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ABSTRACT

Lignin is a complex heterogeneous aromatic compound derived from renewable plant biomass.
Due to its aromatic backbone, it has grown interested in producing biochemicals and other
polymeric applications. Depending on the sources and isolation methods, lignin has a wide range
of functional groups, such as aliphatic/aromatic hydroxyl, carboxylic, sulphonic, and methoxyl
groups, which make lignin chemically reactive for modification towards versatile applications.
The main goals of this dissertation are categorized into two main sections. Firstly, KOH
mediated aerobic oxidation of kraft lignin (KL) was performed to produce water-soluble KL that
was applied as green fertilizer on maize seedlings and a mid-range cement plasticizer. Secondly,
oxalic acid mediated oxidation of KL was conducted to produce aromatic biochemicals such as

vanillin and vanillic acid.

In this dissertation, the KL was aerobically oxidized in KOH solution to produce water-soluble
anionic lignin. The oxidation reaction was optimized to achieve the maximum carboxylic acid
groups and charge density. The XPS, '"H-NMR, and *'P-NMR confirmed the introduction of the
carboxylic acid groups, while the FTIR, and HSQC-NMR confirmed the structural alterations in
the oxidized lignin. The extensive degradations of the aromatic moieties (G-units) of lignin
confirmed its ring openings during the alkaline oxidation. The fertilizing effects of the modified
lignin were investigated on Zea mays seedlings. Compared with commercial humic acid, the
results showed excellent physiological effects, such as improved plant growth, chlorophyll
content in leaves and organic content. On the other note, cement paste flowability, adsorption on
cement particles, compressive strength of the hardened cement, and water reducibility were

tested to investigate the performance of the oxidized lignin as a green cement plasticizer. The



results confirmed that the KOH-mediated oxidized lignin has great potential to be used as a

plasticizer.

The OA-mediated aerobic oxidation of KL was studied to produce aromatic compounds, such as
vanillin and vanillic acid. The effects of reaction parameters on the yields of phenolic
compounds were thoroughly studied. The study aimed to investigate the catalytic activity of
niobium pentoxide in combination with OA. The product mixtures were identified and quantified
by HPLC analysis. °C NMR and HSQC NMR confirmed the abundance of the phenolic
moieties in the ethyl acetate soluble fractions, while 'H and HSQC-NMR confirmed the
structural changes of KL during the oxidation reaction. Interestingly, the absence of the f-O-4
linkages in unmodified lignin confirmed the selective degradation of lignin. The recyclability of
the recovered oxalic acid showed no significant reduction in vanillin and vanillic acid yield.
Finally, the current study showed a high yield of phenolic compounds with greater selectivity

toward vanillin production.

Based on the results obtained in this thesis, it is apparent that the modification of KL via KOH-
catalyzed oxidation to water-soluble lignin and OA-mediated oxidation to produce vanillin and

vanillic acid can be technically feasible for generating value-added lignin-based products.
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Chapter 1
2.1. Introduction

2.1.1. Overview

Lignin is one of the most complex biopolymers on the earth, having heterogeneous aromatic
structures [1]. Softwoods, hardwoods, and non-woods contain 25-35%, 18-28% and 9-20% of
lignin respectively [2, 3]. Structurally, lignin is composed of three phenylpropane precursors,
such as sinapyl alcohol, coniferyl alcohol and p-coumaryl alcohol, where the aromatic ring of
these alcohols is called syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) units, respectively
[2, 3]. Softwood lignin mostly contains G with a small portion of H-types, hardwood lignin
contains a different proportion of G and S, whereas the non-wood plants mostly contain H with a
small portion of G and S types of lignin. The major inter-unit linkages in lignin are ether linkages
(0-O-4 and B-O-4) and carbon-carbon linkages (B-B, B-5, 5-5, B-1) [4-6]. Depending on the plant
sources, -O-4 linkages share around 50-60%, while the other linkages, such as 5-5 (18-25%),

B-5 (9-12%), B-1 (7-10%), a-O-4, (6-8%) and B-P (0—3%) share the rest parts [2, 6, 7] .

In order to increase lignin reactivity and homogenization, scientists depolymerize lignin into
oligomers and monomers and introduce several reactive sites [8]. Various thermochemical
processes, such as oxidation, pyrolysis, gasification, hydrolysis, and hydrogenation, have been
extensively studied over the years [12]. Generally, the depolymerization of lignin by the
oxidation process is conducted to produce various biochemicals, such as aromatic aldehydes
(vanillin, syringaldehyde, guaicol, phenol), phenolic acids and aliphatic acids in alkaline or
acidic media [3, 9-11]. The commonly used oxidizing agents for lignin oxidation are

air/molecular oxygen, hydrogen peroxide and some transitional metal oxides/salts [12]. Lignin



oxidation can be broadly classified as base-catalyzed depolymerization (BCD) and acid-
catalyzed depolymerization (ACD). Depending on the end products, BCD can be sub-
categorized into two pathways: 1) alkaline oxidation for fine biochemicals and 2) alkaline
oxidation towards water-soluble anionic lignin. Regardless of the end products, oxidation by
BCD is carried out in the aqueous solution of NaOH, KOH, Na,CO3;, NH4OH, Ca(OH),, LiOH,
etc, at a temperature range of 100-300 °C with or without catalysts in the presence of oxidizing
agents (air, oxygen or hydrogen peroxide [5, 10, 13-18]. However, ACD is carried out for fine
chemicals in the presence of different inorganic (HCI, H,SO4, H3PO4) [19] or organic acids
(formic acid, peracetic acid etc)[20, 21] at a temperature range of 60-300 °C. Based on our
literature search, no study reported direct KOH catalysed (BCD) aerobic oxidation of KL to
produce water-soluble lignin as plant growth stimulator (humic acid like substances) and green

cement plasticizer.

According to the Food and Agricultural organization (FAO), the world population will increase
to 34% and at the same time, the food demand will increase to 70% by 2050 [22]. For these over-
growing food demands, inorganic chemical-based fertilizers are widely used to increase crop
productivity. However, the excessive usages of these chemical fertilizers have severe
environmental effects including soil compaction, deficiency of organic matters in soil and
surface water contaminations [23]. Moreover, chemical fertilizers may cause serious health
hazards to human body due to heavy metal contaminations in the grains and vegetables [24-26].
Therefore, producing renewable and environmentally friendly green fertilizers is essential for
sustainable agricultural development. In this regard, lignin-based fertilizers could open windows

of opportunities in the agricultural sector.



Commercial plasticizers are produced from petroleum-based chemicals, which are neither
environmentally friendly nor sustainable. Lignosulfonates have been used as a bio-based green
cement plasticizer for decades due to their excellent anionic hydrophilic nature [27-29].
However, the global production of lignosulfonates is in decline significantly. Alternatively, KL
is hydrophobic, the widely available lignin (90% of produced lignin globally), considered
underutilized by-products of the pulping industries, and mostly burnt as low-grade fuel on-site
for steam generation[30, 31].

In addition, the ACD of lignin is carried out in harsh reaction conditions (including strong acidic
media and operating conditions). However, recent studies investigated the oxidative
depolymerization of lignin and lignin model compounds by peracetic acid (PAA) and oxalic acid
(OxA) respectively in milder reaction conditions and produced monomeric phenolic compounds
[21, 32]. Although PAA is a strong oxidizing reagent, it has carcinogenic effects and is a
potential fire hazard [33]. Alternatively, oxalic acid is a strong reducing agent, safe, renewable,

and can be recovered for recycling [32].

2.1.3. Research gaps

1. No other studies exploited the aerobic oxidation of KL in the presence of KOH to
produce green fertilizers and investigated the physiological responses on Zea mays
seedlings.

2. No studies were found regarding the aerobic oxidation of softwood KL in alkaline media
(KOH) to produce a water-soluble anionic green cement plasticizer and optimized the
reaction parameters.

3. No other studies reported oxalic acid-mediated direct oxidative depolymerization of

commercial softwood KL towards vanillin and vanillic acid production. Moreover, no



other studies were found reporting the catalytic activity of niobium pentoxide with oxalic

acid for KL depolymerization.

In chapter one, a brief overview of lignin, the recent research gaps, the objectives of this

dissertation, and a summary of the next chapters are discussed.

2.1.2. Objectives of the dissertation

The objectives of this thesis were to:

1. Conduct KOH-catalyzed aerobic oxidation of KL to produce water-soluble lignin and
optimize the reaction parameters to achieve oxidized lignin having the maximum
carboxylic acid groups;

2. Investigate the use of soluble lignin as a lignin-derived humic substances for plant
growth;

3. Investigate the use of water-soluble oxidized lignin as a green cement plasticizer; and

4. Conduct OA-mediated oxidation of KL to produce vanillin and vanillic acid.

The following chapters in this dissertation describe the proposed objectives.

Chapter two provides a comprehensive literature review on natural humic substances and
artificial humic substances. The historical origin of HS, including the past theories, definitions,
and components, are discussed with references. A brief definition of lignin and its structural
connections to natural HS are also discussed. Recent studies and advances on the transformations

of the technical lignin to HS and potential applications of lignin-derived artificial HS are



thoroughly reviewed. The challenges and future direction toward possible solutions are

discussed.

Chapter three presents the KOH-catalyzed aerobic KL oxidation to produce lignin based
fertilizer. This chapter describes the different oxidation approaches and the structural changes of
the modified lignin analyzed by advanced analytical methods, such as FTIR, 'H-NMR, *'P-
NMR, HSQC-NMR and XPS. The fertilizing effects of the modified water-soluble lignin was
investigated on maize seedlings. The physiological effects, such as plant growth, dry weights of
plants, chlorophyll content on leaves and the mineral contents in plant biomass, were extensively

studied on a laboratory scale.

Chapter four describes the KOH- mediated oxidation of KL to achieve a cement plasticizer.
The reaction parameters were thoroughly investigated. The chemical characterizations, such as
carboxylic acid groups, charge density, and molecular weights, provided detailed relationships of
the reaction parameters. The structural changes were also examined by FTIR, HSQC-NMR and
XPS. The samples with highest carboxylic acid group and charge density was tested as a cement
plasticizer and its performance was compared with that of LS and a commercial plasticizer. The
flowability, adsorption, zeta potential, compressive strength, and water reducibility analyzes

were conducted for understanding the behavior of oxidized KL, LS, and commercial plasticizers.

Chapter five presents OA-mediated oxidative depolymerization of KL to produce aromatic
biochemicals, such as vanillin and vanillic acid. This chapter describes the effects of reaction
parameters, such as reagents, temperatures, time and oxalic acid concentration, on the lignin
depolymerizations towards the product yields. The oxidative depolymerized products are
identified and quantified by HPLC analysis. In this study, the recyclability of the recovered OA

was studied for industrial viability. A primary mass balance analysis was also studied and

5



presented. A reaction scheme was proposed and described in the chapter. Finally, product yields

from previously studied literatures and from the current study were compared.

Chapter six provides conclusions and suggestions for future research.
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Chapter 2

Latest Development in the Fabrication and Use of Lignin-

derived Humic Acid

Abstract

Humic substances (HS) are originated from naturally decaying biomass. The main products of
HS are humic acids, fulvic acids, and humins. HS are extracted from different natural origins
(e.g., coals, lignite, forest, and river sediments). However, the production of HS from these
resources is not environmentally friendly, potentially impacting ecological systems. Earlier
theories claimed that the HS might be transformed from lignin by enzymatic or aerobic
oxidation. On the other hand, lignin is a by-product of pulp and paper production processes and
is available commercially. However, it is still under-utilized. To address the challenges of

producing environmentally friendly HS and accommodating lignin in valorized processes, the
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production of lignin-derived HS has attracted attention. Currently, several chemical modification
pathways can be followed to convert lignin into HS-like materials, such as alkaline aerobic
oxidation, alkaline oxidative digestion, and oxidative ammonolysis of lignin. This review paper
discusses the fundamental aspects of lignin transformation to HS comprehensively. The
applications of natural HS and lignin-derived HS in various fields, such as soil enrichment,
fertilizers, wastewater treatment, water decontamination, and medicines, were comprehensively
discussed. Furthermore, the current challenges associated with the production and use of HS

from lignin were described.

*Chapter 2 is accepted for publication as a review paper in the BMC Biotechnology for Biofuels and Bioproducts.

2.1. Introduction

Although the global population has been increasing at an alarming rate, agricultural land has not
expanded significantly [1, 2]. In this circumstance, improving the human ability to grow grains
in a limited space, e.g., in small fields, is critical. Farmers depend on inorganic chemical
fertilizers to keep the soil fertile for cultivation. However, the overused lands become unfertile
and saline with a different pH in the long run. Soil salinity is characterized by high amounts of
Na', Mg+2, Ca+2, Cl', HCO5", and SO4_2, affecting plant growth [3]. Moreover, the total carbon
content in the soil decreases daily. The organic matter of soil contains the residues of plants and
animals and other organic compounds that form during the biomass decomposition processes in
the soil. In this case, about 60% of the organic matter of soil are humic substances (HS) [4-7],
which play a vital role in the health of soil for cultivation.

HS are mainly composed of humic acids (HA), fulvic acids (FA), and humins [8]. Structurally,

although HA and FA share similar functional groups, FA have a lower molecular weight than
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HA do. As HS are the oxidized products of degraded biomass (e.g., lignin), they contain many
oxygen-containing functional groups, such as aliphatic/phenolic hydroxyl groups, carboxylic
acid groups and quinones [9, 10]. These materials can probably be fabricated from other
materials.

