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Chapter 1
Introduction
Lignin is a natural polymer with phenolic structure that exists in woody
plants, herbs, and vascular plants. It is the second most abundant macromolecular
material in nature, surpassed only by cellulose. As a promising alternative to fossil
resources for the production of fuels and value-added chemicals [1], lignin is now
widely used in building materials industry, petroleum industry, light industry, and
agriculture.
In terms of physical property, lignin derived from biomass fractionation
processes appears to be dark brown powder (see Figure 1.1) with relative density

Figure 1.1: Dark brown lignin powder for bench-scale experiments

between 1.35 and 1.50 [2]. It is not completely soluble in water because the hydroxyl
group can form strong hydrogen bonding to prevent lignin dissolution. After further
degradation, lignin becomes soluble in the mixture of water and organic solvents. Its
solubility depends on many factors such as plant species, types of condensation
reaction, and methods of lignin degradation or fractionation.
In terms of biological function, lignin increases mechanical strength of stems
and rigidity of plant walls so that huge plants can reach heights over a hundred
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meters. It also makes the cell wall impermeable to water and builds a complex
network inside living plants for water transport, which enable plants to grow taller
until reaching their maximum heights and compete for sunlight. Furthermore, lignin
functions as a physical barrier to protect plants from attacking by insects and fungi.
In terms of structure, lignin is the only macromolecule that is not composed of
carbohydrate monomers in plant cell walls. It is a randomly cross-linked polymer
consisting of many phenylpropanoid alcohols, especially coniferyl (C10H12O3),
sinapyl (C11H14O4), and p-coumaryl (C9H10O2) alcohols (see Figure 1.2). An example
of proposed structural model for poplar lignin is shown in Appendix 3. These

Figure 1.2: Three major phenylpropanoid alcohols found in natural plant lignin.

alcohol groups are held together by chemical bonds, including C-C bonds, CꟷO
bonds, and hydrogen bonds. Although no one has completely described the lignin
structure, the molecular weight of lignin in its unprocessed natural form might reach
15000 Daltons [3].
Due to the unique and complex structure, lignin degrades slowly under
natural conditions and cannot be directly utilized to derive various products.
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However, lignin can be oxidatively degraded by using alkalis, oxidants, and catalysts.
The oxidation aims to cleave specific bonds between different chemical groups and
break large molecules into small molecules that can be further applied in lab
experiments or chemical industries.
Furthermore, alkaline hydrogen peroxide pretreatment catalyzed by copper
2,2’-bypridine complexes is a promising way to achieve high yields of desired
products such as sugar by overcoming cell wall recalcitrance through chemical
modification or lignin cleavage that can significantly increase the solubility of lignin
in alkalis [4]. It improves biomass enzymatic digestibility and provides the possibility
of deriving additional coproducts.
For this research, the oxidative behavior of poplar lignin in alkalis was studied
by using hydrogen peroxide as oxidant and an aqueous solution containing Cubipyridine complexes as catalyst. During the alkaline hydrogen peroxide (AHP)
treatment, both catalyst and oxidant are sensitive to pH that changes over time. The
longer the lignin oxidation takes, the lower the pH will be due to the consumption of
alkalis. Once the reaction environment becomes acidic, oxidized lignin production is
considered to be inefficient since the catalyst and oxidant are less active at low pH.
Therefore, multiple pH adjustments are necessary to keep pH constant and maximize
the extent of lignin oxidation. The purpose of this study is to optimize the preparation
process of oxidized lignin at bench scale and investigate the effect of reaction
parameters on the catalytic oxidation of poplar lignin.
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Chapter 2
Literature Review
2.1 Oxidative Lignin Depolymerization
Oxidative lignin depolymerization is a method to break selected chemical
bonds, such as carbon-carbon bonds, carbon-hydrogen bonds, carbon-oxygen bonds,
aryl ether bonds or β-O-4 linkages. By applying different oxidants (such as hydrogen
peroxide, oxygen gas, and metal oxides) and catalysts, lignin with high molecular
weight can be broken into smaller molecules. This process can be summarized in
Figure 2.1 [5]:

