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Abstract

H. Chen. Adsorption of Heavy Metal Cations on Klason Lignin from Paulownia Eelongata and
Kraft Lignin, 106 pages, 11 tables, 26 figures, 2018. Harvard style guide used.

Lignin produced from two processes, 1. An acid hydrolysis process: sequential acid hydrolysis of
Paulownia elongata wood powder (Klason lignin); 2. Kraft pulping process: black liquor (Kraft
lignin), were studied for their heavy metal adsorption affinities. Both lignin samples were effective
in removing Pb(ll), providing the industrial application potential of lignin in treating lead-
contaminated wastewater.

Hot water treatment of woody biomass is a typical biorefinery process that can result in lignin
extraction for potential applications. Hot-water treatment was thus evaluated for its impact on the
heavy metal adsorption affinities of Klason lignin. It was found hot water treatment can either
enhance or weaken the lignin adsorption capacity depending on the severity of the treatment.
Samples with long duration of treatment encountered a substantial loss in the adsorption ability.
Depolymerization and condensation lignin reaction schemes under acidic and high temperature
environment were summarized and applied to explain the affinity changes.

The adsorption mechanism was further studied with Kraft lignin. The Pb(l1) adsorption affinity of
Kraft lignin was found to follow an “S” dependency on the environmental pH, indicating the
existence of more than one ion-exchanging functional groups involved in the adsorption process.
NMR characterization of Kraft lignin discovered phenolic hydroxyl groups and carboxyl groups
as ion-exchanging functional groups. Other chemical structures in Kraft lignin such as aldehyde
groups, ketone groups, ether bond, and aromatic rings are also considered as adsorption functional
group because of their potential to complex with heavy metal cations. In order to explain the
process from a mechanistic point of view, an novel adsorption theory named “1-n cooperative
adsorption theory” was proposed which considered the existence of multiple active sites and the
interaction of one adsorbate to multiple sites. The derived model evaluated the effect of
temperature and pH on the adsorption affinity, which achieved a significant improvement
compared to the Langmuir model. The simulation results show the binding affinity towards Pb(Il)
is significantly higher than Cd(11) and Ni(ll). The new theory also has wide application range to
other multivalent interactions including adsorption, flocculation, chelation, and filtration.
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Chapter 1
Introduction



1.1 Background and Objectives

Lignin is a native polymer which is also being produced as the main byproduct from the
pulping and biorefinery industries. Now the industrial produced lignin is mainly burned for energy
with low value. On the other hand, both pulping and biorefinery industries are in demand in
expanding their profit margin. One way to achieve that is to explore extra value for the lignin
byproduct. Lignin can be potentially used as adsorbent for treating heavy metal cations in
wastewater [1-2]. This is because of the chemical structure of lignin that it contains heavy metal
adsorption functional groups such as phenolic hydroxyl group, carboxyl group and electrophilic
groups. Heavy metal pollution is one of the most eminent environmental problems nowadays. Most
heavy metals are toxic to human beings. On the other hand, people are dependent on heavy metals
in producing daily necessities such as electroplates, battery, pigments, tannery and pesticides,
which results in the heavy metal exposure to the environment [3-11]. Different heavy metal
remediation technologies have been developed such as pH adjustment, chemical precipitation,
membrane filtration and electrochemical methods. Some conventional treatment technologies for
heavy metals are chemical precipitation, membrane filtration and electrochemical methods [12].
However, these technologies either require large capital investments or high operational costs. The
high cost of the treatment process and material is one reason that impedes some industries,
especially traditional and small-scale industries, to treat their wastewater properly. Alternatively,
adsorption is another effective process in treating heavy metal contaminants with low energy input.
Recently, the development of cost-efficient heavy metal treatment materials has been studied in
order to reduce the overall cost of the heavy metal treatment process and lignin is one of them. A
couple of studies have been conducted upon the heavy metal adsorption by Kraft lignin that

concluded Kraft lignin is effective in removing Pb(I1), Cd(1I) and Cu(ll) from wastewater streams



[13-17]. On the other hand, the adsorption mechanism of heavy metal cations on lignin is still
obscure. Previously studies have applied ion-exchanging mechanisms in explaining the process,
while some other studies indicate the involvedness of complexing between electrophilic groups
and heavy metal cations. Due to the complexity of the process, there is yet a mechanistic model
describing this process, while the currently applied models are mostly empirical. In the review
chapter, we went through the chemical structure of lignin from different origins. Lignin
characterization methods was introduced and later applied to our study. The heavy metal pollution
sources was discussed in order to achieve a pollution control from the origin. The current status of
heavy metal pollution was also reviewed based on different regions around the world. For the
heavy metal remediation technologies, chemical precipitation, flocculation, ion exchange
chromatography, and bioremediation, are introduced from their mechanisms and their pros and
cons. The adsorption process was reviewed from its mechanism to the theories, as well as the

previous studies about using lignin as a heavy metal adsorbent.