HS can play a vital role in managing the essential organic content of soil. However, their
complicated chemical structures are not easily degraded by the soil's microorganisms. Moreover,
their close interaction with soil minerals helps them remain intact for a long period. Organic
fertilizers, such as composts and cattle manures, are primarily used to balance the humus and
mineral content and act as natural pesticides [11]. Like organic fertilizers, humic substances (HS)
are used in a few countries to improve soil quality [3]. It is well documented that the HS plays a
vital role in atmospheric nitrogen management by increasing the soil's exchangeable NH;" and
available NOs’, thus preventing nitrogen leaching and stimulating nitrifying bacteria [12-14].
Moreover, HS hinders the precipitation of soil minerals, such as iron and aluminum, by
complexation reactions [15-18]. Previous studies also claimed that HS could form complexes
with soil minerals (including toxic metals), hydroxides, and organic compounds[19-22] .
However, the sources of natural HS are limited. Thus, the incentives for generating HS
artificially from natural biopolymers, such as lignin, are high.

Lignin is the most abundant aromatic biopolymer on earth, containing many active functional
groups, e.g., aliphatic and phenolic moieties. Lignin is a three-dimensional, highly cross-linked
macromolecule composed of three substituted phenols of coniferyl, sinapyl and p-coumaryl
alcohols generated by enzymatic polymerization, yielding a vast number of functional groups
and linkages [23, 24]. The primary source of lignin is plant biomass [24-27], mainly produced as

the byproduct of the pulping processes of wood and other plant resources. The chemical
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characteristics of lignin differ depending on the pulping processes and the origin of the lignin
resources. Although unmodified lignin has a limited application today, many applications have
been proposed for chemically modified lignin derivatives, such as fine chemicals, emulsifiers,
flocculants, synthetic floorings, sequestering, binders, thermosets, paints, adhesives, and fuels
[28-34]. There are various ways to modify lignin for valorization, such as pyrolysis [35-37],
hydrolysis [38, 39], hydrogenolysis [40-42], gasification [43, 44], hydrothermal conversion [45]
and oxidation [46-48]. Oxidation is the most popular route for lignin modification and
depolymerization for vanillin and organic acid production [49, 50]. Oxidation can be conducted
using different oxidizing agents or various catalysts and enzymes [47-49, 51-53]. Alkaline
aerobic oxidation could be an efficient chemical process to convert lignin and lignocellulosic
biomass into HS.

Earlier studies reported a direct connection between natural humification and lignin due to
aromatic structures and other common functional groups found in HS and lignin [54, 55]. It was
also illustrated that artificial humification by alkaline oxidation or oxidative
ammonolysis/ammoxidation of technical lignin would be possible [56-61]. This review article
describes the complete historical origin of HS and the similarities between HS and lignin
comprehensively. Also, the natural humification process and recent approaches to transforming
lignin into HS-like materials are extensively discussed. Furthermore, this review article extends

the discussion on the application of lignin-derived HS.

2.2. Origin of humic substances: Historical review

Humic substances were first defined in 1761 by Wallerius as decomposed organic matter [62]. In

1786, Achard extracted a brown substance from soil and peat using KOH solution and named it
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humic acid [63, 64]. Humus, a Latin word suggesting a soil-like substance, was first introduced
by de Saussure in 1804, referring to dark soil organic matter [62]. In 1837, Sprengel developed
several methods for preparing humic acid by pretreating soil with dilute mineral acids before
alkaline extraction [62]. Sven Oden (1919) postulated that HS is the light to dark brown
substances of unknown materials, which are formed in nature by the decomposition of organic
matter through the actions of microorganisms or in a laboratory by oxidizing chemical reagents.
Alternatively, it was suggested that humus is the product of the condensation reaction between
carbohydrates and amino acids in a microorganism-free environment [65]. It was also stated that
the oxidation of phenol, quinone, and hydroquinone in an alkaline solution yields compounds
similar to humic acids [66].

In 1936, Waksman proposed the "Lignin-protein theory" and stated that HS could be generated
from the microbial attack of lignin [67]. According to this theory, the incomplete microbial
attack of lignin molecules fragments lignin into smaller units and residues, which become part of
the soil humus. In the degradation process, the methoxyl groups of lignin decompose into o-
hydroxy phenols, and the oxidation of the aliphatic side chain converts into carboxylic acid
groups. Moreover, Waksman reported that the presence of nitrogen compounds in the HS might
result from the condensation of lignin with the microbial protein and other nitrogenous
compounds. However, the final transformation of modified lignin residues to humic acids
followed by fulvic acids was unclear in theory. Although the concept of Waksman's theory is
controversial to many researchers, scientists agree with the theory that HS originates from plant
residues and lignin-based materials. In 1982, Stevenson proposed the polyphenol theory of HS
generation, as presented in Figure 2.1. According to this theory, lignocellulosic biomass

decomposes into lignin, cellulose, and other non-lignin compounds (tannins, flavonoids,
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carotenoids, etc.). The lignin is fragmented into phenolic aldehydes and acids by the action of

soil microorganisms.

Some parts of these phenolic compounds (mainly phenolic acids) may

oxidize to carbon dioxide by different enzymes. Later, these phenolic and non-lignin compounds

are attacked by soil microorganisms and transformed into polyphenols. By enzymatic oxidation,

the polyphenols convert to quinones. Finally, condensation occurs between animal protein amino

compounds/acids in soil and the quinones to transform into the natural HS in soil[55] .
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Figure 2.1: Polyphenol theory of HS formation from biomass proposed by Stevenson (1982);

adapted and redrawn from [68]

In 1988, Flaig proposed a model reaction scheme for a natural humification process (Figure 2.2).

According to the model, the lignin macromolecule would fragment into precursors (1). Through

microbial action and demethylation, the lignin units and other phenolic compounds from non-

lignin parts (2, 3) would convert to catechols (4, 5). Further aerobic or enzymatic oxidation of
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those compounds would lead to quinone formation. Following condensation reactions, the amino
acids from proteins and ammonia (degraded from protein by anaerobic digestion) would react
with the quinones to transform into dark-brown HS polymers containing nitrogen [69]. It is also
postulated that lignin's carbon and methoxyl contents would degrade, and other functional
groups, such as hydroxyl, carbonyl, and a carboxylic acid, would increase due to oxidation
reactions. It was reported that when oxidized under pressure, lignin is converted to humic acid-

like compounds and finally to aromatic compounds containing acid groups [50, 59].
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Figure 2.2: Reaction scheme for natural humification discovered by Flaig (1988); adapted and

redrawn from[69] .

2.3. Properties of HS

The origin, location, and extraction methods are the main factors that are responsible for the

different chemical properties of HS [70]. The main constituents of HS are humin, HA, and FA.
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Figure 2.3 represents the tentative structures of HA and FA, while Table 2.1 describes the
physicochemical properties of these compounds.

Humins are the insoluble fractions of HS, whercas HA and FA are the soluble fractions. The
solubility of HA is pH-dependent (Table 2.1). When the HA are dispersed in alkaline solutions,
deprotonation happens, and the anionic hydrophilic groups, such as carboxylate and phenolates
dissociate in the solutions. On the other hand, in acidic media, due to protonation, HA precipitate
[70, 71]. The FA have a smaller degree of polymerization, less organic carbon, more oxygen

contents, and high acidity; consequently, their solubility is higher than HA [72].

Sugar ;. Carboxylic groups
( )4 attached to
Aliphatic side chain ° " aromatic rings

H o

Peptide

Humic acid

Fulvic acid

Figure 2.3: Chemical structures of Humic acid (HA) and fulvic acid (FA); adapted and redrawn

from[68]
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Depending on the source, HA have a wide range of functional groups, such as carboxylic,
hydroxylic (both aliphatic and aromatic), quinones, amino acid groups, and carbohydrates [73].
Due to the significant amounts of carboxylic and phenolic OH, HA and FA show acidic behavior
(Table 2.1). HA have comparatively higher molecular weights than FA (Table 2.1).

The carbon to nitrogen ratio (C/N) is one of the essential properties of HS. Due to microbial
action, degradation, and condensation with the amino compounds in the soil, natural HS are
enriched with nitrogen. Therefore, the nitrogen content is higher in HA and FA than in lignin
(Table 2.1). Also, a smaller C/N is better for plant habitat applications, including agricultural
land.

Table 2.1: Chemical properties of humin, HA, FA, and different types of lignin

Type of lignin Solubility  Carboxylic Phenolic  Aliphatic- Molecular C/N Ref.
acid group, OH, OH, weight
mmol/g mmol/g mmol/g Mw,
g/mol)
Humin Not 3-4 2 NA NA [70, 74-76]
soluble > 300000
HA pH>2 2-5 2-6 1-4 2000- 8-61 [70, 74-77]
1000000
FA soluble 8-9 3-6 3-5 600-900 6.7- [70, 74-76]
9.2
Kraft lignin (KL) pH>7 0.3 2.6 245 1000- 135 [51, 78, 79]
15000
Lignosulphonate soluble 0.1-0.53 1.5-2 1.9-4 1000- 240 [51, 79-81]
(LS 50000
Organosolv lignin pH>7 0.05-0.25 2.6-5.1 1.3 500-5000 203 [53, 79, 80, 82]
Soda lignin pH>7 0.9-1 2.5-3.7 2.4 800-3000 68 [53, 79, 80, 83]

2.4. Humification of waste-biomass and non-lignin biomass

materials

Table 2.2 describes recent developments on transformation of waste-biomass and non-lignin
biomass materials into HS by hydrothermal (HT) and alkali pre-treatment [84-91]. A two-stage

HT process (200 °C) was developed and successfully generated 28.74 wt.% of HA from corn
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stalks [84]. The study reported that transforming biomass to HA by HT depends on the pH of the
solution. In the first stage of acidic-HT, the corn stalks generated precursors, such as
carbohydrates, furans, phenols and different organic acids. Later, the alkaline-HT process
converted those precursors into artificial HA. An earlier study also reported that under acidic
conditions (pH 1 to 5), the carbohydrates (i.e., glucose or saccharides) convert to 5-
hydroxymethyl-furfural-1-aldehyde (HMF) through dehydration[85]. A condensation reaction
combines organic acids with the HMF to generate branched HS-like products (HA and FA) [85].
The pH effects on HT processes suggested that under acidic conditions insoluble HS (humins)
formations are dominant while in alkaline-HT, soluble-HA forms and collected through
acidification[91]. The yields of HS (HA or FA) in HT processes also depend on the reaction
temperature. Earlier study reported that increasing temperature increased the HS formation. In
this context, the HT treatment of broccoli stem conducted by Sui and the co-workers found that
increasing temperature from 184 °C to 220 °C, increased the HA yield from 30.9 to 50.7 g/kg
respectively[90]. Moreover, alkaline-HT processes towards the formation of HA depend on the
strength of the alkali. The effects of different alkali such as, KOH and NH4OH, were studied to
observe the HA formation from cabbage leaves and reported that strong alkali increase HA yield
due to higher delignification rate[88]. The main drawback of direct alkali-HT process (Table 2.4)
is the lower yield (1.8-2.3 %) which might hinder the formation of HMF in high alkaline
environment. Few studies reported neutral-HT treatment (water) of waste biomass (i.e., wheat
straw, sugarcane exocarp and food wastes) and reported significant yield of HA (15-44 %)[87,
89, 92]. Due to the self-ionization at a high temperature, water can generate H' ions that
hydrolyzes the macromolecules (i.e., cellulose, hemicellulose, lignin and protein) of biomass to

their monomers (i.e., glucose, xylose, HMF, phenolic monomers, formic acid, lactic acids, amino
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acids etc.) [87, 92]. Furthermore, under the acidic environment (generated organic acids) amino
acids, phenolic compounds and the HMF derivatives may polymerize to form HS[92]. The HT
process is carried at high operating temperature (Table 2.4) to generate the HMF which is
considered one of the important precursors for the HS formation. In addition to those acidic and
alkaline-HT, carbohydrates monomers (i.e., glucose, fructose) can be converted to HS through
HMF formation in the presence of different ionic liquids such as 1-butyl-3-methylimidazolium
chloride ([BMIM]CI) with transitional metal salts as catalysts (i.e., CrCl3)[93] at comparatively
lower temperature. Xu et al reported the production of water-soluble humins (HA) can be
achieved up to 56.6 % at 110 °C [93]. Alkali treatment (8% KOH solution) of pre-fermented
furfural (FR) residue can also be utilized for artificial humification followed by acidification to
achieve a material with 49% HA[86]. However, the formation of humins from carbohydrates are
considered undesirable by-products that reduce the yield of HMF[93]. In addition to the HT
process of the waste-biomass, direct alkaline oxidation process could be an alternative way of

transforming lignin materials into HS.

Table 2.2: Humification of biomass and non-lignin materials by alternative methods

Raw material Chemical Processes Conditions Yield Ref.
Corn stalk (0.5g) Two-stage 180 °C, 4h,pH 1 HA- 28.7% [84]
Hydrothermal 180 °C, 4h, pH 13
Wheat straw Hydrothermal 220 °C, 4h HA-30.2% [89]
Broccoli stem (250 g) Hydrothermal 204-220 °C, 10min HS-198 g/kg [90]
HA-50.7 g/kg
FA-28 g/kg
Sugarcane exocarp Hydrothermal 200°C, 1h HA-14.85% [87]
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Cabbage leaf Alkali- Hydrothermal KOH (25%), NH4OH Not available [88]
(20%), 195 °C, 4h
Glucose, saw dust, Alkali-Hydrothermal KOH HA-1.8 % [85]
tulip tree leaves
Food wastes (rice, Hydrothermal 215°C, 1h HA-43.5 [92]
meat, cabbage,
potatoes)
Fermented Furfural Alkali dissolution KOH (8%) HA-49 % [86]
and acidification 70°C,2.5h
Carbohydrates Hydrothermal ([BMIM]CI (10g) HA-56.6 % [93]
monomer (5g) CrCl; (0.74g)
110 °C, 4h

2.5. Lignin: types, properties, and applications

The plant biomass contains cellulose, hemicellulose, lignin, and a small number of extractives.
Lignin is the most abundant natural aromatic compound. The functional groups of lignin include
methoxyl, carbonyl, carboxyl, and hydroxy, linking to aromatic or aliphatic moieties in various
amounts and proportions, which make lignin with different chemical structures [94, 95]. Up to
30% of the organic carbon on earth is sourced from lignin [96]. The typical lignin content of
softwoods is 24-33%, hardwoods is 19-28%, and grasses is 15-25% [53, 97]. Various linkages
in lignin molecules are shown in Figure 2.4. The three-dimensional heterogenous lignin structure
is formed in plants by the radical polymerization of three aromatic precursors, such as p-
coumaryl, coniferyl, and sinapyl alcohols [98]. During the biosynthesis of lignin in plants, these
monolignols are radically coupled with each other to form different interunit linkages, such as f3-

O-4 (45-50%), 5-5 (18-25%), B-5 (9-12%), B-1 (7-10%), 0a-O-4, (6-8%) and B-B (0-3%) [99,
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100]. Due to its high content of phenolic precursors, lignin could potentially be a renewable
source for aromatic chemical production [101, 102].