Figure 2.1 The process of oxidative lignin depolymerization

Some of the nomenclatures used in Figure 2.1 are listed below.
Ionic liquids: a molten salt utilized to dissolve biomass, which can subsequently be
fractionated.
Extraction: a way to separate a substance when it is mixed with others.
Dissolution: the process by which a substance forms a solution in a solvent.
[O]: a reactant that oxidizes or removes electrons from other reactants during an
oxidation reaction. e.g. hydrogen peroxide, ozone, nitric acid, sulfuric acid, halogens
such as Cl2 and F2. In this experiment, the oxidant used was hydrogen peroxide.
CAT: a substance that increases the rate of a chemical reaction without causing mass
loss and property change. In this experiment, the catalyst was an aqueous solution
containing 40 mM CuSO4 and 160 mM 2,2’-bipyridine.
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Oxidation: the loss of electrons during a reaction by a molecule, atom or ion.

2.2 Different Types of Lignin Oxidation
In the production of simpler molecules, multiple oxidation methods have been
attempted to make the process more economic and efficient. The oxidative
depolymerization aims to crack C-O bonds and C-C bonds in lignin with different
kinds of catalysts and oxidants, which makes aromatic aldehydes and carboxylic acids
the main products from lignin oxidation. Recent study on lignin oxidation to the
aromatic products is summarized in Table 2.1 [6]. Raw lignin discussed in this table
include:
•

Organosolv Lignin: a type of lignin derived from organosolv pulping process
that uses an organic solvent to dissolve lignin from plant cell walls.

•

Kraft Lignin: a type of lignin derived from Kraft pulping process by treating
wood chips with a hot mixture of water, sodium hydroxide (NaOH), and
sodium sulfide (Na2S).

•

Alkali Lignin: a type of lignin that is solubilized in alkali during pulping,
making pH higher than 7.

•

Enzymatic Hydrolysis Lignin: a type of lignin obtained from enzymatic
hydrolysis process.

Main products shown in this table include:
•

Vanillin: also called 4-hydroxy-3-methoxybenzaldehyde, is a phenolic
aldehyde originally extracted from the vanilla bean. Its chemical structure is
shown in Figure 2.2.
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Figure 2.2: The structure of vanillin

•

Vanillic acid: also called 4-hydroxy-3-methoxybenzoic acid, is a
dihydroxybenzoic acid found in some forms of vanilla and many other plant
extracts. Its chemical structure is shown in Figure 2.3.

Figure 2.3: The structure of vanillic acid

•

Syringic aldehyde: also called 4-hydroxy-3,5-dimethoxybenzaldehyde, is an
organic compound often found in the wood of spruce and maple trees. Its
chemical structure is shown in Figure 2.4.
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Figure 2.4: The structure of syringic aldehyde

•

Syringic acid: also called 4-hydroxy-3,5-dimethoxybenzoic acid, is a
component of phenolic extracts from various plants that have antioxidant and
pro-oxidant activities [7].

Figure 2.5: The structure of syringic acid

In addition, some of the abbreviations used in Table 2.1 are listed below.
•

Tetrahydrofuran (THF): a colorless, water-miscible organic liquid mainly
used as a precursor to polymers.

•

Dimethyl Sulfoxide (DMSO): A by-product of the Kraft process by oxidation
with oxygen or nitrogen dioxide, which can penetrate skin and other
biological membranes.
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•

Tert-butyl hydroperoxide (TBHP): An organic peroxide widely used in a
variety of oxidation processes.

•

Methyltrioxorhenium (MTO): An exceptionally versatile oxygen transfer
catalyst with hydrogen peroxide as terminal oxidant.
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Table 2.1: Summary of oxidative depolymerization of different raw lignin
ENTRY

1

2

3

4

5

6

7

8

9

FEEDSTOCK
Organosolv
lignin from M.
giganteus (an
herbaceous
plant)
Organosolv
lignin from
mixed-hardwood
(Aspen, maple
and birch)
Organosolv
lignin and Kraft
lignin
Organosolv
lignin
Organosolv
lignin and Kraft
lignin
Organosolv
lignin from
hardwood (birch)
Organosolv
lignin from
wood and
bagasse
Organosolv
lignin from
hardwood
(beech)
Organosolv
lignin