From the literature review, we observed the lack of study about lignin from the biorefinery
field, and there is a potential of using this part of lignin as heavy metal adsorbent [18-20]. So in
the first part of the project, Klason lignin originated from Paulownia elongata wood powder was
evaluated for its adsorption affinities towards Pb(11), Cd(ll), and Cu(ll). Klason lignin, although it
is mostly referred to a quantification method for lignin content, is technically the residue of the
acid hydrolysis process. Biorefinery processes such as autohydrolysis, alkaline pretreatment, and
oxidative pretreatment can impact on the adsorption affinity due to the alternation of the lignin
chemical structure. Hot water treatment, a typical biorefinery process, was evaluated on its impact
to the adsorption affinity in this part of study. We observed both the increase and decrease of the

adsorption affinity after different severities of treatment, and summarized lignin reactions during



hot water treatment and their effects on the adsorption affinity. NMR characterization was
performed and applied to quantify the amount of functional groups before and after hot water
treatment. Lignin reaction were summarized and applied to explain the affinity changes after hot

water treatment.

It was also observed that current studies have not provided a plausible mechanistic description
of the process. In the second part of this study, we performed NMR characterization on Kraft lignin
structure, and proposed the binding mechanisms of heavy metal cations on lignin. A novel
adsorption theory, “1-n cooperative adsorption theory” in explaining the adsorption process of
heavy metal cations on lignin. In the new theory, couple characteristics of a non-ideal adsorption
process have been considered: 1. the ununiformed adsorbent surface with active sites at different
interactive energy levels (multiple active sites). 2. the binding of one adsorbate to multiple active
sites (multivalent interactions). 3. the interaction between active sites in capturing one adsorbate
molecule (cooperativity). The proposed theory characterized the adsorption features of heavy
metal cations on lignin which is applied to interpret the experimental data with high agreement.

The theory itself also has a wider application on other multivalent interactions beside adsorption.

1.2 Outline

Chapter 1: Introduction

This chapter gives an introduction to the background of the problem. It explains the reason and
objectives of this study. Meanwhile, it gives readers a general idea about the major contents and

achievements in this thesis.

Chapter 2: Literature Review




In this chapter, the characteristics of lignin, the heavy metal pollution problems, and the
previous studies about using lignin as heavy metal adsorbent are introduced in the following

sessions:

1. Lignin: structure, production, and characterization
2. Heavy metal pollution
3. Heavy metal remediation technologies

4. Heavy metal adsorption on lignin

Chapter 3: The effect of hot water treatment on the adsorption affinity of Klason lignin

This chapter describes the hot-water treatment and its relevance. The raw materials,
experimental methods, will be introduced and explained in detail. The experimental results will be
provided and the lignin reaction schemes under hot water treatment will be summarized and

applied to explain the results.

Chapter 4: Cooperative adsorption of heavy metal cations on Kraft lignin

This chapter describes the theoretical development of this thesis. The raw materials,
experimental methods, “1-n cooperative adsorption theory”, and the mathematical modeling will
be introduced and explained in detail. The experimental results with model interpretation will be
provided. Discussion of the parameters obtained will be given in describing the characteristics of
the adsorbent surface. Adsorption isotherm will be given providing information about the

adsorption capacity with the change of the environmental pH.

Chapter 5: Conclusions




This chapter concludes based on the experimental findings and illustrates the achievement of

the initial goals and potential applications.

Chapter 6: Future studies

In this chapter, we will combine the research results obtained from the study and propose
further development requirements regarding to this project. Research ideas of the process

improvement will be proposed as well in this chapter.



Chapter 2
Literature Review



2.1 Lignin: structure, production, and characterization
Lignin is known as the most abundant aromatic polymer and the second most abundant

polymer after cellulose in nature. Lignin provides the strength to plants that its deposition in plant
cell wall significantly helps cellulose and hemicelluloses to support the tree from severe
environmental conditions. However, lignin is not a desired component in the pulp and paper
industry because lignin generates dark color during the pulping process and lignin interferes the
hydrogen bonding between fibers which substantially reduces the strength of the product. On the
other hand, modern biorefinery technologies are using lignin for different materials such as
adsorbents, adhesives, antibiotics, and antioxidants. In either way, it is important to understand the
lignin structural and chemical characteristics for a better utilization of lignin. In this session, a brief
introduction of monolignols (the monomeric units of lignin), monolignols polymerization,

native/industrial lignin, lignin reactions, as well as lignin characterizations will be introduced.