The most widely produced technical lignins are kraft, lignosulphonates, soda, and organosolv
lignin. Some chemical properties of different lignins are presented in Table 2.1. Kraft lignin
(KL) is produced by the sulfate pulping process, which accounts for nearly 85-90% of the
world's total lignin production and mostly, burnt on-site for steam generation [103, 104]. In this
process, the wood biomass is delignified by an aqueous solution of sodium hydroxide and
sodium sulfide at 140-170 °C [51]. The recovered KL is not water-soluble but highly soluble in
an alkaline solution (Table 1). Moreover, KL has the highest number of phenolic hydroxyl
groups due to the extensive cleavage of f-aryl bonds. In addition, it has a significant amount of
quinone, catechol, and carboxylic groups due to the delignification in the oxidative conditions
[105]. The sulfite pulping process produces Lignosulphonates (LS), and the delignification is
carried out at 120-180 °C in the presence of alkali metal sulfites and sulfur dioxide [106]. LS
contains many anionic functional groups (Table 2.1), such as carboxylic, sulphonate, and
phenolic hydroxylic groups [107-109]. The unique functional and structural properties of
lignosulphonates make them excellent raw materials as dispersants [110], binders [111], and
adhesives [112], artificial HS [59], and cement additives [113, 114]. Due to a lack of economic
viability, only 2% of lignin are utilized as a value-added product, such as vanillin. In contrast, the
remainder is burned as a low-grade source of energy [115, 116]. Soda lignin (SL) is a by-product
of pulping of mainly annual plants, like flax, straws, bagasse, etc. [117-119]. In this process,
biomass is delignified by 13-16 wt.% of NaOH solution at 140-170 °C [51]. Soda lignin is highly
pure due to its production in a sulfur-free pulping process. The applications of the soda lignins

are suggested in phenolic resins, animal nutrition, and dispersants in polymer synthesis [103,
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120-122]. Organosolv lignin (OL) is isolated from the black liquor of organosolv pulping, where
biomass is digested at temperature ranges of 100 and 190 °C with organic solvents, such as
acetic acid, formic acid ethanol, etc. [51, 123]. This lignin contains minimal sulfur content
rendering it chemically pure [124, 125]. The potential applications of OL were suggested in ink
formulations, varnishes, and paints [108] due to their lower molecular weight (Table 2.1). Also,

OL gained attraction towards the preparation of wood adhesives and fillers [126].

Model lignin p-0-4
structure HQ  HO

Figure 2.4: A model structure of lignin and common lignin linkages; Adapted and modified from

[127]

2.6. Structural similarities between lignin and HS
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Recent studies support the similarities between lignin and HS. Chemically, both lignin and
humic acid have similar functional groups, such as carboxyl, phenolic/aliphatic hydroxyl, and
methoxyl, and most importantly, the aromatic moieties [55, 128, 129]. In soil's organic matter,
polyphenols and aromatic carboxylic acids are believed to be formed from lignin degradation
and several microbial syntheses [130]. Oxidized lignin-derived phenyl propane has also been
confirmed to be present in coal-based HS [131-133], suggesting that similar functional groups
are shared between HS and lignins. Also, small aromatics identified by the pyrolysis of HS
belong to lignin moieties [128, 134].

The oxidation (using CuO, KMnO,4, and H,O; in an alkaline environment) products of humic and
fulvic acids are similar to lignin aromatic moieties [135-137]. Yan et al. reported that 2-3
mmol/g of phenolic-OH groups are found in different sources of HAs [137]. It was also
suggested that the degradation products of HS are similar to lignin-based phenolic compounds
[54, 138]. Other studies showed that structural units and some typical inter-unit linkages were
preserved during the transformation of lignin into HS [139, 140]. A recent study on composted
grass lignin and humic acids showed that both materials have a similar range of phenolic-OH
contents (1.2-1.5 mmol/g) [141]. This study reported different carboxylic acid groups of ~0.8
and 2.3-2.7 mmol/g in lignin and HAs, respectively. Also, the methoxy groups of lignin were
found almost 5 times as much as that of HA. These results support the earlier theories regarding
higher carboxylic acid groups and demethylation in HS than in lignin. Interestingly, the alkaline
nitrobenzene oxidation of the grass lignin and HA provided similar phenolic compounds, such as

vanillin, vanillic acid, syringyl and guaiacyl units etc., at varied amounts [141].
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2.7. Natural sources, drawbacks of collecting HS and alternative

solutions

Humification is a complex biochemical process. It was observed that the polyphenol structures of
the HS originate from the plant's lignin [142], and the sources of some nitrogenous bonds may be
due to the protein degradation of the microorganisms and the biomass from other dead animals.
The characteristics of HS differ depending on the source and their extraction methods [131, 143].
Currently, the primary sources of HS are peat, leonardite, lignite, and river sediments, which are
non-renewable sources [144]. Moreover, the excessive extraction of HS from natural sources
may cause severe health hazards and ecological disturbance, including global warming, climate
change, and land erosion in the long run, similar to coal mining [145]. It was reported that coal
or lignite mining might release harmful organic substances that mix with surface water, and
drinking those water may cause severe kidney failure [145]. In addition, collecting HS from the
river sediments would remove the under-water microorganisms, which can directly hinder the
aquatic ecosystem. The helpful microorganisms facilitate the decomposition of dead biomass to
adjust the ecological balance. Considering the drawbacks of natural HS resources, it is necessary
to consider alternative ways for preparing HS from renewable sources, like lignin. As discussed,
a considerable number of HS are directly linked to biomass conversion (mostly lignins), and the
artificial humification process can open windows of opportunities for utilizing lignin. However,
the humification of technical lignins is yet to commercialize because of the complexity of the
lignin structure. There are two major methods for converting technical lignins to HS: direct

oxidation [58, 59] and oxidative ammonolysis (OA) [60, 142].

2.8. Humification of technical lignin by direct oxidation
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Due to active hydroxyl groups, lignin acts as an excellent raw material for oxidative cracking and
the production of various aromatic fine chemicals, including organic acids, aldehydes, and
hydrophilic anionic lignin [37, 146-148]. The oxidation of lignin involves the depolymerization
and fragmentation of the aryl ether bonds and other linkages [146]. Alkaline wet oxidation of
lignin requires a high temperature (125-320 °C) and pressure (up to 2 MPa) in the presence of air
or molecular oxygen [149]. Moreover, the post-treatment to separate the chemicals from the
mixture is not economically feasible. According to the recent approaches, the direct oxidation of
technical lignin towards transformation into HS-like materials can be categorized mainly in three
ways, such as alkaline aerobic oxidation (AAO) of technical lignin, alkaline oxidative digestion
(AOD) of lignocellulosic biomass by hydrogen peroxide, and Fenton reagent-based oxidation of
lignin by hydrogen peroxide. Table 2.3 summarizes the different approaches of lignin and

biomass oxidation toward artificial humification.

2.8.1. Alkaline aerobic oxidation (AAO) of lignin

Figure 2.5 demonstrates the schematic flow diagram for producing artificial lignohumate (ALH)
from technical lignin by AAO [59, 147]. In this process, lignin is dissolved in alkaline solutions,
such as KOH or NaOH (as a catalyst), to activate the phenolic-OH groups of lignin and later is
oxidized by air/oxygen or hydrogen peroxide. After the reaction, the product can be used
directly, either in liquid or solid form. However, the AAO generated by NaOH treatment may
need to be purified by dialysis as Na' may increase salinity and inhibit plant growth when

applied as a fertilizer [147].
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KOH/NaOH solution  H,0, /Air/O,

Oxidation pH 8.5-10

Lignin
180-210 °C

Lignohumate

Figure 2.5: A schematic flow diagram of alkaline aerobic oxidation for lignohumate production

from lignin

Figure 6 represents the simplified mechanism of AAO of lignin towards forming HA-like
materials. Initially, lignin's free phenolic hydroxyl groups are ionized to produce phenolates in an
alkaline environment. Then, O* reacts with phenolate and forms phenoxyl radicals, i.e., the first
oxidation product. The superoxide radical anion (O%-) attacks in the meta position and breaks
the methoxy groups of lignin to convert into quinones [147, 150]. Further oxidation leads to
aromatic ring cleavage and the formation of dicarboxylic acid (or any orthoquinone compounds)
[150, 151]. Route B in Figure 2.6 represents the undesirable coupling of phenolate ions to form
biphenyl compounds, which leads to the repolymerization of lignin.

Naturally, the HS are enriched with organic acid groups. Therefore, the fundamental target of
alkaline aerobic oxidation is to convert the phenolic and aliphatic hydroxyl groups of lignin into
carboxylic groups [50]. Significant structural changes are observed during this oxidation, such as
decreasing methoxyl, aliphatic, and phenolic hydroxyl groups while increasing aliphatic and
aromatic acid groups [147]. These anionic groups increase the hydrophilicity of the oxidized
lignin materials and play a significant role in mineral transportation toward the roots [147]. In
one study, lignosulphonate was oxidized with hydrogen peroxide in an aerobic system, which

increased the mass shares of HA up to 77% [59]. It was reported that similar to naturally
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occurring HS, the oxidized KL and LS showed positive physiological effects on plant growth,
such as increased length, dry weights, carbohydrate/sugar synthesis in the plants, and chlorophyll
contents on the leaves [147, 152]. However, the AAO of lignin generates a wide range of
phenolic monomers and derivatives, which not only improve the aforementioned physiological
effects but also stimulate hormonal activities, such as auxin (IAA) and Gibberellin (GA) [152-
155]. However, depending on the structural conformation and concentrations, some phenolic

acids may show inhibitory effects on plant growth and other bioactivities [156-158].
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Figure 2.6: Reaction pathways for the alkaline aerobic oxidation of lignin adapted from [147,

151, 159, 160]. Route A: degradation (simplification). Route B: Undesired coupling)

Table 2.3: Different oxidation approaches for lignin and biomass conversion for HS-like lignin
material productions.

Raw

materials

Chemical/reagents

used

Temperature
(°C), time

(min)

Carboxylic
groups,

mmol/g

Mw,

g/mol

Application Remarks

Ref.

LS

NaOH, H202 [air

170-190, 180

NA

NA

Transformed LS to HA (77
wt.% yield)

[59]

LS

KOH, air/O,

NA

NA

NA

Increased corn root dry weight
and chlorophyll by 18% and
45%, respectively at 1 mgC/L

dose

[58]

KL

KOH, O,

195, 30

2.6

3500-
4000

Increased fresh corn plant
length, dry weight, and
chlorophyll content by 27, 92
and 32 %, respectively at 10
mgC/L dose

[147]

FCSO4, H202

RT, 120

NA

NA

Increased seeds germinations
and two folds of chlorophyll
contents in leaves at 860 ppm

dose

[133]

Giant reed

KOH/H,0,

50, ON

NA

NA

Enhanced tomato seed
germination and early
hypocotyl growth by 10% at
10 ppm

[161]

Giant reed
and

Macanthus

KOH, H,0,

50, ON

1.02

Enhanced germination of
maize seeds and root
elongation increased by 50%

at 10 ppm dose

[158]
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Cardoon, NaOH, H,0, 50, ON 04-1.4 NA Increased maize seedling

Eucalyptus, growth by 72% at 10 ppm
and black dose

poplar

woods

[162]

*NA=Not Available; RT=Room Temperature; ON= Overnight.

2.8.2. Alkaline oxidative digestion (AOD) of biomass

In another pathway, lignocellulosic biomass was modified to water-soluble lignin via an alkaline

oxidation digestion procedure for producing HS-like materials [161-163]. A schematic flow

diagram of this process is presented in Figure 2.7. In this system, biomass is allowed to digest in

an alkaline (KOH/NaOH) oxidative environment in the presence of an oxidant, e.g., hydrogen

peroxide. After the digestion, the insoluble cellulosic fibers are removed by filtration, and the

filtrate is acidified to separate hemicelluloses/sugars from lignin. After that, the separated lignin

is suspended in water and neutralized to get water-soluble fractions, which are considered

lignohumate. The oxidative reaction mechanism on lignin should follow a similar path as

alkaline aerobic oxidation.
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Figure 2.7: A schematic flow diagram of alkaline oxidative digestion for lignohumate production

from lignin

Transforming biomass through the AOD process has a few advantages, such as direct use of
biomass for conversion, low operating temperature (50 °C, overnight), and obtaining cellulose
fibers as by-products. Moreover, monomeric toxic phenolic compounds (also known as
phytotoxic chemicals) free HS can be achieved due to the acidification step (Figure 2.7). The
carboxylic acid groups can be achieved up to 1.4 mmol/g [158, 161, 162]. The bioactivity of the
extracted lignin towards any plant depends on the hydrophilicity of lignin samples. Several
studies on the oxidative digestion of biomass showed that non-wood water-soluble lignin (i.e.,
isolated from giant reed, miscanthus, cardoon, etc.) had higher hydrophilicity and bio-stimulating

performance on plant growth [158, 161, 162]. On the other hand, oxidized eucalyptus lignin was
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the least effective for plant stimulations following this oxidation method, which may be
attributed to their poor hydrophilicity due to less hydroxylated long aliphatic chain, which

inhibited the release of bioactive molecules to the aqueous environment [162].