CONDITIONS

SOLVENT

CATALYST

PRODUCTS

80 °C, 24 h, air

Acetonitrile-THF or
ethyl
acetate-THF

Vanadium complexes
bearing Schiff
base ligands

Monophenolic
compounds (vanillin,
syringic acid,
syringaldehyde)

100 °C, 18 h, 0.8
MPa synthetic air

Ethyl acetate

Vanadium complexes
and other
organometallic
catalysts

100 °C, 8 h, H2O2

DMSO and acetic acid

{Fe-DABCO}

80 °C, 24 h, air

Acetonitrile-THF

135 °C, 40 h, 1.0
MPa O2

Pyridine

140 °C, 24 h, 0.1
MPa O2

H2O, tert-butyl
hydroperoxide (TBHP)

Co(salen) supported
on
graphene oxide
V(acac)3 and
Cu(NO3)2·3H2O or
HTc-Cu-V
Nitrogen-containing
graphene
material (LCN)

YIELD
0.78 wt %,
0.67 wt %,
0.59 wt %
(Catalyst =
Complex 3)

REFERENCE

[8]

Bio-oil

Mw = 575
Da (Catalyst
= Complex
2)

[9]

Bio-oil

/

[10]

Vanillin (main)

3067 g

[11]

Bio-oil

Mw = 300
Da

[12]

Bio-oil

45.8 wt %

[13]

0.99 wt %,
2.91 wt %,
2.52 wt %,
4.51 wt %

[14]

180 °C, 2 h, 13.8
MPa air

Acetic Acid-water

Co/Mn/Zr/Br mixture

Vanillin, vanillin acid,
syringaldehyde,
syringic acid

200W, 5–30 min,
H2O2

NaOH solution

La/SBA-15

Vanillin,
syringaldehyde

9.94 wt %,
15.66 wt %.

[15]

185 °C, 24 h, 0.1
MPa O2

Methanol

Pd/CeO2

Vanillin, guaiacol,
4hydroxybenzaldehyde

5.2 wt %,
0.87 wt %,
2.4 wt %

[16]
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170 °C, 0.3 h, 0.5
MPa O2
170 °C, 0.3 h, 1.0
MPa O2
170 °C, 1 h, 1.0
MPa O2

Methanol-water and
H2SO4
Methanol-water and
H2SO4
Methanol-water and
H2SO4

CuSO4; FeCl3;
CuCl2; CoCl2

Kraft lignin

45 °C, 1 h, H2O2

Acetone-water

Metal salt catalysts

14

Enzymatic
hydrolysis lignin
from steamexplosive
cornstalk

120 °C, 0–3 h,
0.5 MPa O2

15

Enzymatic
hydrolysis lignin

120 °C, 0–3 h,
0.5 MPa O2

16

Hydrolytic sugar
cane lignin and
red
spruce
(softwood) Kraft
lignin

25 °C, 24 h, H2O2

17

Alkali lignin

175–225 °C, 0–1
h, 0.5–1.5 MPa
O2

18

Wheat alkali
lignin

150 °C, 1 h, H2O2

19

Softwood
(Loblolly pine)
lignin

80 °C, 24 h,
0.27/1.24 MPa O2

10

Kraft lignin

11

Kraft lignin

12

Kraft lignin

13

Vanillin, methyl
vanillate
Vanillin, methyl
vanillate
Vanillin, methyl
vanillate
Vanillin-based
monomers

5.2 wt %

[17]

4.6 wt %,
4.2 wt %

[18]

6.3 wt %

[19]

0.51 wt %

[20]

LaMnO3

Vanillin, phydroxybenzyl
aldehyde,
syringaldehyde

4.32 wt %,
2.03 wt %,
9.33 wt %

[21]

NaOH solution

LaCoO3

Vanillin, phydroxybenzyl
aldehyde,
syringaldehyde

4.55 wt %,
2.23 wt %,
9.99 wt %

[22]

Acetic acid

MTO or poly(4vinylpyridine)/MTO
or polystyrene/MTO

Bio-oil

/

[23]

Water

NaOH

Formic acid, acetic
acid, succinic acid,
oxalic acid, glutaconic
acid

44.0 wt %

[24]

Water/methanol/1,4dioxane/
tetrahydrofuran/ethanol

CuO, Fe2(SO4)3 and
NaOH

Monophenolic
compounds

17.92 wt %
(in
methanolwater)