2.1.1 Monolignols and their biosynthesis in lignocellulosic species
Although it has been proposed that lignin is constructed from phenylpropanoid units in 1940

due to its chemical properties, the idea was not accepted until 1954 when Lange analyzed a wood
section with UV microscopy [21]. The main structure of a lignin molecule is built from three
cinnamyl alcohol derivatives known as coniferyl alcohol (M1g), sinapyl alcohol (M1s) and p-
coumaryl alcohol (M1y). After polymerization, the three monolignols become the constituents of
a lignin molecule to guaiacyl (G), syringyl (S) and p-hydroxyphenyl (H) units, respectively [22].
The chemical structures of the three major monolignols and their respective forms in a polymer
are shown in Figure 2.1. Besides the three main monolignol precursors, other monomeric phenolic
compounds such as phenylaldehyde and hydroxycinnamyl acetate may also be observed in
different lignins. The three monolignols are also known as lignin precursors. It should be noted

that the double bond in the precursors is saturated after polymerization. The content of each lignin



unit is depending on the species. Softwood lignin consists of majorly G unit and little H unit while
hardwood lignin consists of both S unit and G unit with a trace amount of H unit. In
monocotyledons, lignin is composed of S, G and H units while the content of H unit is relatively
higher than that in higher plants [23]. A lignin molecule is formed through the conjugative and
random polymerization between the dehydrogenated oxidized monolignols, so a lignin molecule
does not have a regular chemical structure. Lignin models for softwood and hardwood are shown

in Figure 2.2 and 2.3 respectively.
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Figure 2.1. The chemical structure of three monolognol precursors and their polymerized forms in

lignin [24].
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Figure 2.2. A softwood lignin model. Only p-hydroxylphenyl (H) and guaiacyl (G) units are
presented, where coniferyl alcohol is the major precursor [24].
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Figure 2.3. A hardwood lignin model based on beech. All H, G, S types of lignin units are presented.

The proportion of S and G units is substantially higher than the H unit [24].
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How monolignols are synthesized in lignocellulosic species was a controversial topic in the
early years, but with the development of genetic cloning as well as the in vitro enzymatic assays,
researchers are now painting a clearer picture of the lignin biosynthesis pathway. The monolignols
synthesis pathway originated from two primary metabolites known as phosphoenolpyruvate (PEP)
and erythrose 4-phosphate (E4P), which are the intermediates during the glycolysis and pentose
phosphate pathway, respectively [25]. The metabolic synthesis pathway from PEP and E4P to
monolignols, shikimate-chorismate pathway and monolignols synthesis pathway, are summarized
in Figure 2.4 and 2.5 with the relevant enzymes in each steps of synthesis given in Table 2.1 and
2.2. From the synthetic pathway one can observe that monolignols are synthesized either from
phenylalanine or tyrosine as the metabolites from the shikimate-chorismate pathway which have
already processed the benzylpropanoid structure. Further synthesis includes the methoxylation on

the aromatic ring as well as the deamination and reduction on the propane chain.
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Figure 2.4. The formation of phenylalanine and tyrosine as the starting metabolites for monolignols

synthesis through shikimate pathway [26,27].
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Table 2.1. The enzymology and the involvement of substrate(s) in each step of the Shikimate

pathway [26].

Reaction step Catalytic enzyme Substrate(s)
1 DAHP synthase PEP, E4P
2 Dehydroquinate synthase DAHP, NAD*
3 3-dehydroquinate dehydratase 3-dehydroquinate
4 3-hydroxyshikimate reductase 3-hydroxyshikimate, NADPH
5 Shikimate kinase Shikimate, ATP
6 EPSP synthase Shikimate-3-phosphate, PEP
7 Chorismate synthase EPSP
8 Chorismate mutase Chorismate
9 Prephenate amino transferase Prephenate, NH4*
10 Arogenate dehydratase Arogenate
11 Arogenate dehydrogenase Arogenate
12 Prephenate dehydratase Prephenate
13 Phenylpyruvate aminotransferase Phenylpyruvate, L-glutamine
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Figure 2.5. The biosynthesis pathway from phenylalanine or tyrosine to monolignols. Solid arrows
suggest the most favored monolignols biosynthesis route in angiosperms as studied with lignin
composition, in vitro enzyme assays and transgenic plants. Dash arrows give the secondary routes
for monolignols biosynthesis which were observed in vitro but corresponding enzymes showed

lower efficiency to the substrates than the solid route [28].

Table 2.2. The enzymology during the biosynthesis of monolignols [28].

Reaction step Catalytic enzyme

1 phenylalanine ammonia-lyase
cinnamate-4-hydroxylase
tyrosine ammonia-lyase
4-coumarate CoA ligase
quinate shikimate p-hydroxycinnamoyltransferase/coumarate 3-hydroxylase
caffeoyl-CoA O-methyltransferase
cinnamoyl-CoA reductase

cinnamoyl-CoA reductase

© 00 N o o B~ w DN

cinnamyl alcohol dehydrogenase/sinapyl alcohol dehydrogenase

[HEN
o

cinnamyl alcohol dehydrogenase/sinapyl alcohol dehydrogenase

[EEN
[EEN

cinnamyl alcohol dehydrogenase/sinapyl alcohol dehydrogenase

2.1.2 From monolignols polymerization to lignin structures
Monolignols are synthesized in the cytoplasm of the plant cell. However, as phenolic