2.8.3. Fenton reagent-based oxidation of lignin

A new method was developed for the oxidation of lignin, e.g., kraft lignin, by hydrogen peroxide
in the presence of a Fenton reagent catalyst at room temperature [133]. Figure 2.8 represents the
schematic flow diagram of this method. In this process, lignin is mixed with a hydrogen peroxide
solution. After the mixing, the solution is oxidized at room temperature in the presence of iron
(i1) sulfate heptahydrate. After the oxidation reaction, the solution is centrifuged and washed
several times with deionized water to remove any unreacted chemicals and some toxic phenolic
compounds. The solid residue (oxidized lignin) is lyophilized for further application as
lignohumate.

The Fenton reagent-based lignin depolymerization is considered a nonspecific oxidation process.
The Fenton reactions would allow lignin particles to mimic commercial HA because of the
presence of the oxidized iron-based inorganics deposited on the lignin-based products. The
primary goal of this oxidation is to increase the O/C ratio, which would indicate the formation of
oxygenated functional groups, such as quinones, carbonyl, and carboxylic acid groups in the
oxidized lignin. The outcomes of this process mainly depend on the organic structures of lignin
and the ratio of hydrogen peroxide and iron (ii) sulfate [133, 164]. However, the Fenton-induced
oxidation may generate some phytotoxic phenolic compounds [165]. Therefore, a post-separation

of the soluble fractions (containing phenolics) is recommended to obtain a purified product.
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Figure 2.8: A schematic flow diagram of Fenton reagent-based oxidation for lignohumate

production form lignin; RT- Room temperature.

2.8.4. Humification of lignin by oxidative ammonolysis (OA)

The artificial humification can be carried out by the OA process of lignin, which can incorporate
a considerable amount of nitrogen in the humified lignin in different forms. Generally, soil's
organic matter, such as HS, must have nitrogen for efficient biodegradation affinity. Research
showed that a C/N ratio under 20 facilitates biological degradation [60], whereas a higher value
than 25 can hinder the degradation process. Natural humification could be conducted artificially
by reacting technical lignin with ammonium hydroxide/ammonia solution, increasing the C/N
ratio and crop productivity [142].

Figure 2.9 demonstrates the preparation of nitrogen-enriched lignohumates (N-ALH) following
the oxidative ammonolysis (OA) process [56, 57, 166]. In this method, lignin is suspended in
different concentrations of NH4OH solution. The reaction is carried out in the temperature ranges
of 130-150 °C and treated with or without any oxidants (air/oxygen). The water-soluble and
insoluble parts are separated after the reaction and can be utilized as different grades of fertilizers

[167]. The reaction mechanism of the OA system is shown in Figure 2.10. It is seen that lignin
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fragmentation occurs at the aliphatic side chain during the OA process resulting in the cleavage
of B-O-4 linkages [142]. The aromatic part of the lignin provides substituted acid derivatives,
such as amide and nitrile compounds. Due to the oxidizing environment, some aromatic rings of
lignin are degraded to convert into aliphatic dicarboxylic acids through quinone formations.
Later, these aliphatic acids may react with available ammonium ions to form their salts. In
addition, as the OA is carried out at a fairly high temperature and pressure, the produced CO, can

react with the unreacted ammonia gas to produce urea as the final product [142].

With/without
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Figure 2.9: A schematic flow diagram of oxidative ammonolysis for N-enriched lignohumate

production from lignin.
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Figure 2.10: Model reaction scheme for the oxidative ammonolysis of lignin; adapted and

redrawn from [142]

Different approaches to lignin modification by OA are listed in Table 2.4. The primary target of
the OA process is to incorporate nitrogen into lignin molecules in the form of ammonium salts,
amides, and urea-type structures, but not amines or heterocyclic [56, 168]. The transformation of
KL, LS and OL into N-enriched fertilizers via the OA was exploited in the past [56, 57, 167,
169]. KL showed a higher reactivity towards OA among all lignin due to abundant phenolic
hydroxyl groups [167]. Some studies investigated the effect of the reaction parameters on
nitrogen incorporation in lignin [56, 57, 169]. It was observed that lignin's methoxyl and carbon
content would decrease with nitrogen incorporation during the OA reaction [57, 167].
Interestingly, an increase in the reaction solution's pH increased the lignin oxidation rate and
consequently increased its nitrogen incorporation [169]. It was stated that when increasing the
concentration of ammonium hydroxide from 0.4 to 1.6 M, the lignin solubility in the reaction
mixture increased to almost 75% thus enhancing the reactivity towards OA and increasing the
nitrogen incorporation [56, 169]. Also, the rate-determining step of the OA reaction is the
oxidative cleavage of the non-phenolic moieties and the oxidation of aromatic rings because the
rate of nitrogen incorporation is directly related to these steps and directly proportional to oxygen
pressure [56].

The fertilizing effects of these N-ALH were also studied earlier. In one study, up to 14%
nitrogen was incorporated into the lignin and used as fertilizer in the pot-experiments [167]. The
earlier studies on the OA process showed that the C/N ratio could be decreased to 3-7 (Table 1

and Table 3). Meier et al. Studied the effects of N-lignin (modified by OA, C/N 4-7) on Sorghum
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plants at the dose rate of 1385 kg/ha (180 kg/ha of nitrogen content), and the results showed a
crop yield increase of 82%. Another study showed that applying artificial lignohumates (N-
enriched, total N content 10-24%) on different woody plants increased the green mass of the
plants by more than 50% and decreased the nitrogen leaching by nearly 75% compared to
commercial urea [142]. Therefore, transforming technical lignin into nitrogen fertilizer through
the OA could be a promising route in the agricultural field due to the available organic carbon
and nitrogen. In addition, the N-lignin's oxygenated part (i.e., carboxylic ends) would participate
in mineral transportation.

Table 2.4: Different approaches for the modification of lignins by OA towards N-ALH.

Raw Chemicals/reagents Temperature C/N Application remarks Ref.

materials (°C), time (min)

KL, LS, NH,OH, O, 150, 120 4-7  Increased Sorghum [167]

OL productivity by 3 times

OL NH,OH, O, 130, 15-1455 3-5  Increased 63% nitrogen [56, 57]
incorporation

OL NH,OH, O, 100, 15-180 NA  Increased 67% nitrogen [169]

incorporation at pH 11.

2.9. Potential applications of humified lignin

2.9.1. Soil treatment

Although natural HS are used mainly as soil conditioners, there are other potential applications
for HS in soil. HS helps to segregate the compactness of soil structures, reduces water
evaporation from the soil surface, and has a role in transporting micronutrients from soil to plants
[170]. Artificial humified lignin derivatives may have these unique properties too. The ALH with

similar physicochemical properties will be an excellent alternative as a soil stimulator [58, 147,
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161, 162, 170]. As controlled alkaline oxidation of lignin results in increased aromatic/aliphatic-
OH and carboxylic-OH contents (Table 2.3) in the products, they should function similarly to
natural HS [59, 147]. In this context, ALH may have potential applications for soil loosening,
decreasing the bound water evaporation rate, and transporting essential nutrients to plants.

Figure 2.11 demonstrates a model mechanism of ALH in soil. Route A describes that the
carboxylic and hydroxyl groups of ALH will dissociate into their ions, and the hydrophilic ends
will exhibit the chelating behavior. The anionic hydrophilic ends will form unstable complexes
with the essential minerals available in the soil, such as Na', K, Ca2+, M2+, Fe2+, and Fé’ ’ by
electrostatic attraction [171]. It was reported that the mineral transportation by natural HS would
occur differently by low molecular weight (LMW, <3500 g/mol) and high molecular weight
(HMW, >3500 g/mol) fractions[172]. The HMW fractions (HA) of HS stimulate the root plasma
membrane, enzyme activity and increase plant growth while LMW fractions (FA) are directly
co-transferred into the plant's roots [172-174]. In addition, the LMW fractions were greatly
responsible for NOs™ uptake and nitrogen metabolism[175, 176]. The LMW fractions of HS have
better mineral binding capacity than HMW, resulting improved nutrient absorption by roots
which is due to the relative abundances of oxygenated functional groups (carboxylic and
phenolic-OH groups)[172, 177, 178]. Nardi and co-authors reported that the LMW fractions
stimulate hormonal activity (i.e., auxin, gibberellin and cytokinin), however, the HMW fractions
controlled the availability and activity of LMW on plant metabolism[175]. Therefore, the ALH
that are obtained from AAO can be fractionated as LMW fractions and HMW fractions for
specific applications.

Route B demonstrates the dispersion ability of ALH on the soil. Generally, ideal soil contains 45,

5, 25% of minerals, organic matter, and air, respectively; and the rest is water [179]. If the soil
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minerals increase to 69%, it will decrease the organic matter and air to 1 and 5%, respectively,
resulting in a compact soil structure [179]. As a result, water penetration into the soil would be
hampered. Therefore, the dissociated minerals (positive and negative mineral ions) would attract
each other to form salts. In this case, when ALH are used, the organic content would be
increased, which would help to interact with the positive mineral ions and possibly adsorb them
due to the presence of strong anionic hydrophilic groups. In this way, ALH would restore the
negative ions into the soil. Moreover, the ALH would create electrostatic repulsion due to the
anionic hydrophilic ends, and phenolic ends would enhance the steric hindrance to disperse the
soil particles resulting in untied soil [180]. The ALH derived from AAO should have more
negative charge density due to having higher carboxylic acid groups (Table 2.3) than ALH from

AOD. Therefore, AAO-derived ALH should exhibit higher dispersibility in soil.
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Figure 2.11: A schematic representation of mineral transportation, soil conditioning, and water

retention capabilities of ALH; adapted and modified from[171, 181].

Route C represents the water retention capacity of ALH. Due to the hydrophilic anionic
functional groups (i.e., carboxylic groups) (Table 2.3), the ALH would be adsorbed by the
positively charged minerals in the soil, and the other ends would hold the water molecules
because of the electrical attraction [181, 182]. Therefore, the ALH derived from AAO and AOD
would be suitable for increasing the soil's water retention capacity.

On the other hand, the N-ALH derived from the OA process may be appropriate as a fertilizer

since it contains a lower C/N ratio (Table 3). The direct application of N-ALH has been studied
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for crop productivity and slow-release fertilizing ability [142, 167]. However, other effects on
soil, such as mineral transportation, soil texture, and water retention capacity, were not yet

studied for the N-ALH.

2.9.2. Medicinal application

Due to their antiviral [183, 184], anticarcinogenic [185], antibacterial, antioxidant, anti-
inflammatory, and antiseptic properties [170, 186], the medicinal usages of HS have been
practiced for centuries [170]. The antioxidant properties of lignin-derived materials have also
been reported due to the availability of phenolic and acidic (aliphatic and aromatic) groups,
which have chelating and radical-scavenging properties [32, 187]. On the other hand, low
molecular weight (i.e., 1500 g/mol) fractions of HS show inhibiting effects against HIV-1 in
vitro [170]. The anticarcinogenic properties of FA fractions were also reported earlier [188]. In
addition, an earlier study reported that the oral consumption of HA by domestic animals could
reduce the cholesterol, lipids, and glucose content and increase the red blood cells and
hemoglobin in the animal bodies [189]. One recent study also reported the potential antiviral
effects of natural HS against the recent COVID-19 virus [190].

In this context, the smaller molecular weight fractions of the ALH that are generated from the
direct alkaline oxidation (both AAO and AOD) of lignin products (i.e., mostly oligomeric
phenolic derivatives) can be utilized for medicinal applications. As stated above, the ALH is
capable of complexation with metals, such as iron, due to the abundant of phenolic and
carboxylic acid groups [133]. Similar to FA, ALH can be a novel compound to improve the rate
of iron adsorption in blood and increase the number of red blood cells [170]. Antioxidant

medications reduce the risk of several diseases caused by oxidative stress, typically brought on
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by free radicals like reactive oxygen species (ROS), such as superoxide anion, hydroxyl free
radical, hydrogen peroxide, etc. [191]. ALH can be a potential substance as an antioxidant by
neutralizing these ROS due to their heterogeneous aromatic compositions (i.e., phenolics and
quinones) and supramolecular structure [32, 187, 191]. The reactive phenolic moieties of
oxidized lignin might cause bacterial and microbial cell death [191]. Moreover, the acidic
functional groups (aliphatic or aromatic) of the ALH would reduce the cell binding of different
viruses (i.e., HIV) [192]. Although the chemical properties between natural HA and AAO/AOD-
derived ALH are comparable, extensive studies are needed to examine the medicinal effects the
ALH materials. Finally, for medical applications, the post-purification of the ALH is highly
recommended for removing the excess alkali and other toxic chemicals (i.e., phenol) generated

from the reactions [193].