[25]

Methanol

Copperphenanthroline
complex
and NaOH

Vanillic acid, vanillin

3.5 wt %,
12.6 wt %

[26]

NaOH solution

H3PMo12O40
H3PMo12O40
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2.3 H2O2 Oxidation Catalyzed by Cu - 2,2,’-bipyridine Complexes
Oxidative degradation occurs at many sites in lignin structure, which makes
its products often complex. It can be achieved by treatment with an oxidizing agent
such as peracetic acid (CH3COOOH), periodate (IO4-), chlorine dioxide (ClO2),
hypochlorite salts, hydrogen peroxide (H2O2), ozone (O3), and oxygen (O2). Among
these oxidants, hydrogen peroxide is the most common oxidizing agent employed in
the alkaline dissolution of lignin since alkaline hydrogen peroxide (AHP) treatment is
quite effective for woody biomass, although this approach requires high H2O2
loadings on the lignin, ranging from 250 mg to 2000 mg H2O2 per gram of biomass
[4]. Studies have shown that hydrolysis of hydrogen peroxide causes the formation of
hydroxyl radicals, which can degrade lignin efficiently and produce low molecular
weight monomers [27]. The near-optimal pH for this reaction to occur was
determined to be 11.5 later by Correia et al (2013) [28].
Li and co-workers discovered that the alkaline hydrogen peroxide (AHP)
pretreatment catalyzed by Cu (II) – 2,2’-bipyridine complexes could substantially
improve the enzymatic hydrolysis of hybrid poplar [29]. In their study, they
performed both uncatalyzed and catalyzed AHP pretreatment to investigate how the
addition of Cu (II) – 2,2’-bipyridine complexes would affect the lignin removal and
hydrolysis yields. It turned out that uncatalyzed AHP pretreatment of hybrid poplar
using 125 – 500 mg H2O2 / g hybrid poplar resulted in only 10–36 % lignin removal
and 18–30 % hydrolysis yields but AHP pretreatment catalyzed by the complexes
with shorter pretreatment time and less H2O2 loadings caused at most 40% lignin
removal and more than 60% glucose hydrolysis yields. Therefore, by adding small
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amount of the complexes, not only did the product yields significantly increase but
also the H2O2 loadings reduced to 25 - 100 mg H2O2 per gram of biomass.
According to the research conducted by Korpi et al. (2006) [30], the structure
of active species that played a crucial role in the AHP pretreatment catalyzed by
copper salts and 2,2′-bipyridine was [Cu(2,2’-bipyridine)2OH] +. They found that the
existence of [Cu(2,2’-bipyridine)2OH] + was closely related to reaction conditions and
the excess of copper salts and 2,2’-bipyridine would protect this active species from
destructive hydroxide ions, meaning that the reaction conditions and the amount of
catalysts must be controlled precisely in order to obtain more products.
Furthermore, Bhalla et al. (2016) [4] presented two strategies to improve
alkaline hydrogen peroxide (AHP) pretreatment of hybrid poplar catalyzed by Cu (II)
– 2,2’-bipyridine complexes. One strategy is to utilize H2O2 more efficiently. They
added the H2O2 in small batches (without changing total amount of H2O2 and
pretreatment time) rather than added all the H2O2 at the beginning of the pretreatment.
This modification resulted in an increase in glucose yields (obtained from enzymatic
hydrolysis of Cu-AHP pretreated poplar wood) from 63% to 77%. The other strategy
is to perform an alkaline extraction step prior to the AHP pretreatment. This step
aimed to remove easily extracted hemicellulose and lignin so that the Cu(bpy)
complexes could readily penetrate the plant cell wall. The results showed that this
strategy increased glucose yields from 63 to 86%. By combining these two strategies,
glucose and xylose yields could reach 96% and 94% (theoretical maximum).
AHP pretreatment is a harsh treatment that requires appropriate reaction
conditions, strong reaction vessels, and precise chemical control. It often leads to
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lignin removal and high yields of reducing sugar. The major disadvantage of the
process is that it is costly to use hydrogen peroxide during the pretreatment. More
studies are being conducted to make this process cost-efficient and obtain more
products.
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Chapter 3
Methods
3.1 Materials
1. Hybrid poplar lignin
The poplar lignin was obtained from a commercial biorefinery operated by ZeaChem,
which used biochemical conversion to produce biofuels from hybrid poplar. It was
recovered from the biorefining process as a coproduct.