compounds, monolignols are toxic to the plant cell. Due to the low solubility of monolignols, how
monolignols are stored in the cytoplasm and transported to the cell wall becomes an interesting
area to be studied. It was first found the monolignol glucosides are accumulated in the cambium
suggesting the monolignols are in forms of glucosides in living cells [29]. Later in vitro experiment

observed that sinapyl alcohol can be glucosylated to syringin with glycosyltransferases synthesized
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from Arabidopsis genes [30]. With the phenomenon observed in nature cells as well as in vitro
experiment, the currently accepted concept is that monolignols are glucosylated through the
phenolic group into monolignol 4-O-B-D-glucosides after their biosynthesis (Figure 2.6). After the
synthesis, monolignols are transported to the cell wall in forms of monolignol 4-O-3-D-glucosides
either through passive diffusion or facilitative transport. The higher solubility of monolignol 4-O-
B-D-glucosides also facilitates the transportation process while reducing the monolignol level in

the cytoplasm [24].

OH

HO OCH3

o)
HO o
HO

OH

Figure 2.6. The structure of coniferyl glucoside. Monolignol and D-glucose are linked through 4-

O-f ether bond.

The polymerization of monolignols is a radical coupling process starts with dehydrogenation.
The dehydrogenation produces phenoxy radicals on monolignols, which can be further converted
to carbon radicals (Figure 2.7a) and results in the intermolecular reactions between monolignols
or oligomers. A class of enzymes such as peroxidase, laccase, and phenol oxidases is considered
to be involved in the dehydrogenation process. Peroxidase catalyzes the reaction between
hydroperoxide and the phenolic hydroxyl group on monolignols, which generates a phenoxy

radical on C4. Hydrogen peroxide can be originated from some oxidases in cells. For examples,
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glucose oxidase catalysis the oxidation of glucose to gluconolactone while releases hydrogen
peroxide (Egn a) [31]. Glyoxal oxidase catalyzes the oxidation of glyoxalate and releases hydrogen
peroxide (Egn b) [32]. Other hypothesizes proposed the oxidation of monolignols with NADPH
oxidase or through the malate dehydrogenase and peroxidase on the cell wall [33-34]. On the other
hand, laccase catalyzes the oxidation of monolignols with oxygen. Other oxidases were involved
either catalyzing a different hydroxyl group or a different substrate. In general, no single enzyme
is solely responsible for the step of dehydrogenation. In native lignin, it is also observed that some
types of reduced structures which cannot be explained by oxidative coupling. Holmgren et al. [35]
proposed a non-enzymatic catalysis reducing pathway of B-aryl ether quinone methide by NADH

indicating that a part of the monolignol polymerization can be non-enzymatically controlled.

CH,OH CH,OH
(@) Glucose oxidase 'e)
OH + 0 — OH o + H,0,
OH OH OH
OH OH (a)
CHO Glyoxal oxidase COOCH
+ 20, + 2H,0 o +  HO,
CHO COOH (b)

The polymerization is initially considered as a random process happening in plant cell wall.
However, the recent discovery of a class of dirigent proteins suggests the polymerization is actually
under biological control [36]. The polymerization of monolignols results in both lignan and lignin.
The difference between lignan and lignin lies in two points: Structurally speaking, lignan is formed
from the dimerization of monolignols. B-B is the major couplings occurred in lignans which results
in the stereospecific structure of lignan [37]. On the other hand, lignin molecules are much

polymerized and cross-linked. Functionally speaking, lignin is embedded in cell wall providing
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the physical support of a plant. Lignan has other properties such as antioxidant and antibiotic which
is more involved in a plant’s defense system. The polymerization starts with the dimerization
through coupling such as -O-4', a-O-4', B-p', 5-5' etc. On the other hand, native lignin formation
is known to be an end-wise polymerization process. Such process suggest the highest potential of
radical location on CPB, while the coupling occurs stepwise usually between CP and the original
radical location (phenolic hydroxyl group). This explains why f-O-4" is the major linkage in native
lignin while B-p' is the major linkage in in-vitro lignin synthesis [38]. B-O-4' presents about 45%-
50% in softwood lignin and 50%-65% in hardwood lignin. 5-5' bond is the condensation linkage
which presents about 18%-25% in softwood lignin while only 4%-10% of hardwood lignin due to
the high content of synapyl unit [21,38]. Radicals can be further formed from the oxidation of
dimers that keeps dimers to further polymerize into lignin molecules. The scheme of radical
formation on monolignols are shown in Figure 2.7. The major linkages between monolignols are
C-C and C-O bonds as depicted in Figure 2.2, which is further summarized in Table 2.3. The

carbons in a monolignol are labeled as a-y for alkenyl carbons and 1-6 for phenyl carbons.
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Figure 2.7. (a) Radical formation on the phenolic group, Cs, and Cg on coniferyl alcohol. (b) The

scheme of the B-O-4 bond formation through the radical coupling. ROH: H20, carbohydrate,

phenolic compound [35,39].