2.9.3. Wastewater treatment

Wastewater treatment by HA has been studied extensively [194-198]. Similar to its action in soil,
it can develop complexes with heavy metal ions in solution systems, reducing the toxicity of
drinking water, industrial wastewater, and surface water. The mechanisms of HS for wastewater
treatment depend on factors such as the nature of the HS (particularly the fulvic and humic acid
content), soil chemistry, and water's chemical properties, such as acidic or alkaline. Like HS,
ALH can be an alternative product to remove these heavy metals and other suspended particles,
such as oil, grease, and certain organic compounds from water. The long lipophilic aliphatic
chain and hydrophilic ends should have excellent surfactant properties that help remove oil and
greases [199, 200]. The anionic characteristics of the carboxylic acid groups on ALH should

demonstrate their high cationic exchange capacity, enhancing the formation of insoluble
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complexes with the polyvalent metal cations. The complexation with heavy metals such as lead
(Pb), copper (Cu), cadmium (Cd), nickel (Ni), cobalt (Co) zinc (Zn), iron (Fe), aluminum (Al)
with the ALH is possible if the ALH has a desired carboxylic content. The metal complexation is
highly pH (pH 4-8) dependent and forms strong chelates with the metal ions having oxidation
states of +2 [201]. In addition, a high molecular weight (14,000-33,700 g/mol) ALH would be
more effective for wastewater treatment [202, 203]. Although the current approaches (i.e.,
aerobic oxidations) of transforming lignin to ALH attain sufficient anionic functional groups, the
molecular weights are significantly reduced (Table 2.3), making them less effective for heavy
metal removal applications. However, extensive research on new method development is

necessary for the scope in wastewater treatment by ALH.

2.10. Challenges and future directions of lignin modification

towards humification

Generally, the main drawback of lignin valorizations is claimed to be its complex heterogeneous
aromatic structures, while it is a blessing in terms of its transformation towards humification. In
the direct oxidative process of lignin, a high temperature (170-195 °C) is required to break down
the lignin skeleton and reduce the molecular weight of lignin significantly, which may limit the
application of the produced materials. This is attributed to the high molecular weights fraction of
HS are known to have higher performance for heavy metal removal and soil softening
(dispersibility) [204]. Therefore, a milder reaction condition maintaining the lignin structure
more intact would be preferred to help protect the linkages and oxidize the lignin structure

selectively.

42



It was reported that the oxidation of lignin would produce phenolic monomers, such as
protocatechuic acid, hydroxybenzoic acid, and p-coumaric acid. Those phenolic compounds are
known as potential allelopathic agents (phytotoxic chemicals) and inhibit plant growth [152, 157,
205-208]. The negative effects of those phenolic compounds depend on not only their used
concentrations but also their chemical structure and specific plant species[156, 209] . The direct
oxidation methods of lignin for humification may require a separation process to remove the
phytotoxic compounds (Figures 2.7 and 2.8), which may be costly. Therefore, introducing new
selective oxidizing catalysts or technological advances in the oxidation process may be required
to reduce the production cost of such chemicals in converting lignin to HS.

Nonetheless, naturally occurring HS are enriched in carbon and nitrogen [142, 210]. Few studies
claim that natural sources of HS, such as lignite, i.e., one of the major coal sources for
commercial HA, contains significant amounts of iron in polyphenol-Fe complexes [211-214]. A
past study revealed that HS and lignin-derived HS have similar levels of carbon [147]. However,
none of the other plant essential nutrients (K, Fe, Ca, N, P, etc.) are present in ALH, which is one
of the main limitations of using artificial HS as organic fertilizers and soil stimulators.
Incorporating inorganic minerals into ALH is another critical stage to transforming lignin into
HS-like materials. Natural HS are found in complexes with different transitional metals, like Fe
[215]. Learning from this, Fenton-based single-staged oxidation under mild conditions can be an
example of converting lignin into artificial HS with Fe-complexes. In this context, Jeong et al.
reported that a Fenton-based one-pot advanced oxidation was employed to mimic fungus-driven
lignin humification and incorporate iron into the oxidized lignin samples [133]. In addition,
Fenton reagent-based alkaline (KOH) oxidation can be performed to enhance the lignin reactivity

and conversion to the HS-derived product.
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Currently, there are some challenges with lignin reactivity in the OA processes. Meier et al.
reported that lignosulphonates and kraft lignin showed higher reactivity than any other lignins
for OA, while the ASAM (Alkaline Sulfite Anthraquinone and Methanol) lignin was not suitable
for this process due to its high degree of sulfonation, low molecular weight, and high ash
content. Moreover, current approaches of OA were carried out with NH4OH along with an
oxidant, such as air/oxygen [167]. Due to their available nitrogen, OA-modified lignins are
generally limited to fertilizing applications. In addition to NH4OH, KOH and other alkalis can
be used to improve the lignin dissolution and enhance lignin's oxidation reaction [59]. In this
way, the modified lignin would be enriched with nitrogen in different forms, and KOH would
facilitate the formation of carboxylic acid groups [147], which could make new routes for
producing HS-like lignin. Moreover, the global HA market is expanding day by day, mainly in
the agricultural sector. It was reported that the market value of HA in the agricultural field was
around USD 365 million, and it is projected to reach up to USD 934 million by 2030 [216].
Currently, the production of HA mainly depend on natural sources (i.e., coal, peat, lignite river
sediments, etc.), which is neither a sustainable process nor environment friendly. Therefore, the
chemical transformation of lignin materials towards artificial humification can be a potential

route considering the current HA's renewability, sustainability, and environmental concerns.

2.11. Conclusion

Naturally produced HS contains insoluble humin, alkali-soluble HA, and water-soluble FA
fractions. HA has been widely used as a soil conditioner due to its wide range of oxygenated
functional groups, such as phenolic hydroxyl, quinones, and carboxylic acid. Past research

showed that those functional groups might have originated from lignin decomposition in HA in
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nature. As several physicochemical properties, such as solubility, phenolic hydroxyl, and
carboxylic acid groups, of lignin and HA are similar, the chemical transformation of lignin to HS
is possible. The most popular method to transform lignin/lignocellulosic biomass into HS is
alkaline oxidation (AAO and AOD). These processes' primary goal is to increase the lignin
materials' hydrophilicity by converting aliphatic/phenolic hydroxyl groups to carboxylic acid
groups. On the other hand, OA aims to incorporate nitrogen into the main lignin structure in
different forms, such as ammonium ion, amide, and nitrile. Although the AAO can be readily
applied for lignin conversion, the costs associated with the post-purification of the product for
eliminating phytotoxic chemicals generated during the oxidation process are challenging.
Finally, to meet the demand for generating high-quality lignin-derived HS for applications in
soil, wastewater treatment, and medicine, more research is needed to mitigate the challenges of
incorporating other inorganic mineral nutrients (i.e., K, Fe, N, etc.) into lignin-based HS, and the
post-purification of lignin-derived HS for eliminating toxic chemicals while maintaining desired

characteristics, such as molecular weight and carboxylic acid groups.
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KOH catalyzed oxidation of kraft lignin to produce green

fertilizer
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Abstract

Due to the population growth, there is an urgent need for sustainable technologies and
products to address the imbalance between the availability of arable land and growing food
needs. Increasing crop productivity in a cost-efficient and environmentally-friendly pathway is

one approach to address this issue. In this study, lignin, a low-cost and underutilized biomass
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by-product of the pulping industry, was converted to a fertilizer via oxidation in the presence
of KOH. The oxidation of lignin in water (15 wt.%) under the conditions of 195 °C temperature,
300 psi pressure, and KOH dosage of 30 wt.% (based on dried lignin) generated water-soluble
lignin enriched with carboxylate groups. The X-ray photoelectron spectroscopy (XPS) and
proton nuclear magnetic resonance ('H NMR) analyses confirmed the introduction of carboxylate
groups to lignin, while *'P NMR and heteronuclear single quantum coherence (HSQC) NMR
studies confirmed the alterations in the aliphatic and aromatic structures of lignin. The fertilizing
effects of oxidized lignin were investigated on Zea mays (maize) plants. The results confirmed
that the average length and dry weight of the plants grown in the presence of oxidized kraft lignin
were 27% and 92% greater than those produced without lignin, and they were 12% and 81%
higher than those grown in the presence of humic acid, respectively. After 30 days, the plants
grown in the presence of oxidized kraft lignin contained 14% and 32% more chlorophyll than
those generated in the presence of humic acid and control samples, respectively. Finally, the ash
content analysis of the plants shows that applying oxidized kraft lignin as a fertilizer can reduce
the ash content and increase the organic content of plants. These results confirmed that the
oxidation of kraft lignin in the presence of KOH could be a strategy to induce a green fertilizer

for crop cultivation.

Keywords: Biomass, lignin oxidation, catalytic reaction, humic substances, organic fertilizer,

crop productivity

3.1. Introduction

Currently, NPK-based fertilizers are dominant for crop cultivations. However, the continual

misuse of NPK-based chemical fertilizers has caused severe ecological problems, soil erosion,
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and water contamination. The chemical fertilizers would deteriorate soil health and reduce crop
quality and productivity due to nutrient imbalance between inorganic and organic substances [1,
2]. Inorganic fertilizers also cause soil compaction and organic reduction in agricultural land.
Another disadvantage of these fertilizers is associated with the enhanced plant susceptibility to
pathogens [3]. Furthermore, nitrogen and other inorganic fertilizers can seep through the soil into
the groundwater, leading to oxygen deprivation that disrupts the aquatic microflora, fish, and
ecosystem balance of crustaceans, followed by eutrophication [3, 4]. Moreover, the
decomposition of N-containing substances in soil and contaminated waters would result in
nitrous oxide, i.e., a potent greenhouse gas (GHG) [5]. If consumed by humans, chemical
fertilizers may increase the risk of developing fatal diseases in human bodies due to their heavy
metal contaminations [1, 6, 7].

As the damage of chemical fertilizers to the environment and human health is significant and
cumulative, there is a growing need for developing alternative and eco-friendly fertilizers.
According to projections from the food and agriculture organization (FAO) of the United
Nations, the world's population will increase by 34%, and the food requirement will increase by
70% by 2050 [8]. This high-priority challenge calls for developing renewable and sustainable
biofertilizers, plant stimulants, and soil conditioners to increase crop productivity, thereby
addressing the growing food needs in a cost-efficient and environmentally friendly pathway.
Natural humic substances (HS) have been utilized as soil conditioners and fertilizers.
Approximately 70% of HS is composed of humic acid (HA), which improves soil fertility and
crop productivity [9-12]. Commercially, HA is extracted from coal-derived lignite and leonardite
[13]. Natural HS resources are limited, and their quality varies in different places [14].

Furthermore, as the soil contains the maximum organic carbon on Earth, natural HS may release
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more carbon into the atmosphere while they are extracted for HA production [15]. In this regard,
renewable resources, such as agri-waste/compost [16-18], protein hydrolysates [19], biomass-
derived phenolic extracts [20], and lignin [21, 22] could be the alternative resources for artificial
HS production.

Lignin is the second most abundant biopolymer on Earth, but it has received little attention for
green chemicals, specifically fertilizer productions. Kraft lignin (KL) is produced in the sulfate
pulping process, which accounts for nearly 85% of the world’s total lignin production [23].
Among technical lignin, KL has the highest phenolic hydroxyl groups and a significant amount
of quinone, catechol, and carboxylate groups [24, 25]. KL can be functionalized for potential

uses as fertilizers. However, there is a lack of information on converting KL to fertilizers.

The impact of aromatic compounds and lignin-derived materials on plant growth was studied in
the past. Polymeric products obtained from the oxidative polymerization of natural phenols, such
as catechol and vanillic acid, effectively enhanced the germination and salt tolerance of
Arabidopsis plants (rockcress) [13]. Moreover, oxygenated functional groups, such as phenolic-
OH carboxylic-OH, in HS were found to have beneficial effects on plant physiology [26, 27].
The carboxylic groups of HS can interact with the metal ions and enhance the mobility of the
minerals in soil [28]. Several earlier studies reported that alkaline oxidation of lignin improves
water solubility by increasing its carboxylic content [29-31]. Ertani and coworkers stated that
applying potassium lignosulfonate-humate resulted in a notable increase in the leaves and roots,
chlorophyll content, and enzyme activity of Zea mays L. plants. Savy and coworkers
demonstrated that the soluble fractions of lignin from eucalyptus, poplar, cardoon, giant reed,
and miscanthus exhibited bioactivity toward maize plants, such as gibberellin (GA) and the early

plant (i.e., 8 days old) growth [22, 29, 30]. In one study, the Fenton reagent-based oxidized KL
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(860 mg/L) was applied to Arabidopsis thaliana seeds to observe the germination, and the results
showed that the chlorophyll content of the seedlings was increased by 15 % [27]. However, the
Fenton based oxidized KL was not claimed to be water soluble. Savy and coworkers reported
that the humic-like water-soluble lignin fractions would significantly enhance plant
biostimulation activities [22]. In another study, lignin was isolated from cardoon and eucalyptus
wood species via an alkaline oxidative hydrolysis process and oxidized with hydrogen peroxide
to produce water-soluble lignin [30]. The use of the product on maize plants showed increased
primary roots and early shoots by 42% and 46%, respectively [30]. Despite promising results,
literature gaps exist in understanding the long-term effect of water-soluble oxidized kraft lignin
on plants. Most studies were conducted for the early-stage germination, while in the current
study, the impact of KOH oxidized KL was applied to maize seedlings to observe the
physiological response of the plant in 40 days of growing. Also, the effects of chemical and
structural properties of modified KLs (MKLs) on plants were assessed in this work. Based on our
literature search, no other studies exploited the oxidation of KL in the presence of KOH and
oxygen gas in a pot system to generate a product that is considered a ready-to-use fertilizer for
maize seedlings. Moreover, such an oxidation process is considered green since green raw
material (lignin) and solvent (water) were used in the process, and no other harmful chemicals
were involved in the oxidation reaction [32]. This process generates only one product, which is a

green fertilizer, and no other by-product is produced that needs to be disposed of or treated.

In the current study, kraft lignin was oxidized by oxygen gas in the presence of KOH. The
objectives of this study were to 1) investigate the impact of oxidation on the chemical structures
of kraft lignin, 2) generate oxidized water-soluble lignin with a desirable amount of carboxylate

groups, and 3) assess the impact of oxidized lignin as a fertilizer on the growth of Zea mays. The
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primary novelty of this work was the production of potassium-enriched water-soluble oxidized

KL as a fertilizer for crop growth.