2. CuSO4 and 2,2’-bipyridine
An aqueous solution containing 40 mM CuSO4 and 160 mM 2,2’-bipyridine was used
as the catalyst for lignin oxidation.

3. Hydrogen peroxide (H2O2)
The oxidant for this experiment was 500 mL hydrogen peroxide, 30% solution, AR
Select (ARS) manufactured by Macron Fine Chemicals.

3.2 Experimental Procedures
1. Wash the hybrid poplar lignin obtained from ZeaChem with deionized water
and dry at 50 °C. After that, grind lignin cakes into fine powders.
2. Weigh out 10 g of ground poplar lignin.
Note: Make sure the bag containing ground poplar lignin is well-sealed to
prevent moisture absorption.
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3. Mix 2.5 mL catalyst solution with 80 mL aqueous solution of NaOH at pH
11.5 and pour the mixture into a plastic bottle that contains ground poplar
lignin.
4. Stir gently. Make sure ground lignin and solution are mixed well.
5. Measure pH of the solution. If the pH is lower than 11.5, add 5M NaOH
solution to bring pH back to 11.5 (first adjustment) and record the volume of
5M NaOH used.
6. Add 1.5 mL 30% hydrogen peroxide solution to the mixture and stir gently.
7. Measure the pH of the solution. If the pH is lower than 11.5, add 5M NaOH to
bring pH back to 11.5 (second adjustment) and record the volume of 5M
NaOH used.
8. After 30 minutes, add another 1.5 mL 30% hydrogen peroxide solution to the
solution and stir gently.
9. Measure the pH of the solution. If the pH is lower than 11.5, add 5M NaOH to
bring pH back to 11.5 (third adjustment) and record the volume of 5M NaOH
used.
10. After 30 minutes, measure the pH of the solution again. If the pH is lower
than 11.5, add 5M NaOH to bring pH back to 11.5 (final adjustment) and
record the volume of 5M NaOH used.
11. Cap the plastic bottle and incubate the reaction mixture at room temperature
for seven days.
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12. After seven days, recheck the pH. If the pH is lower than 11.5, add 5M NaOH
to bring pH back to 11.5 (additional adjustment) and record the volume of 5M
NaOH used.
13. Filter the solution to get rid of insoluble solids and collect the flow through.
14. Wash the solids with the aqueous solution of NaOH at pH 11.5 until the
filtrate becomes clear (solid washing). An experimental schedule is shown in
Figure 3.1.
15. Measure and record the volume of black liquor.
16. Add dilute HCl solution (concentrated HCl: H2O =1:2) to the black liquor
until the pH reaches 2.0 and record the volume of diluted HCl solution added.
17. Filter the solution again, then collect and dry the solid.
18. Weigh the dry solid and record its mass. Label the sample clearly for FTIR
analysis.
Note: The experiment described above is performed under a total
pressure of 1 atm for a temperature at 25 °C.

Step 1-11
Step 13
Step 15-18
Step 12

Trial 1, 2,
3, 4, 7,8
(replicates)
X

Trial 5

Trial 6

Trial
9

X

X

X

X

X

Step 14

X

Performed

X

X

Not Performed

Figure 3.1: An experimental schedule that shows treatment differences among all trials.