Table 2.3. Typical linkages in lignin.

Depiction (Labeled in Figure 2.2) Linkage-type
1 B-O-4'
2 a-O-4'
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2.1.3 Native and industrial lignin

2.1.3.1 Native lignin in wood formation
As a plant-derived biopolymer, lignin basically exists in every biomass species including trees,

grasses, and crops. Principally speaking, the cell wall contains all the lignin in a plant cell. A plant
cell wall can be characterized by layers namely as middle lamella (ML), primary wall (P) and
secondary wall (S), where the secondary wall is further differentiated as the outer layer (S1),
middle layer (S2) and inner layer (S3) (Figure 2.8) [40]. ML and S3 have the highest concentration
of lignin among the layers. ML is the intercellular layer that lignin in ML functions as an adhesive
that binds cells together. S3 as an inner layer contains lignin that provides the firmness of the cell
wall. The lignin content of a biomass varies from species. Generally speaking, wood species

contain 18-35 wt% of lignin [41].

cell wall (P)

Secondary cell wall
(S1,S2,and S3)

Primary _ - Middle Iamell_g (ML)

Figure 2.8. Structural model a plant cell wall [40].
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2.1.3.2 Kraft lignin
Industrial black liquor is a waste stream that generated from the Kraft pulping industries during

the delignification process. Black liquor used to be regarded as the single source of industrial lignin
until the recent upraise of the biorefinery industry. However, due to the huge scale difference
between the two fields, black liquor is still regarded as the major source of industrial lignin. Every
year, more than 500 thousands metric tonnes of lignin are produced through pulping, which poses
a significant problem for its disposal regarding the environment constraints [14,17]. The current
process is to separate Kraft lignin through evaporation and use the lignin as fuel. Although such
process is favorable in energy saving, Kraft lignin contains a certain amount of sulfur that its
incineration can cause air pollution. The development of industrial lignin applications is drawing
attention from both researchers and industries. To fulfill such goal, it is essential to first understand

the origin and structure of Kraft lignin.

The Kraft process is a chemical pulping process which incorporates the use of sodium
hydroxide and sodium sulfide. In the cooking step, sodium hydroxide and sodium sulfide solution
known as the white liquor is mixed with the wood chips and heated to over 170<C. Under such
high temperature and alkalinity, both hemicellulose and lignin are depolymerized and dissolved
into the solution, leaving cellulose with loose structure for further processing [42-43]. Specific
lignin depolymerization reactions include a-O-4 cleavage with OH"; B-O-4 cleavage with HS

(Figure 2.9).
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Figure 2.9. Lignin depolymerization reactions happened during Kraft cooking [44-46].

The solution after the cooking step possesses a dark color, known as the black liquor. Due to
the lignin reactions, Kraft lignin is structurally different to the native lignin. Kraft lignin can be
easily separated from the solution through acidification. Comparing to the native lignin, the Kraft

lignin is typically less polymerized and sulfur-containing.

2.1.3.2 Lignin from biorefinery processes
Due to the rich in carbohydrate, the utilization of biomass in the production of renewable

bioenergy and biomaterials has been a popular topic since the past decades. Most lignocellulosic

biomasses, such as wood, monocotyledons and agriculture residues, possess recalcitrant cell wall
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structures that require harsh conditions to be processed. At such conditions, the changes of lignin
from its original structure is expected. In this part of the review, lignin structural changes after

typical biorefinery processes at acidic, alkaline, and oxidative conditions will be introduced.

2.1.3.2.1 Lignin from biorefinery processes
Typical acidic biorefinery processes are autohydrolysis pretreatments including hot water

pretreatment and steam explosion. Acid hydrolysis is another biorefinery process conducted at
acidic conditions. However, acid hydrolysis is less studied recently due to its poor cellulose
conversion, high equipment requirement, and environmental pollution issues. Autohydrolysis is
usually conducted at low pH, high temperature, and potentially pressurized conditions. The
presence of acetic acid in the autohydrolysis environment is the main reason for the acidic
condition. Some of the acidity can also be contributed through the deprotonation of glucuronic
acid and the release of other organic acids such as ferulic acid and cumaric acid in monocotyledons.
As softwood has relatively lower acetylation in its hemicelluloses structure and its G lignin
structure is easily condensed under acidic pH [47-48], autohydrolysis processes are applied to

hardwood species, agriculture residues, and monocotyledons.