3.2. Materials and methods

3.2.1. Materials

Acid-washed softwood kraft lignin (KL) was obtained from a pulp mill in Alberta, Canada,
which was produced via LignoForce technology. Potassium hydroxide (KOH), hydrochloric acid
(HCI), and sodium nitrate (NaNQOs3), all analytical grades, were purchased from Fisher Scientific.
Humic acid (HA), ammonium dihydrogen phosphate (NH4H,PO,), potassium nitrate (KNO3),
calcium nitrate (Ca(NOs),), magnesium sulfate (MgSQOy), boric acid (H3;BO3), manganese (II)
chloride tetrahydrate (MnCl,-4H,0), zinc sulfate heptahydrate (ZnSO4-7H,0), copper sulfate
pentahydrate (CuSO4-5H;0), molybdic acid (H,MoQO4-H,0), ferric ethylenediaminetetraacetic
acid (EDTA), 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP), CDCls, pyridin,
cyclohexanol, chromium (III) acetylacetonate, dimethylesulphoxide-d6 (DMSO-d6), deuterium
oxide (D,0), and p-hydroxy benzoic acid, DMSO, all analytical grades, were purchased from
Sigma Aldrich and applied as received. Vermiculite (Holiday Vermiculite) was purchased from a

local supplier in Northern Ontario.

3.2.2. Lignin oxidation

The oxidation of KL was conducted following the alkaline wet oxidation method. First, KL was
mixed with 200 mL of 4.5 wt% potassium hydroxide solution. Then, the mixed solution was
placed in a Parr reactor, 4848 (Illinois, USA), and oxidized with oxygen gas under different
temperatures (130-260 °C) and pressures (200-640 psi). Oxidized lignin of MKL-1, MLK-2, and

MKL-3 were produced under a continuous oxygen supply at a 7 mL/min flow rate, whereas
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MKL-4 and MKL-5 were made under an initial 200 psi oxygen pressure in a closed environment.
The initial pH of the experiment was 12.8-13, while the final pH of the reactions was 8.5-9.7.
After the reaction, the oxidized lignin solution was transferred into a beaker. Then, one part of
the samples was dried at 60°C for 48 h and used for plant growth. Another part of the sample
was dialyzed for chemical analysis. After that, the solid content of the oxidized lignin solution
was measured to identify the yield of oxidized lignin production. Detailed experimental

conditions are shown in Table 3.1.

3.2.3. Elemental analysis

The organic elements of the samples were determined using an Elemental analyzer (Vario EL
Cube, Germany) following the previously described combustion method [33]. The oxygen and
hydrogen elements of the samples were determined to predict the methoxyl group of the samples
following equation 1 [34].

OCHj3; (wt%) = -18.5769 + 4.0658 x (H wt%) + 0.34543 (O wt%) (1)

The inorganic elements of the samples were analyzed with a Varian Vista-PRO simultaneous
Inductively coupled plasma - optical emission spectrometry (ICP-OES), Mulgrave, Australia.
Briefly, 0.5 g of the samples were digested in a mixture of 4.5/1.5 mL/mL HNO3/HCI ratio using
a CEM MARS XPRESS microwave and closed perfluoroalkoxy (PFA) vessels. The microwave
(1000 W) was set at 170 °C for 20 minutes. After cooling, the samples were transferred to 50 mL
polyethylene tubes, and their total volumes were fixed at 25 mL via adding deionized water. A
12 mL aliquot of these samples was filtered using 0.45 pm syringe filters. The inorganic

elements of these samples were analyzed by the ICP-OES as stated above [35].

3.2.4. Carboxylic acid content analysis
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According to the method described previously, the carboxylate group of the samples was
determined by an automatic potentiometric titrator (785-DMP Titrino, Metrohm, Switzerland)
[36]. Briefly, I mL of 0.8M standard KOH was mixed with 0.06 g of lignin sample. Then, 100
mL of deionized water was added to dissolve the sample. After that, 4 mL of 0.5 wt% p-hydroxy
benzoic acid was added to the mixture, and the mixture was stirred for 15 min. Then, the titrator
titrated the solution against 0.1 M standard HCI, and the endpoints were recorded. Equation 2
was used for analyzing the carboxylate group content of the products.

moly _ {(Ep'3-Ep’'2)—(Ep3—Ep2)} x C

g m

Carboxylic group (& (2)

Eps and Ep, are the volume (mL) of HCI consumed at the second and third endpoints during the
titration of blank, respectively, and Ep's and Ep', are the endpoints for the titration of MKLs.
Also, C is the concentration (M) of standard HCI; m is the dry mass (g) of the sample used in the

analysis.
3.2.5. Molecular weight analysis

The molecular weight of the MKL samples was determined using a Gel Permeation
Chromatography (GPC), Malvern GPCmax VE2001 Module + Viscotek TDA305 (Malvern,
UK) with multi-detectors (UV, RI, IV-DP, low angle, and right-angle laser detectors). The
samples were dissolved in 0.1 mol/L NaNOj solutions, and their pH was adjusted to 7. A 0.2 pm
nylon filter was used to filter the sample solutions, and the filtered solutions were used for the
molecular weight analysis. The columns of PolyAnalytic PAA206 and PAA203 were used in the
analysis. Also, 0.1 mol/L NaNOs solutions were used as solvent and eluent. The flow rate in the
GPC instrument was set at 0.70 mL/min, while the column temperature was 35 °C, and poly
(ethylene oxide) was used as standard samples for this aqueous GPC system [37]. The molecular

weight of KL was determined according to previously described methods [38, 39]. Briefly, 100
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mg sample was dissolved in 10 mL 1:1 (v/v) acetic anhydride and pyridine solution in a glass
vial and stirred for 30 mins. Then, the vial was kept in the dark chamber at room temperature for
24 h. After that, the mixture was added dropwise to 200 mL of cold water to precipitate the KL
and centrifuged three times to remove the solvents. Then, the acetylated KL was lyophilized and
redissolved in 10 mL of DMSO. Then, the sample was analyzed by high-performance liquid
chromatography (HPLC), Agilent model 1200 (USA) equipped with UV and a multi-angle laser
light detector. Styragel HR4, HR4E and HR1 columns were used for the analysis. The analysis
was carried out for 50 min at a 1 mL/min flow rate and the column temperature was set at 35 °C.

HPLC grade DMSO was used as an eluent for this analysis.

3.2.6. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed using a Bruker Tensor 37 (Bruker, Germany) with a PIKE
MIRacle Diamond Attenuated Total Reflectance (ATR) accessory to observe the functional
groups of lignin derivatives. Dried ground lignin derivatives (60-80 mg) were placed on the ATR
crystal of this instrument. In this analysis, 32 scans were conducted at 500 and 4000 cm™ with a
resolution of 4 cm’.

3.2.7. X-ray photoelectron spectroscopy (XPS)

The XPS analysis of lignin samples was carried out according to the previously described
method using Kratos AXIS Supra, Japan, with the monochromatic AL anode (1486.6 eV) [40].
In this set of experiments, 375 W of X-Ray was used to analyze the dried samples. The number
of steps, dwell, and sweep times were 230 ms, 260 ms, and 60 s, respectively. ESCApe software
(V1.2.0.1325) was used for analyzing the data points. Also, the elemental analysis of the ash of
plants was determined following the previously described procedure [41].

3.2.8. NMR analysis

80



The 'H-NMR, HSQC NMR, and "*P-NMR spectra of the samples were recorded using a Bruker
AVANCE Neo NMR-500 MHz instrument (Switzerland) and Topspin 4.02 version software. For
H-NMR analysis, 40-45 mg of the samples were dissolved in 2 mL of DMSO-d¢ (for KL) and
D,0O (for MKLs), respectively. Afterward, 1 mL of each solution was transferred into the NMR
tube for analysis. For HSQC NMR analysis, 0.08 g of KL and 0.05 g of MKLs were dissolved in
1 mL of DMSO-ds separately, and then the solutions were taken to NMR tubes for analysis.
Sixty-four scans were recorded, and the pulse width was 90° in the NMR analysis for both 'H-

NMR and HSQC NMR.

The "*P-NMR analysis was performed to measure the phenolic and aliphatic hydroxyl groups of
KL and MKLs. Briefly, around 20 mg of dried lignin samples were dissolved in 500 uL of a
mixture of CDCl; and pyridine (1:1.6 vol/vol). The phosphitylation of the lignin samples was
carried out with 100 pL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP). Then,
50 uL (20 g/L) of cyclohexanol, as an internal standard, and 52 pL (5 g/L) of chromium (III)
acetylacetonate, as a relaxation agent, were individually mixed with CDCls/Pyridine mixture and
added to the sample. Two hundred fifty-six scans were recorded with 90° pulse width and 5s
relaxation delay. The quantification of the hydroxyl groups of the samples was carried out as
reported previously in the literature [42]. Due to the poor solubility of MKL-5 in the solvents, the

P-NMR of this sample could not be carried out.

3.2.9. Hoagland solution preparation

According to the procedure described previously, Hoagland solution (i.e., plant essential micro
and macronutrient solution) was prepared and used as plant nutrient supply [43]. Briefly, 1, 6, 2,
and 4 mL of NH4H,PO4, KNO3, Ca(NOs3),, and MgSOy solutions (all in 1 mol/L concentration)
were added to 1 L of water (denoted as a nutrient solution), respectively. Another stock solution
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(denoted as micronutrient stock) was prepared by dissolving 2.86 g of H3BO;, 1.81 g of
MnCl,.4H,0, 0.22 g of ZnSO4.7H,0, 0.08 g of CuS04.5H,0, and 0.02 g of H,M004.H,O in 1 L
of deionized water. Then, 1 mL of the mixture was mixed with the nutrient solution. An iron
stock solution was also prepared by adding 5 wt.% of FeSO4.7H,0O and 9.1wt.% of EDTA in
water. Then, 0.25 mL of this stock solution was added to the previously mentioned 1 L nutrient
solution. This final nutrient solution mixture was called the Hoagland solution and was

considered the blank solution for crop cultivation in the study.

3.2.10. Pot test with vermiculite

In this set of experiments, 5-inch square pots were filled with vermiculite and seven Zea mays
(corn) seeds. Then, 200 mL of the nutrient solution was added to the pots every 60 hours. The
pots were placed in a dark room with 600W indoor LED UV grow light (as a light source for
plants) and a temperature of 22-25 °C. The UV light was maintained for 14 h of continuous light
and 10 h of darkness. Plants were allowed to grow in the first 15 days with only Hoagland
solution. Then, 10 mg of carbon/liter (C/L) of MKLs and HA were dissolved in the Hoagland
solution separately and added to the assigned pots. One set of experiments was conducted with
the Hoagland solution as the blank sample. The plants were collected after 20, 30, and 40 days.
The length of fresh plants was measured, and then the plants were dried for 72 h at 70°C to
determine the dried weight of each plant. The roots' weights were not measured in this
experiment because of the contamination from the attached vermiculite. Two pots for each set of

experiments were used, and seven plants were in every pot.
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3.2.11. Chlorophyll content determination

For the chlorophyll content determination, 100 mg of a fresh leaf of the grown plants (collected
after 20, 30, and 40 days) was placed in a 12 mL vial containing 7 mL of dimethyl sulfoxide
(DMSO). The mixtures were incubated at 65°C for 30 min, and then incubated extracts were
diluted with DMSO to 10 mL. Produced extracts were transferred to a cuvette, and the
absorbance at 645 nm for chlorophyll A (Chl A) and at 663 nm for chlorophyll B (Chl B) was
measured against DMSO according to the literature [44]. The sum of the Chl A and Chl B
concentrations represents the total chlorophyll content of the plants. The chlorophyll content was
measured by taking different parts of leaf samples, and each experiment was carried out three

times, and the average values were reported in this work.

3.2.12. Ash content analysis of plants

The ash content of the plants was determined according to the Tappi standard method T-211 om-
02 [45]. Briefly, 2-3 g of the dry plant (previously cut) was taken in a percaline crucible and
carbonized in a muffle furnace at 525425 °C until no black char was observed. After the ignition,

their ash content was determined according to the standard method.

3.3. Results and discussion

3.3.1. Effect of reaction parameters on MKL properties

The impacts of reaction time (20-180 min), temperature (130-260 °C), and initial pressure (200-

300 psi) on MKL properties were studied, and the results are reported in Table 3.1. With
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increasing the reaction temperature and oxygen pressure, the pH dropped from 13 to 8.6 (for
MKL-3), indicating the increased concentration of acids in the solution, which may originate
from carboxylate groups introduced to lignin. In a previous study, the oxidation of alkali lignin
(4 wt.% concentration) at 225°C and 15 bar oxygen pressure for 60 min at pH 6 converted 20%
of lignin to organic acids (e.g., formic acid, acetic acid, oxalic acid) [46]. In the current
experiments, the final pH was kept in the range of 8.5-9.5 so that the degradation of lignin to
aliphatic acids could be limited while carboxylate groups could be introduced to lignin [21]. In
Table 3.1, it can be observed that the reaction time could drop from 180 to 20 minutes with
increasing temperature from 130 to 260 °C while achieving the desired pH. Table 1 also presents
that the -COOH content of the MKLs was higher than that of KL. In this case, the -COOH
content was increased to 2.26 mmol/g in MKL-3 at 195°C temperature and 300 psi constant
oxygen pressure; however, upon increasing the reaction temperature to 260 °C and pressure to
640 psi (200 psi oxygen and 440 psi vapor pressure), the -COOH content decreased to 1.7

mmol/g in MKL-5. However, all the MKLs were completely soluble in deionized at pH 7.