3.3 Analytical Methods
1. Control Parameters and Experimental Parameters
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In general, there are ten parameters for the catalytic oxidation of poplar lignin:
reaction temperature, reaction pressure, reaction time, mass of raw poplar lignin,
volume of NaOH solution at pH 11.5 used to dissolve the poplar lignin, volume of
catalyst, volume of 30% hydrogen peroxide (H2O2) solution, volume of 5M sodium
hydroxide (NaOH) solution for each adjustment, volume of NaOH solution at pH
11.5 used to wash the solids, and volume of dilute hydrogen chloride solution. In
order to determine if additional pH adjustment and solid washing have significant
effects on the yield of oxidized lignin, these parameters must be controlled so that
repeatable results can be obtained on lignin recovery. If more than one parameter
changes at a time, the cause and effect is unclear. Therefore, it is essential to only
allow the parameter of interest to change and other parameters should be held
constant to ensure that any effect on the outcome is due to the changed parameter.
These parameters are classified into two categories: control parameter (the
parameter that doesn’t change in an experiment) and experimental parameter (the
parameter that is manipulated by the researcher). As shown in Figure 3.2, parameters
including the reaction temperature, the reaction pressure, the reaction time, the
reaction pH, the mass of raw poplar lignin, the volume of NaOH solution at pH 11.5
used to dissolve the poplar lignin, the volume of catalyst, and the volume of 30%
hydrogen peroxide (H2O2) solution are held constant. By manipulating pH control and
washing condition, a relationship between experimental parameters and yields of
oxidized lignin can be determined through simple comparison.
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Figure 3.2: The process to determine if additional pH adjustment and solid washing have significant effects on the yield of oxidized lignin
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2. Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform infrared spectroscopy, an analytical technique that utilizes
infrared radiation to characterize various compounds, is widely applied in organic
synthesis and polymer science. When IR radiation passes through a sample, some
radiation is absorbed by the sample and some passes through (is transmitted)[31]. By
using an interferometer to modulate the wavelength of light from an infrared source,
the spectrometer can measure the intensity of transmitted or reflected light as a
function of its wavelength [32].
For this research, FTIR analysis was carried out to investigate changes in the
structure of poplar lignin due to catalytic oxidation. More specifically, since the
wavelength of light absorbed by the lignin reflects its molecular structure, infrared
spectroscopy table (see Appendix 1) can help identify functional groups represented
by abnormal regions in IR spectrums for raw lignin and oxidized lignin.
In general, raw lignin contains the following functional groups: phenolic
hydroxyl, primary and secondary aliphatic hydroxyl, ketone and aldehyde groups.
Moreover, chemical treatment may facilitate the formation of new functional groups
such as carboxyl groups and carbonyl groups [31]. Most of these functional groups
can be detected by FTIR spectrometer, which makes it a useful tool for lignin
characterization.
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Chapter 4
Results and Discussion
4.1 Quantification for Oxidation of Hybrid Poplar Lignin
In order to study the oxidation of hybrid poplar lignin, reactions were
performed in aqueous solution of NaOH at pH 11.5 under a total pressure of 1 atm for
a temperature at 25 °C. After multiple pH adjustments, reaction mixture was filtered,
and a black liquor was collected. Later, the black liquor was acidified with dilute
hydrogen chloride (HCl) solution and the precipitates were collected. During this
process, the volume of 5M NaOH solution used for each adjustment and the volume
of dilute hydrogen chloride (HCl) solution were monitored. The results are shown in
Figure 4.1 and Appendix 2.
Although reaction conditions are held constant, the volume of 5M NaOH
solution used for the same pH adjustment step varies depending on many factors,
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0.9
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1
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1
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Figure 4.1: The volume of 5M NaOH solution used for each trial
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such as human errors, air humidity, and how lignin powder is stored. Figure 4.1
shows that the amount of 5M NaOH solution used to restore reaction pH are 0.7 – 1.6
mL for the first adjustment, 0.9 – 3.2 mL for the second adjustment, 1.6 – 3.2 mL for
the third adjustment, 0.4 – 1.3 for the final adjustment, and 0.3 – 0.4 for the additional
adjustment. In addition, as shown in Appendix 2, the volume of dilute hydrogen
chloride (HCl) solution is approximately 0.06 mL / 1 mL black liquor.
The amount of chemicals needed for the oxidation of hybrid poplar lignin is
summarized in Table 4.1. This table is a good reference when similar experiments are
conducted in the future.
Table 4.1: Summary of the amount of chemicals needed for the oxidation of hybrid poplar
lignin
Mass of Hybrid Poplar Lignin (g)

10

/

Volume of aqueous solution of NaOH at pH
11.5 (mL)
Volume of Catalyst (mL)

80

/

2.5

/

Volume of H2O2 (mL)

3

/

First Adjustment (Volume of 5M NaOH
solution in mL)

0.7 – 1.6

Second Adjustment (Volume of 5M NaOH
solution in mL)

0.9 – 3.2

Third Adjustment (Volume of 5M NaOH
solution in mL)