Before pretreatment, biomass has highly ordered structure with cellulose and hemicelluloses
embedded in lignin. Under high temperature and low pH conditions, the cleavage of glycosidic
bonds starts to occur first on the hemicellulose that opens up the cell wall structure that increases
the accessibility of chemicals in further processing [49]. Cellulose structure also changed in the
autohydrolysis process due to the reduction of polymerization degree as well as crystallinity.
Figure 2.10 shows the depolymerization mechanism during autohydrolysis by using xylan as an
example. Autohydrolysis processes result in the depolymerization of hemicellulose that is soluble

in the forms of oligomers and monomers while cellulose and lignin remain insoluble. Further
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degradations of monosaccharides to furfural and hydroxymethylfurfural (HMF) can also occur

depending on the severity (temperature and duration) of the pretreatment.

o OH

O,
P B e
OH OH OH

Figure 2.10. Reaction scheme of xylan depolymerization under acid condition [50].

Lignin structural changes during autohydrolysis can be characterized as depolymerization and
repolymerization (condensation). The aryl ether bonds in lignin such as a-O-4 and -O-4 linkages
can be cleaved under the acidic environment (Figure 2.11), where the reactivity of a aryl ether
bond was reported to be 100 times higher than the B aryl ether bond [51]. This lignin
depolymerization process is significantly favored by the high temperature and acidity. Lignin
depolymerization results in free phenolic hydroxyl groups and carbon cations that increases the
lignin reactivity. One should notice that the cleavage of aryl ether bonds occurs not only between
lignin units but also in lignin-carbohydrate complex (LCC) [52]. The cleavage of LCC bonds
results in the detachment of fiber from lignin and a better exposure to carbohydrates in the further

processing.
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Figure 2.11. (a) The cleavage of a aryl ether bond under acidic condition. A new phenolic hydroxyl
group and a carbon cation are generated. (b) The interconversion of carbon cation between C, and
Cp which results in the cleavage of 3-O-4 linkage with the attack of water. A new phenolic group
and a Hibbert ketone are generated. (c) The cleavage of f-O-4 linkage through radical exchange

reaction, which can only occur in units with free PhOH group [53].
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In another case, due to the formation of carbon cation on C,, lignin repolymerization can occur
between C, and Cs which results in a condensed C-C bond (Figure 2.12). The condensation
reaction is also favored by high temperature and low pH. It has been reported that with long
autohydrolysis duration, lignin reactions are dominated by condensation. One reason is the
decreasing amount of aryl ether linkages at a later stage of pretreatment due to the
depolymerization that the only condensation can occur. Li et al. [53] performed steam explosion
on aspen wood and observed the decrease of B-O-4 bond with an increase of severity.
Hydrothermal pretreatment with high severity and short duration results in the decrease of lignin
polymerization degree. Increase of lignin molecular weight was observed with long duration of
hydrothermal pretreatment [53-54]. Lignin condensation is not desired during pretreatment as the
condensed lignin can attach on the fiber and is highly hydrophobic and recalcitrant, which reduces
the accessibility of fibers. Also, the reactivity of condensed lignin is low, which hinders lignin for
further application. Some studies have been performed to avoid lignin repolymerization by adding

other chemicals such as boric acid which can react with carbon cation before another lignin unit

does [55].
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Figure 2.12. Reaction scheme of lignin repolymerization. Condensed C-C bond is formed between

C. and Cs. Repolymerization was reported to be dominant at severity So=3.2-4.5 [53,56].

Besides the depolymerization and condensation reactions occurring during autohydrolysis
inside of lignin molecules, the formation of pseudo-lignin can also occur with sugar degradation
products (SDP) or between SDP and lignin. Studies have been performed to analyze pseudo-lignin
structures with GPC, FTIR, and NMR. Carbonyl, carboxylic, aromatic and aliphatic structures are
discovered in pseudo-lignin. Pseudo-lignin is not preferred as its formation will increase the
recalcitrance of the lignocellulosic materials that impacts on the further hydrolysis efficiency [57-

58].

2.1.3.2.2 Alkaline process: alkaline pretreatment
Alkaline pretreatment is the use of basic chemicals to react with the cell wall constituents,

mainly lignin, that results in a better exposure of cellulose and hemicellulose. Same with the
autohydrolysis pretreatment, alkaline pretreatment can either be heterogeneous and homogeneous,
ammonia fiber explosion (AFEX) and alkaline hydrolysis for example. The reaction conditions of
alkaline pretreatment can be milder than autohydrolysis. Ammonia fiber explosion (AFEX) is
usually carried at below 100<C [59-60]. Homogeneous alkaline pretreatment can be conducted at
ambient conditions but longer reaction time, hours to days depending on the lignin content. Sodium
hydroxide, potassium hydroxide, and ammonium hydroxide are all found to be effective in the
alkaline pretreatment. Recently, the use of calcium hydroxide has been studied to be an effective
and cheap alkaline pretreatment chemical. One major difference between the AFEX and alkaline
hydrolysis is the solid removal ratio. AFEX can keep almost all materials in the solid for with only
limited removal of hemicellulose and lignin. Hemicelluloses and lignin are depolymerized after

the AFEX and hemicelluloses are deacetylated. On the other hand, the solid removal is significant
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in the alkaline pretreatment mainly because of the dissolution of lignin. Depolymerization of

hemicellulose and cellulose was also observed due to the peeling reaction [61].

