG under the synergistic effect of [Apy]Cl and the catalysts in the
overall process. These results indicated [Apy]Cl was not only a promising reagent, but
intermediate medium with catalytic properties for lignin depolymerization.
Simultaneously, the synergistic effect of ionic liquids and catalysts promoted the
depolymerization of lignin under mild conditions. The hypothetical reaction pathway
of the depolymerization of GG under synergistic effect of ionic liquids and the catalysts

was proposed as shown in Scheme 4.2.
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Figure 4.12. GC-FID chart of liquid products from pretreatment unit (90 °C, 3h), a:
guaiacol; b: guaiacylglycerol-B-guaiacyl ether (GG).
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Figure 4.13. GC-FID chart of liquid products from guaiacylglycerol-p-guaiacyl ether
(GQG) in reaction unit with different catalysts (210 °C; 1h; a: SZ catalyst; b: Pt/SZ

catalyst).

Table 4.6. The relative content of liquid products in depolymerization of

guaiacylglycerol-B-guaiacyl ether (%).

q Reaction
Product Pretreatment S7  PUSZ
Guaiacol 19.2 23.6 41.3
4-Vinylguaiacol trace trace 3.2
Coniferyl aldehyde 2.5 53 4.9
Coniferyl alcohol 0.8 19 124
(2)-2-methoxy-4-(2-(2- 05 01 trace

methoxyphenoxy)vinyl)phenol
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Scheme 4.2. Depolymerization pathways of guaiacylglycerol-B-guaiacyl ether in the
system of [Apy]Cl and catalysts.

Based on above results, the proposed reaction pathways of lignin depolymerization
under the synergistic effect of ionic liquids and catalysts were suggested in Scheme 4.3,
which including the cleavage of B-O-4 bond in [Apy]Cl pretreatment, but also the
catalytic depolymerization of lignin with catalyst in reaction unit. Based on previous
reports 3% 34 and the distribution of the liquid products obtained from the model
depolymerization and demethylation, lignin was effectively depolymerized with the
partial cleavage of B-O-4 into low molecular weight products with the increase of
phenolic hydroxyl content after [Apy]Cl pretreatment. As illustrated in Scheme 4.3,
[Apy]Cl contains strong coordinating anion (CI") was used as a reaction media to
stabilize the hydroxyl group on the intermedia compounds. Under the catalysis of
catalysts, products with B-O-4 bond converted into an enol ether isomer by dehydration,
then hydrolyzed to release guaiacol and carbonyl compounds. Meanwhile, under the
demethylation of [Apy]Cl partial of guaiacol converted into catechol. By the catalytic
dehydrogenation of Pt, ketone was generated and dehydrated to form o, B-unsaturated
ketone. Then the hydrogenation and reduction cleavage reactions were performed with
chemisorbed hydrogen, which from partial HoO and acidic IL that migrated and
adsorbed at Pt sites, from which the main product of aryl propylene (No. 4) in phenolic
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compounds was produced.

From the characterization results of Pt/SZ and PtLay/SZ catalysts, it was inferred that
the Pt-O shell with micropores structure exists on the surface. Based on the results of
characterization and catalytic test, we proposed a representation of the catalyst structure
as shown in Scheme 4.3. For Pt/SZ catalyst, Pt was mainly in metallic phase with part
of Pt oxidized state (i.e., Pt*", Pt**) outside with larger Pt particles, which formed Pt-O
shell with a high interaction with SZ. The withdrawal of electrons from the framework
hydroxyl group with the presented Pt oxidize mainly resulted the number of Brensted
acid sites and total acidity decreased. For PtLay/SZ catalysts, the introduction of La;0O3
caused the condensation of Zr-OH with La*" occurred with the new Brensted acid sites
formed, combined with the electronic capacity of the corresponding Zr*" increased
resulting in a strong shift of Zr-O electrons and an increase of Lewis acid sites '), With
Pt addition, the number of new formed Brensted acid sites decreased with the formation
of Pt-O-La linkage, which improved the dispersion of Pt particles on the surface of
PtLay/SZ catalysts. In conclusion, the introduction of La>O3 on the prepared PtLay/SZ
catalysts showed a more highly dispersion of Pt particles with the number of Lewis acid
site increased. The PtLa3/SZ catalysts had the larger pore diameter and higher

dispersion of Pt particles resulted in the highest activity for lignin depolymerization.
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4.5 Conclusions