1.6 – 3.2

Final Adjustment (Volume of 5M NaOH
solution in mL)

0.4 – 1.3

Additional Adjustment (Volume of 5M NaOH
solution in mL)

0.3 – 0.4

Volume of Dilute HCl Solution / 1 mL Black
Liquor

0.06

Add 0.7 mL first,
then perform small
increments
Add 0.9 mL first,
then perform small
increments
Add 1.6 mL first,
then perform small
increments
Add 0.4 mL first,
then perform small
increments
Add 0.3 mL first,
then perform small
increments
/
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4.2 Parameter Investigation
Multiple trials with different pH controls and washing conditions were
performed to determine if additional pH adjustment and solid washing have
significant effects on the yield of oxidized lignin. The product yield for control was
calculated by taking the average of five replicates (trial 2, 3, 4, 7, and 8), the product
yield for additional pH adjustment was obtained from trial 5, and the product yield for
solid washing was obtained from trial 6. The results are shown in Figure 4.2.

Figure 4.2: Product yield for each treatment (% recovery = the mass of products / the mass of
raw hybrid poplar lignin). Standard error of mean for the control is 1.81 g.

Additional pH adjustment
By comparing % recovery for control and additional pH adjustment, the effect of
additional pH adjustment on the yield of oxidized lignin can be determined. Control
parameters were held constant for all trials, but the additional pH adjustment was
performed only for trial 5. Figure 4.2 shows that product yield for the additional
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pH adjustment is 35.8%, which is 25% higher than that for the control. Therefore, it is
reasonable to conclude that the additional pH adjustment can significantly increase
the yield of oxidized lignin. This makes sense because adding more 5M NaOH
solution will digest undissolved poplar lignin in the reaction mixture and more
products will precipitate out during the acidification.
Solid Washing
Five replicates and trial 6 were studied to figure out the effect of solid washing on the
yield of oxidized lignin. Similarly, the control parameters were held constant for all
trials but the solid washing was performed only for trial 6. The result shows that
product yield for the solid washing is 51.6%, which is 40.8% higher than that for the
control. This washing step further removes concentrated black liquor in the residue,
so more products are recovered from black liquor obtained after the filtration.
Combining additional pH adjustment and solid washing
For trial 9, both additional pH adjustment and solid washing were performed with all
control parameters held constant. Meanwhile, the reaction pH was raised to 12 to
dissolve more lignin. The result shows that the product yield for trial 9 is 50.7%,
which is similar to that for trial 6. As such, the maximum yield of oxidized lignin is
achieved by employing these two strategies.

4.3 Structural Changes Associated with Lignin Oxidation
As mentioned before, Fourier-transform infrared spectroscopy (FTIR) is a
useful tool to investigate the interactions of molecules with various forms of
electromagnetic radiation. In order to characterize structural changes associated with
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lignin oxidation, IR spectroscopy analysis were performed on the raw hybrid poplar
lignin and the product derived from it. The results are recorded as spectra in the 500 –
4000 cm-1 region shown in Figure 4.3 and Figure 4.4, from which a wealth of
structural details can be observed.
Figure 4.3 shows all IR spectra have similar trends, meaning that the products
obtained from trial 2, 5, 6, 7, and 9 have similar chemical structures. They didn’t
experience any structural change due to the additional pH adjustment, the solid
washing, and the pH increase. On the contrary, the oxidized lignin went through three
significant structural changes compared to the raw hybrid poplar according to Figure
4.4. Each difference in the spectra corresponds to a change of functional group or
chemical bonding. The major structural changes are summarized in Table 4.2.
The first significant difference is the region located in the 997 – 1055 cm-1
wavenumber range. This sharp absorption band with strong intensity is caused by the
presence of ethers. According to Figure 4.4, the sharp band only presents in the
spectrum for raw poplar lignin, which means that some ethers are broken down
during the process of oxidative depolymerization.
The second significant difference is the region located in the 1585 – 1700 cm-1
wavenumber range. Figure 4.4 shows that absorption band of the raw poplar lignin in
this region is a little broad, but when it comes to the oxidized lignin, absorption band
in the same region becomes too broad with no strong peak. This is due to the
breakdown of carbon – carbon double bond (C = C) in alkenes and the oxidation of
carbon – oxygen double bond (C = O) in ketones during the process of oxidative
depolymerization.
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Figure 4.3: Overlay of the FTIR spectra for trial 2, 5, 6, 7, and 9