Also, the M,, of the MKLs was approximately 2,000 g/mol with similar M, and polydispersity
(Table 3.1), but such molecular weights were lower than those of KL. It can be observed that Mn
seemed to have increased after oxidation, which is most probably associated with experimental
errors related to the difference in the molecular weight analysis. In other words, two different
systems were used for determining the molecular weight of oxidized and water-insoluble lignin,
and the systems had different columns, detectors, and other parts. Also, unmodified lignin was
acetylated before its molecular weight analysis. These reasons might have contributed to the
slight increase in the Mn of oxidized samples (compared with unmodified KL). Another possible

reason for the increased molecular weight of lignin might be the repolymerization of lignin at a
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higher oxidation temperature, as seen in the *'P-NMR results [47]. Interestingly, the results
indicated an improvement (from 6.7 to 1.5) in the polydispersity of the lignin via oxidation,
which would be probably due to the cleavage of the $-O-4, B- linkages, and some C-C breaking
[31, 48]. The total yields of the oxidation reactions are also available in Table 3.1. It can be seen
that the yield of oxidation dropped as the temperature increased. However, the MKL-3 had the
highest yield of 90.8% and more carboxylic acid groups than the other MKLs. The minimum
yield was found for MKL-5 due to the extensive depolymerization of the KL at a higher
temperature. An earlier study reported that the alkaline oxidation of alkali lignin at 225 °C would
cause the decomposition of the carboxylate groups of lignin to CO, and water and other lower
molecular weight acids [46]. Similar results were reported in another study where

lignosulfonates were oxidized with hydrogen peroxide/air to produce humic salts [21].

In the current study, the oxygen consumption was not recorded in the first three experiments
(MKL-1 to MKL-3) due to the continuous supply of oxygen. Still, approximately 60 psi oxygen
was consumed for MKL-4 and MKL-5 productions. Considering the results of Table 3.1, it can

be stated that the conditions for MKL-3 preparation were better than those for other samples.

It is also seen that HA had slightly higher My, and M,, but similar COOH. In earlier studies, the
COOH content of soil-based HA was 2.8 mmol/g [49] and its M, was in the range of 3,500 to

20,000 g/mol [50].

Table 3.1: Experimental conditions for the KL oxidation and properties of KL and HA

Sample T,°C P;, Py, Time, min Final Yield, M,, M, M,/M, COOH

psi psi pH % g/mol g/mol content,
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mmol/g

KL N/A N/A NA N/A N/A  NA 6970 1060 6.7 0.16
MKL-1 130 200 200 180 9.7 93.6 1940 1280 1.5 1.18
MKL-2 160 250 250 90 9.2 90.5 1970 1380 1.4 1.46
MKL-3 195 300 300 70 8.6 90.8 1970 1350 1.5 2.26
MKL-4 230 200 410 40 8.7 84.6 2050 1360 .5 2.00
MKL-5 260 200 640 20 9.5 79.5 1960 1300 1.5 1.70
HA N/A N/A N/A N/A N/A N/A 3000 2030 1.5 2.04

T=Temperature; Pi=Initial oxygen pressure; P= Final pressure during reaction; *COOH content

determined by potentiometric titration; N/A=Not applicable.

Table 3.2 provides the amounts of organic elements, potassium, sodium, and calculated methoxyl
group of the samples. Interestingly, the potassium content of all samples was higher than that of
KL as the reaction was carried out in the presence of KOH. In another study, lignosulfonate was
converted to humates in the presence of NaOH, and a significant amount of sodium was detected
in the product [21]. In our current study, the potassium ion may attach ionically with the
carboxylic acid groups to form salts in MKLs.

Also, it can be observed that the carbon element and OCH3 contents of the lignin derivatives
decreased while their oxygen content increased. The results in Table 3.2 show that the C/O ratio
in KL was 2.4, whereas the ratio was reduced to 1.5 in MKLs. In another study, it was observed
that, after the oxidation of KL with H,O,, the C/O ratio was decreased from 3.2 to 2.6 [31]. As
expected, the hydrogen content of KL. dropped via oxidation, as also reported in another study on

the oxidation of lignin with NaOCIl [51]. Also, it can be observed that the S content, originating

86



from KL production from black liquor via LignoForce technology, decreased from 1.93 to 0.93
wt.% (in MKL-4). The sulfur element may convert to their oxides during oxidation. In the
current study, lignin demethylation promoted di-hydroxyphenolic units (catechols), initiating
aliphatic carboxylate end formation [21]. Gladkov and coworkers also observed a significant rise
(two folds) in the COOH group (12-20 wt.%) when conducting alkaline oxidation of
lignosulfonate with oxygen/air (0.5-3 MPa) at 170-210 °C temperature [21].

In our current study, the primary objective was to increase the carboxylic acid group and
potassium content of lignin. Among the five samples, MKL-3 had the highest amount of -COOH
content, which was selected for further analysis. Also, HA had lower potassium, carbon, and
methoxyl group but similar oxygen content. HA reported in another study had similar elemental
compositions to that reported in the current study [52].

Table 3.2: Organic and primary inorganic elements (wt.%) of lignin derivatives and HA.

Sample K, wt% Na, wt% C, wt% H, wt% S, wt% 0, wt% OCH3;,

wt%
KL 0.03 0.43 64.48 5.55 1.93 27.21 13.39
MKL-1 11.7 0.23 49.33 3.56 1.24 32.04 6.97
MKL-2 12 0.24 50.15 4.01 1.2 31.16 8.47
MKL-3 12 0.23 50.1 3.37 1.01 31.58 6.03
MKL-4 11.9 0.25 51.05 3.92 0.91 30.3 7.83
MKL-5 12.8 0.24 50.51 3.28 1.51 29.3 4.87
HA 1.72 3.67 43.42 1.9 0.34 33.05 0.56

3.3.2. FTIR analysis

Figure 3.1 represents the FTIR spectra of KL and MKL-3. The broadband at 3360 cm™ in KL is
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for phenolic and aliphatic hydroxyl groups, which became weaker in the MKL sample due to
oxidation. The peaks at 2875 cm’! represent the aromatic methoxyl groups and the
methyl/methylene groups attached to the side chain of the aromatic ring of lignin. A significant
change in the spectral band is observed near 1705 cm™ and 1600 cm™, which is the characteristic
peak of C=0 stretching for aromatic ring vibration and deformation [36]. The pulse at 1480 cm’
can be attributed to the aromatic structure deformation [53]. The degraded aromatic guaiacyl
units can be observed from the peak regions between 1390 and 1375 cm™ [36]. The FTIR spectra
for the samples of MKL-1, MKL-2, MKL-4, and MKL-5 are available in the supplementary file

(Figure A3.1).

1375 cm™!
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3360 cm!
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.
T 717/ T

, : : : :
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Figure 3.1: FTIR spectra of KL and MKL-3
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3.3.3. XPS analysis

The XPS survey spectra and scan of C Is for KL and MKL-3 are illustrated in Figure 3.2. In the
survey spectra, the peaks that appeared at 285 and 532 eV are attributed to Cls and Ols,
respectively. The only peak that appeared in MKL-3 at 378 eV corresponds to Kl1s that may
come from the residual KOH or K" that are ionically attached to carboxylate ions. From the XPS
scan, the primary binding energy at 285.4, 286.4, and 289.3 eV in KL are assigned to the C-C, -
C-0O- and C=0 groups [54]. The results show that the alkaline oxidation significantly increased
the C=0 (289.2 eV) content in MKL-3 and decreased the C-C (284.3 eV) and -C-O- (286.8)
contents of KL. These results are consistent with the FTIR and NMR results. The XPS spectrum

and Cls scans for the samples of MKL-1, MKL-2, and MKL-4 are presented in the

supplementary file (Figure A3.2).
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Figure 3.2: a) XPS survey spectra of KL and MKL-3; b) XPS scan (C 1s) for the KL and c) for

the MKL-3.

3.3.4. '"H-NMR analysis

Figure 3.3 shows the H-NMR spectra of KL and MKL-3. The long sharp peaks at 2.5 ppm and
4.6 ppm are attributed to DMSO and DO in the KL and MKL-3 solutions, respectively [55]. The
signals between 3.2 to 4.0 ppm are attributed to the methoxyl protons. The dramatically reduced
peaks in the MKL suggest that the oxidation reaction degraded the methoxyl content in the
MKL. Simultaneously, the large sharp peak at 8.6 ppm in the MKL represents the signal for the
carboxylate group [56]. The peaks in the range of 6.4-7.5 ppm are attributed to the aromatic
protons of lignin [57]. In the MKL spectrum, the peaks that appeared at 1-3 ppm are attributed to
the aliphatic protons generated via cleaving the aromatic ring of KL [55, 57]. The '"H-NMR
spectra for the MKL-1, MKL-2, and MKL-4 are available in the supplementary file (Figure

A3.3).
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Figure 3.3: 1H-NMR spectra of KL and MKL-3.

3.3.5. ’P-NMR analysis

Figure 3.4 exhibits the ’P-NMR of KL and MKL-3. Based on these results, the concentration of
the hydroxy groups of lignin derivatives was quantitatively determined, and the results are
available in Table 3.3. As seen, a considerably higher carboxylate-OH (up to 2.07 mmol/g) was
observed in MKL-3 than KL (0.43 mmol/g). The total aliphatic-OH, phenolic-OH, and
carboxylate-OH of KL were found to be 2.45, 5.89, and 0.43 mmol/g, respectively, which is
consistent with a previously reported study [58]. In another study, KL was oxidized with
hydrogen peroxide, and the oxidized lignin had a carboxylate content of 0.4-0.7 mmol/g [59].
The oxidation of lignin reduced the aliphatic-OH (up to 46%) and phenolic-OH (up to 35%) of
KL significantly (Table 3.3). Moreover, an approximately 57% reduction in the catechol content

of KL was observed via oxidation (comparing KL and MKL-3), which can be attributed to the
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cleavage of the aromatic ring of KL to produce muconic acid-like structure [60]. Also, the
guaiacyl OH, and the C-5 substituted OH groups were decreased by 46% and 42% via oxidation,
respectively, which is consistent with a previously reported study [61]. However, it can be seen
that the condensed C-5 substituted -OH is significantly higher and the -COOH is lower in MKL-
4 than in MKL-3. Gladkov and coworkers reported that the alkaline oxidation of lignosulfonate
may re-polymerize to condensed phenolic structures at a temperature higher than 210 °C [21].
PpP.NMR spectra for the MKL-1, MKL-2 and MKL-4 are available in the supplementary file

(Figure A3.4).
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Figure 3.4: 13P-NMR spectra of KL and MKL-3.

Table 3.3: Hydroxyl contents of KL and MKLs determined from quantitative '*P-NMR.

Samples Aliphatic Total Syringyl Guaiacyl p- C-5 Catechol, Carboxyl-
OH, Phenolic OH, OH, hydroxyphenyl substituted mmol/g  OH,
mmol/g  OH, mmol/g mmol/g OH, mmol/g OH, mmol/g
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mmol/g mmol/g
KL 2.45 5.89 0.54 1.10 0.17 1.83 2.36 0.43
MKL1 194 4.40 0.45 0.85 0.11 1.63 1.44 1.06
MKL2 1.75 4.27 0.41 0.69 0.08 1.51 1.42 1.41
MKL3 134 3.87 0.35 0.60 0.10 1.06 1.01 2.07
MKL 4 1.83 3.68 0.39 0.50 0.10 1.63 0.87 1.76

3.3.6. HSQC NMR analysis

HSQC NMR analysis was conducted to reveal the detailed structures of the oxidized lignin.

Figure 3.5 represents the aromatic (6¢/dy 100-135) and C-O aliphatic (6¢/0y 50-90/ 2.5-6) regions

of KL and MKL-3, and the appropriate signal assignments are displayed in Table 4 [62-64]. In

the C-O aliphatic side chain region, the intense large peak areas at dc/dm of 56/3.6-3.9 is

attributed to the C-H of methoxyl group and p-O-4' aryl ether linkages [63]. The C,—H, cross-

signals in the B-O-4' structures are observed at 0c¢/0y of 71.6/4.8 ppm (A,). Moreover, the

correlation signals for the B-O-4' of Cy—Hy were detected at 59.6-60/3.38-3.62 and Cg-Hg at

83.8/4.3 ppm. The intense cross signals for the C,-H,, Cg—Hp and C,~H, in phenylcoumaran

substructures were observed at d¢/0u, 86.8/5.5, 53.7/3.49, and 71.6/4.8, respectively. However,

the S-type B-O-4' substructures were not significantly observed in the current study, which is

ascribed to the abundance of G-type lignin and lack of S-type lignin in softwood kraft lignin

[62].
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Figure 3.5: HSQC NMR spectra of KL and MKL-3; a) C-O aliphatic region (5¢/0y 50-90/ 2.5-6)
of KL, b) aromatic regions (d¢/0y 100-135) of KL, ¢) C-O aliphatic region (d¢/0y 50-90/ 2.5-6) of

MKL-3 and d) aromatic regions (6¢/0g 100-135) of MKL-3

96



The correlation signals at the 6¢/0n of 110.5/6.9, 114.9/6.76 and 119.1/6.7 could be attributed to
Cy—H,, Cs—Hs, and Ce—Hg of guaiacyl unit, respectively [63]. Also, the cross signals at the 6¢/dy
of 111.5/7.5 and 123.4/7.6 were related to the C,-H, and Cs-Hg in oxidized (Ca=0) guaiacyl
units. Moreover, minor cross signals were detected at the dc/dn of 126.2/6.8 for Cp-Hp in
cinnamaldehyde end groups (G-type) and at the d8c/dy of 127/7.1 for C,6—Hze in p-
hydroxybenzoate units (H-type) [62]. The Cs s—Hj s signals could be overlapped with the Cs—Hs
of the G-type lignin [64]. The HSQC spectra for the other samples (MKL-1, MKL-2, and MKL-
4) are presented in the supplementary file (Figure A3.5), where a similar observation can be

found.