Lignin depolymerization occurred mainly during the alkaline pretreatment process, which is
similar to the delignification reactions in the Kraft pulping process. Lignin depolymerization
scheme is similar to the Kraft delignification process as shown in Figure 2.9 (a) and (b). One
should notice that the cleavage of aryl ether bond can only happen on the lignin units with free
phenolic hydroxyl groups and new phenolic hydroxyl groups are generated in this process resulting
in more active units for alkaline to attack. It has been reported that 50% of delignification by using
alkaline pretreatment can be reached on monocotyledons and agriculture residues [62-63]. The
removal of lignin results in a loose cell wall structure that increases the accessibility of chemicals
for further fiber processing. Substantial increase of digestibility has been reported with alkaline

pretreatment [64].

2.1.3.2.3 Oxidative processes: biodegradation and ozonolysis
Biodegradation of lignocellulosic biomass is a method of pretreatment that carries the purpose

of lignin degradation in order to reduce the recalcitrance of cell wall. Lignin degradation enzymes
are characterized by lignin peroxidase (Lip), manganese peroxidase (MnP), versatile peroxidase
(VP) and laccase. These enzymes have been found in various types of white rot fungus. Bio-
pretreatment has its advantages of low energy requirement, however, most of the processes require
more than 4 weeks to finish the pretreatment [65-67]. A general description of the lignin
biodegradation mechanism can be concluded in three steps. The first step is the oxidation of lignin
oxidases by oxidants (O2 or H2O) that lignin oxidases are converted to their oxidized forms.
Second the oxidation of mediators through the oxidized lignin oxidases, which is a necessary step

for MnP, VP, and laccase but not LiP. The third step is the oxidation of lignin by oxidized
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mediators. Lignin biodegradation is naturally being conducted under aerobic conditions since the
process requires oxygen and hydrogen peroxide which is produced through the oxidation of

glucose and glyoxal with oxygen [31-32].

The redox potential of lignin oxidases follow the decreasing order of LiP, MnP to laccase,
which determines the LiP catalyzed oxidation can occur both on free phenolic hydroxyl groups
and aryl ether bonds, but laccase can only catalyze the oxidation on free phenolic hydroxyl groups.
Studies have used lignin analogues to study the lignin depolymerization scheme with oxidases. It
has been found that the cleavage can happen on several linkages such as C.-Cg bond, alkyl-aryl
bond and aryl-ether bond [68]. Figure 2.13 shows the reaction scheme of lignin depolymerization

with lignin oxidases.
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Figure 2.13. Reaction scheme of oxidative biodegradation of lignin [69-72].

Ozonolysis is another oxidative degradation process of lignin that uses ozone as oxidant.
Ozonolysis is a chemical pretreatment process without any involvement of enzymes. The process
is usually conducted in a fixed bed reactor under room conditions. The lignin degradation scheme
of ozonolysis is slightly different from the lignin biodegradation scheme with the potential opening
on the aromatic ring as shown in Figure 2.14. Lignin degradation products after ozonolysis include

both aliphatic and aromatic chemicals such as caproic, levulinic, p-hydroxybenzoic, vanillic,
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azelaic, malonic acids and aldehydes such as p-hydroxybenzaldehyde, vanillin, and hydroquinone
[73]. The presence of aliphatic chemicals further proves higher degree of oxidation occurring
during ozonolysis that breaks down the aromatic ring structure. Most studies of ozonolysis were
applied on agriculture residues such as wheat straw and sugarcane bagasse. The biomass after
ozonolysis shows a substantial decrease in the lignin content and increase in the enzymatic

hydrolysis yield [74].
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Figure 2.14. The oxidative reaction scheme of aromatic ring cleavage occurs during ozonolysis

[75-76].

2.1.4 Lignin isolation and recovery
The techniques of isolating and recovering lignin from native biomass and industrial black

liquor will be introduced in this session. These techniques carry different purposes that are lignin
qualitative analysis, lignin quantitative analysis, and lignin applications for example. How lignin
is isolated from native lignocellulosic species or from industrial black liquor streams will be

introduced separately.
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2.1.4.1 Lignin isolation from wood
Lignin isolation has been studied since the early last century. The primary goal at that time is

to understand the structural and chemical properties of lignin. In this case, the ideal method should
be selective to separate lignin from other plant constituents while keeps lignin chemically
unmodified with a quantitative recovery. Method was first proposed by Brauns in 1939 by using
organic solvents for lignin extraction [77]. The method is further improved by Bj&kman in 1956
by applying a preliminary grinding step before extraction [78]. The lignin separated from the
modified method is referred as milled wood lignin (MWL) which is still acknowledged as the
standard method to isolate lignin for structural analysis. On the other hand, the procedure of MWL
preparation is tedious and lignin loss is substantial in the process. In this case, the MWL method
is not suitable for lignin quantitative analysis. A two-step acid hydrolysis is usually applied to
obtain the acid-insoluble lignin or Klason lignin content in a plant. This method uses two sequential
acid hydrolysis steps with concentrated and diluted acid respectively in order to dissolve other
wood constituents besides lignin [79]. Quantitatively speaking, Klason lignin method can preserve
and isolate most lignin from lignocellulosic species. On the other hand, it has been reported that
there are lignin structural changes during the Klason lignin procedure, which suggests that Klason

lignin cannot represent the native lignin structure for qualitative analysis.