Figure 4.4: Overlay of the FTIR spectra for raw hybrid poplar lignin (up) and the product derived from it (down)
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Table 4.2: Summary of structural changes
Structural Difference

Wavenumber Range

R – O – R’

997 – 1055 cm-1

Breakdown of Functional
Groups
Ether

Alkene

C = C and C = O

1585 – 1700 cm-1

and
Ketone

Carboxylic Acid
O–H

2848 – 3000 cm-1

The third significant difference is the region located in the 2848 – 3000 cm-1
wavenumber range. As shown in Figure 4.4, this absorption band with strong
intensity is much broader in the spectrum for the oxidized lignin, indicating the
presence of oxygen – hydrogen single bond (O – H) in carboxylic acids.

4.4 Sources of Variability
Random Measurement Errors
Every measurement is a source of random error. For instance, the mass of oxidized
lignin was measured three times by using the same balance, but the three values were
slightly different. These errors cannot be avoided but they can be evaluated through
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statistical analysis and can be reduced by averaging over a large number of
measurements. Since the value differences caused by random measurement errors are
too small, these errors won’t have a significant effect on the results.
Storage Conditions of Lignin Powder
In order to make poplar lignin powder, the hybrid poplar lignin obtained from
ZeaChem is dissolved in deionized water, filtered, and then dried in an isothermal
drying oven at 50 °C. For this research, two batches of poplar lignin powder were
utilized. One batch was properly stored in a food bag, but the other batch was
exposed to the air for a long time. Moisture in the air absorbed by the dry lignin
powder would make the actual weight of lignin powder lower than 10 g.
Consequently, the yield of oxidized lignin would be significantly reduced.
Instruments
Two pH meters manufactured by different companies were used for the experiment.
They might show different readings although correct calibration had been performed
on both pH meters before the pH measurement. In addition, these two pH meters were
not calibrated regularly to maintain accuracy, so they could drift from their calibrated
settings. This would directly affect the amount of 5M NaOH solution added to the
reaction mixture.
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Chapter 5
Conclusion
Lignin conversion to renewable resources is a promising way to improve the
economic value of lignocellulosic biorefineries and reduce greenhouse gas emissions.
Importantly, oxidative degradation of lignin is never a simple process because it not
only involves lot of chemicals but also requires appropriate reaction conditions. This
research mainly focused on the alkaline hydrogen peroxide (AHP) treatment of
hybrid poplar lignin catalyzed by Cu (II) 2,2′-bipyridine complexes. In general, three
significant conclusions were made by analyzing the experimental data.
First, the AHP treatment of hybrid poplar lignin can be quantified to simplify
future experiments. The minimum amount of 5M NaOH solution utilized to dissolve
the poplar lignin are 0.7 mL, 0.9 mL, 1.6 mL, 0.4 mL, and 0.3 mL for each pH
adjustment and the minimum amount of dilute HCl solution utilized to separate
oxidized lignin is 0.06 mL / 1 mL black liquor. Second, the employment of additional
pH adjustment and solid washing results in a significant improvement in the yield of
oxidized lignin. More specifically, the maximum percent recovery was achieved by
combining these two strategies. Third, the comparison of spectra shows that all the
products have similar chemical structure while there are three significant structural
differences between raw poplar lignin and oxidized lignin due to the breakdown of
ethers, alkenes, ketones and carboxylic acids.
Undoubtedly, the alkaline hydrogen peroxide (AHP) treatment catalyzed by
Cu (II) 2,2′-bipyridine complexes is an efficient method for recovering alkali-soluble
lignin from enzymatic lignin. However, the major drawback of the AHP treatment is
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that this method entails high consumption of chemicals such as oxidants and alkalis,
which makes it uneconomical for industrial use. Therefore, further research in this
area needs to be conducted to either develop a new efficient treatment method or
improve the current treatment method.
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Appendix 1: Infrared Spectroscopy Table
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Appendix 2: Raw Data of Chemical Dosage during Lignin Oxidation
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Appendix 3: A proposed structural model for poplar lignin [33]