Comparing to solid acid catalyst SZ, the introduction of Pt and La>O3 significantly
enhanced the catalytic activity in depolymerization of alkali lignin. Based on the results
obtained from FT-IR spectra of pyridine or CO adsorption and XPS, it was found that
with La>Os; addition, the number of Lewis acid sites increased and resulted in the strong
interaction between Pt and support through Pt-O-La bond. The interaction improved Pt
particles dispersion as TEM analyzed. PtLa3/SZ catalyst showed the highest yield of
phenolic compounds with yield of 28.7 C, mol % at 210 °C. Furthermore, based on
results in the depolymerization and demethylation of guaiacol and 1-(4-
hydroxyphenyl)-2-(2-methoxyphenoxy) ethenone, the synergistic effect of ionic liquid
and catalysts was elucidated and a hypothetical mechanism of lignin depolymerization

was proposed.
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Chapter 5

General Conclusions

In this study, to obtain high extraction yield of lignin from red pine, different ionic
liquids combined with antisolvents system were studied. The extraction yield of lignin
was improved and the promising ionic liquid were chosen for the synergistic catalysis
of lignin with solid acid catalysts. To further improve the catalytic performance, effects
of lanthanum oxide addition to the support on the performance of Pt-La>03-SO4%*/ZrO>,
where la/Pt atomic ratio was 1, 3, 6, were investigated. The detailed conclusions of this

work are summarized as below:

In Chapter 2 to develop a novel process to extract lignin from biomass as the
feedstock, the dissolution and extraction of lignin from lignin/cellulose/xylan mixture
and red pine were evaluated with different kinds of ionic liquids and antisolvents.
Comparing the catalytic activity for lignin depolymerization and the mild modification
effect on the structure of alkali lignin among the used ILs, N-allyl-pyridinium chloride
([Apy]Cl) was chosen as the promising ionic liquid, moreover, methanol, water and
acetonitrile were chosen as antisolvents. Extraction of lignin from red pine was
successfully achieved under atmospheric pressure, with 98.7 wt. % recovery ratio at
90 °C for 6 h of dissolution in [Apy]Cl.

In Chapter 3 to evaluate the feasibility of IL-solid acid system, the effect of reaction
temperature and the addition of platinum to the ZrO»/SO4>" on the yields (carbon-based)
of total products and phenolic compounds were studied. The results showed that the
optimum reaction temperature was 210 °C and [Apy]Cl readily dissolved lignin and
served as a medium for lignin depolymerization, which improved the reactivity of lignin.
And in the case of Pt-ZrQ,/SO4>", the yields (carbon-based) of total products and
phenolic compounds reached 44.9 % and 18.7 %, higher than those of ZrO,/SO4*,

indicating that the addition of platinum promotes the reactivity.
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In Chapter 4 to further improve the catalytic performance, effects of lanthanum oxide
addition to the support on the performance of Pt-La,03-S04>/ZrO,, where La/Pt atomic
ratio was 1, 3, 6, were investigated. By adding La>Os the number of Lewis acid sites
increased, less Pt oxide species and better Pt dispersion on surface and/or in the
mesopores of the support (Lax03-SO4>/ZrO2) especially when the La/Pt atomic ratio
was 3, which showed the highest the yields of the carbon-based products and phenolic
compounds of 63.9 % and 28.7 C, mol %, respectively. Simultaneously, through the
study of model compounds and products distribution the depolymerization pathways of

lignin in system of ionic liquids and catalysts were proposed.
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