2.1.4.2 Lignin recovery from black liquor
As introduced previously, black liquor contains a significant amount of lignin and it is the

major source of industrial lignin. Black liquor used to be discharged as a waste stream in pulp
mills, which is no longer allowed with concerns of environmental issues since 1950s. The current
process in pulping mills is to evaporate the black liquor for the production of steam. The lignin
separated is further used as fuel [80]. This process is efficient as steam is necessary for paper

making and lignin has a high heating value (26 MJ/kg-dry matter). However, since Kraft lignin is
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sulfur-containing, its incineration causes problems of air pollution. Other lignin applications have
emerged recently with the development of the biorefinery field. Some applications include using
lignin as antioxidant, adhesive and adsorbent [81-83]. Those new lignin applications are promising
since lignin is extremely cheap and easy to be separated from black liquor through acid
precipitation. This project used acid precipitation to obtain Kraft lignin samples from black liquor.

The detailed method will be introduced in the later chapter.

2.1.5 Lignin characterizations
Lignin characterization is always a popular and controversial topic due to its structural

complexity. In the early 20" century, lignin characterization has been started first with wet
chemistry methods, which determined the phenylpropenyl basis of the lignin structure. With the
development of spectrometer technology, the lignin structure has been revealed in detail. In this
session, three typical spectroscopy methods, UV, FTIR and NMR, will be introduced and how

they determine the building units and interunit linkages in lignin.

2.1.5.1 Ultraviolet (UV)
Lignin shows a strong absorption of UV lignin due to its aromatic structure. In general, the

major adsorption of benzene rings of lignin occurs at 205 nm while weak adsorption due to n—m"
transition and benzene ring vibration occurs 274-285 nm [84-85]. The UV method is extensively
applied in lignin quantification. Kline et al. developed the method of quantifying the lignin content
in biomass by first dissolving biomass in ionic liquid and monitoring its adsorption at 440 nm [86].
Aulin-Erdtman et al. applied UV spectroscopy to determine the p-hydroxyphenol, guaiacyl and
sinapyl type as well as the phenolic group content in lignin [87-88]. The UV technology is also
used in the pulping industries to determine the delignification efficiency. The lignosulfonate

content is determined in the black liquor [89].
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2.1.5.2 Fourier transform infrared spectroscopy (FTIR)
Due to the limited solubility of lignin in most solvents, IR spectroscopy, which does not require

samples to be dissolved, is known as the simplest method for lignin characterization. Besides, only
small amount of lignin (1-2 mg) is required for an IR experiment [90]. FTIR is capable in
characterizing most linkages and functional groups in lignin. Generally speaking, the lignin
absorption band ranges from 3450-1030 cm™. Table 2.2 summarized the band locations of most
lignin functional groups and linkages in an FTIR spectra. It was also found that the band locations

are slightly different between hardwood and softwood lignins [91].

Table 2.4 IR adsorption bands assignment of lignin [91-92]

Linkages/Functional groups Location (cm™)
OH stretching 3450-3400
OH-stretch in methyl and methylene groups 2940-2820
C-H stretching in CH3z and CH> 2940-2920
C=0 stretching (noncojugated) 1715-1710
C=0 stretching (conjugated to benzene ring) 1675-1660
Benzene ring vibration 1605-1600
C-O stretching in syringyl 1330-1325
C-O stretching in guaiacyl 1275-1270

2.1.5.3 Nuclear magnetic resonance (NMR) spectroscopy
NMR has become one of the most important methods in today’s analytical chemistry. The high

selectivity and resolution of NMR have contributed significantly in elucidating the detailed lignin
structure. In an NMR analysis, lignin samples are usually required to be acetylated for a higher
solubility. The NMR application in lignin structure characterization has been started with proton
spectroscopy (*H NMR). Based on model chemicals, *H NMR is capable in characterizing most
functional groups in lignin such as hydroxyl, methoxyl, vinyl, formyl etc. [93-94]. However, due
to the short range of chemical shift (12 ppm), signal overlapping in *H NMR has been observed.
Also, some important linkages in lignin such as 5-5’ linkage do not contain hydrogen, which

cannot be characterized by *H NMR. *C NMR with a wider chemical shift range and higher
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