In contrast, the intensity of C-H in methoxyl groups was smaller in MKL-3, confirming the
oxidative degradation of lignin, which was also observed via *P-NMR analysis. It was also
observed that the B-O-4' structures of C,-H, and Cg-Hp disappeared after the oxidation treatment.
Most prominently, the B-fB' and B-5' bonds in resinol and phenyl coumarane units degraded via
oxidation. Moreover, a significant reduction in the aromatic region (Figure 3.5d for MKL-3)
would show that the alkaline aerobic oxidation would lead to the aromatic ring cleavage to form

muconic acid-like structures [65].

Table 3.4: The major assignments of the ?C-"H cross signals obtained from HSQC NMR
spectra

Label 0c/ou (ppm) Assignments

Cs 53.7/3.49 Cp-Hp in phenyl coumarane units
Bg 53.7/3.08 Cp-Hp in resinol units

-OCH;3; 56/3.6-3.9 C-H in methoxyl group

A, 59.6-60/3.38-3.62  C,-H, in B-O-4' linkage
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Py 61.8/4.12 C,-H, in p-hydroxycinnamyl alcohol end groups
By 71/3.78, 4.15 C,-H, in resinol units

C, 62.8/3.73 C,-H, in phenyl coumarane

Aq 71.6/4.8 Cy-Hy, in B-O-4' linkage

Ag 83.9/4.3 Cp—Hp in B-O-4 linked to G units

B, 85.1/4.6 C,-H, in resinol units

Ca 86.8/5.5 Cq-H,, in phenylcoumaran substructures
G, 110.5/6.9 C,-H; in guaiacyl units

G", 111.5/7.5 C,-H; in oxidized (Co=0) guaiacyl units
Gs 114.9/6.76 Cs-Hs in guaiacyl units

Gs 119.1/6.7 Cs-Hg in guaiacyl units

G's 123.4/7.6 Cs-Hg in oxidized (Co=0) guaiacyl units
Dg 126.2/6.8 Cp-Hg in cinnamaldehyde end groups
H, 6 127/7.1 C,6-Hz 6 in p-hydroxybenzoate units

3.3.7. Proposed reaction mechanism

Figure 6 demonstrates the proposed reaction scheme of KL oxidation with oxygen gas in the
presence of KOH. The oxidative degradation of three major lignin inter-unit linkages (i.e., p-O-4,
B-B and phenylcoumaran) were presented in the reaction scheme (Figure 6). Under alkaline
conditions, O, converts to superoxide anion (O;*) and hydroxyl radical (HO¢) and by further
protonation, it converts to hydroperoxyl anion (HOO") [65]. Among these oxygen derivatives
(Oy* 7, HOO* and HOO"), O,* ~ and HOO- act as electrophiles and attack lignin molecules at

higher electron density sites, such as the phenoxyl ion (generated by deprotonation in presence of
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KOH) and the aromatic ring [66]. On the other hand, HOO™ acts as a nucleophile that attacks low
electron density sites, such as carbonyl carbons that may convert the quinones (G) into
carboxylate structure by ring-opening [65]. Increased aliphatic protons and decreased phenolic-
OH and aromatic G units shown in Figures 3.3, 3.4, and 3.5 can prove this observation. An
earlier study reported that the phenolic intermediates could be attacked by the superoxide anion
during the alkaline lignin oxidation to form phenoxyl radicals. As time elapses, these phenoxyl
radicals would be converted and degraded to different depolymerized lignin fractions, including
low molecular weight carboxylate groups [67, 68]. In terms of lignin reactivity towards oxygen,
it is considered that syringyl type lignin units are more reactive than guaiacyl and p-
hydroxyphenyl types [66, 69]. However, catechols that contain two hydroxyl groups are the most
reactive lignin units for oxygen attack [65]. Thus, the catechol structures can readily be
converted to quinones followed by opening the lignin ring to obtain the muconic acid-like forms
(H, L) [70]. The significant increase in the carboxylate group content and decrease in the
catechol content can be observed from the quantitative >'P-NMR analysis (Figure 3.4). Also, the
reduction of aromatic G-units was observed in the P-NMR and HSQC-NMR in Figures 3.4 and
3.5. The oxidative cleavage of resinol unit (B-B) can result in structure A, while further oxidation
can transform it into carboxylic acid groups. Also, the alkaline oxidation can degrade the
phenylcoumaran linkages (P) and break the C-C side chain to carbonyl structures (as shown in
Figure 3.3), which may further oxidize to carboxylic acid groups (E, K) [65]. The resinol and
phenylcoumaran units were not observed in the HSQC-NMR of oxidized KL, which supports the
hypothesis on the degradation of B-f and phenylcoumaran sub-structures. The increased
carboxylate group was evident in the XPS, H-NMR and P-NMR assessments in Figures 3.2, 3.3,

and 3.4, respectively. Moreover, the alkaline oxidation would yield undesirable side reactions.
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The phenoxyl radical (R) may form dimeric condensed product (M) of G-units that may not be
observed from the HSQC aromatic regions [65, 68], but they were observed in the P-NMR

analysis in Figure 3.4.
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Figure 3.6: The oxygen reduction steps and possible reaction scheme pathway of KOH catalyzed

KL oxidation with oxygen gas.

3.3.8. Effects of MKLs on Zea Mays plants

In this study, the MKLs were used directly at a dose of 10 mg C/L in plant cultivation. Even
though the pH of the product was between 8.5 and 9.7, which originates from KOH used in the
reaction, its use should not affect the soil pH. As the pH of the Hoagland solution is slightly
acidic (pH ~5.5), after adding the small amount of MKLs, the pH would remain around 6.5. A
previous study on KOH pulping of rice straw claimed that the neutralized potassium-enriched
black liquor could be used in the agricultural field for irrigation [71]. Figure 3.7 presents the
average length of the plants treated with different lignin derivatives and HA. It can be seen that
after 20 days, the size of the plants was not significantly different. That is because the plants
were grown only with Hoagland solution in the first 15 days. However, after 30 days, the
difference in length was noticeable. After 40 days, the samples treated with MKL-3 had 12% and
27% increments in size compared with the HA and blank samples, respectively. Figure 3.8
demonstrates that the plants treated with MKLs had a much higher dry weight, especially those
treated with MKL-3. These results might be attributed to the improved carboxylate content of
MKLs (Table 3.3) that may participate in a cation exchange with proton and increase the
mobility of the essential mineral ions (i.e., RCOOK, R(COO),Ca) in plants [28]. The roots of the
plants would absorb the potassium of MKLs, thereby improving micronutrient transference [72].
A recent study also highlighted that KL with functional groups, such as carboxylic and phenolic

hydroxyl groups, can stimulate plant growth [27].

Figure 3.8 shows that the average dry weight of biomass treated with MKL-3 was approximately
81% and 92% higher than those generated via treating with HA and blank samples, respectively.
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The higher sodium content can explain these results on HA. It is evident in Table 3.2 that HA
had 3.7% more sodium than MKLs did. Earlier studies reported that a high sodium content (100
mM of NaCl) harmed plant growth and photosynthesis because it would reduce the necessary

amounts of N, P, and K uptake in plants [73-75].
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Figure 3.7: Average length of Zea mays plant after growing for 20, 30, and 40 days in

vermiculite medium with sample doses of 10 mg C/L.
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Figure 3.8: Average dry weight of Zea Mays plant after growing for 20, 30, and 40 days in

vermiculite medium with the sample doses of 10 mg C/L.

The impact of MKL on the chlorophyll content of the leaves of plants is presented in Figure 3.9.
At 10 mg C/L sample dose, the chlorophyll content of plants was insignificantly changed after 20
days, while the change was more remarkable after 30 days. Interestingly, the chlorophyll content
of the sample treated with MKL-3 was 14% and 32% higher than those treated with HA and
blank, respectively. After 40 days, however, the chlorophyll content of the samples dropped
significantly in all samples due to the root-bound and the increased salinity in the pots [76, 77].
Poorter and coworkers reported that small pots hamper photosynthesis and reduce plant growth
[77]. It was also reported that soil salinity would decrease agricultural crop productivity and
would significantly damage the soil ecosystem [78]. Some elements, such as sodium, chlorine,
and boron, have toxic effects on plants. It was stated that the excessive accumulation of sodium

in cell walls could rapidly lead to osmotic stress and cell death [79]. Moreover, the adverse
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effects of salinity on plant growth may hamper the supply of photosynthetic hormones to the
growing tissues [80]. The study also reported that salinity would affect photosynthesis mainly

through reducing leaf area and chlorophyll content.
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Figure 3.9: Average total chlorophyll content of leaves after 20, 30 and 40 days when treated

with MKLs and HA dosage of 10 mg C/L and blank.

3.3.9. Effects of MKLs on the ash contents of Zea Mays plants

Table 3.5 presents the ash content of the plants after 30 and 40 days of growth. It is seen that the
plants treated with HA samples and the plants treated with the blank sample contained higher ash
than that treated with the MKL-3, implying that the organic proportion of biomass was increased
in the plants via treating with MKL-3. Earlier research suggested that corn plants treated with
lignosulfonate humate (1 mg C/L) had higher carbohydrates (increase from 29.24 to 96.97 mg/g

dry weight) and protein (an increase from 2.9 to 3.53 mg/g) compared to the untreated sample
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[81]. Thus, it may be assumed that MKL-3, similar to HA, could regulate the hormonal activity

of carbohydrate metabolism.

Also, the ashes were analyzed by XPS to observe their elemental mineral content. Figure 3.10
represents that the blank contains higher amounts of minerals (e.g., Si, K, Ca, Mg, P) than the
plants treated with HA and MKL-3. Also, the ash of the blank sample contained around 44%
more oxygen than the MKL-3 and HA-treated ones, mainly from the elements' oxides (e.g., SiO,,
K,0, Ca0, MgO, PO4™) [82]. However, only 3.7% carbon was recorded in the ash of blank
samples. In comparison, 33.7 and 36% carbon contents were observed in the HA and MKL-3
treated plants, respectively (Figure 3.10), which may come from the inorganic carbonates, such
as CaCOs and MgCOs; [83]. Also, it can be observed from the study that the elemental minerals
(e.g., Mg, Ca, K) are lower in MKL-3 than in other samples because of the higher relative

percentages of carbon (organic and inorganic) in this sample.

To identify the major elements of the ash, the XPS spectra for these samples are presented in the
supplementary file (Figure A3.6). Interestingly, the plants treated with MKL-3 contain 27% and
50% less Si than HA and blank, respectively. Such results are attributed to the available Si in soil
that could form an unstable complex with carboxylate groups of MKL-3 and HA. A previous
study reported that semimetals, such as Si and Ge, could form complexes with HA's carboxyl,
phenolic/aliphatic hydroxyl groups [84]. It can be suggested that since the overall ash and silicon
contents were low in the samples treated with MKL-3, this treatment could induce the corn

plants that are suitable for pulping [85].

Table 3.5: Ash content of plants after 30 and 40 days of growing.

Sample Time Ash content, %
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MKIL-3 30 days 14.74+0.39

40 days 11.01+0.50
HA 30 days 14.63+0.20
40 days 12.46+0.40
Blank 30 days 15.64+0.07
40 days 12.62+0.20

EBlank, % ®HA, % MKL-3, %

Mass concentrations (%)
N
o

15
10
5 I II Il
o Lim
Si P Mg Ca C K 0]
Elements

Figure 3.10: The mass concentrations of the major elements in the ash after 40 days.

It should be stated that there are some advantages of this approach: 1) under KOH aerobic
oxidation at 195 °C, the highest carboxylic content was achieved; 2) the product was water-
soluble, which would help its interaction with soil minerals, and 3) the reaction products could
be used without any purification step.

The average price of kraft lignin varies between $250 and $500 [86], and the price of potash

fertilizer in the USA (Illinois) is $600 in 2021 [87]. However, as a lower dosage of MKL than
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regular fertilizer would be required for obtaining a similar plant growth (Figure 3.7), farms might
need to use less MKL to achieve similar plant growth but still benefit from soil preservation, etc.
Therefore, if MKL were priced higher than regular fertilizers, its price and use might still be
justified and attractive to farmers. However, further research is needed to evaluate the detailed

economic aspects of using MKL in the farm field.
3.4. Conclusion

In this study, KL was successfully oxidized with oxygen gas under an alkaline environment to
induce a green fertilizer for crop cultivations. Also, 'H-NMR and XPS analyses confirmed the
presence of the carboxylate group on MKL, while *'P NMR analysis confirmed the reduction in
the aliphatic, phenolic, and catechol -OH groups of lignin via oxidation. The HSQC NMR
analysis confirmed that the oxidation degraded the Ca-Cp, B-O-4, and B-B linkages of the KL.
The oxidation of lignin at 195 °C temperature and 300 psi continuous oxygen pressure generated
MKL-3 with 2.26 mmol/g of COOH content and My, of 1,970 g/mol. The present study showed
that the C/O ratio of KL decreased from 2.4 to 1.6 via oxidation (for MKL-3 production), which
was attributed to the attachment of the carboxylate group to KL. A significant amount of
potassium was detected in MKLs as potassium could be attached to MKL in —COO'K" form.
Moreover, about 55% of the methoxyl group of KL was cleaved via oxidation for the MKL-3

production.

The plant growth analysis confirmed that the length of plants was 12% and 27% higher in MKL-
3 treated plants compared to the plants treated with HA and blank, respectively. Also, the dry
weight of plants treated with MKL-3 was increased by 81% and 92% compared to those treated
by HA and blank samples, respectively. After 30 days of cultivation, the chlorophyll content of

plant leaves treated with MKL-3 was 14% and 32% higher than that of plants treated with HA
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and blank, respectively. Finally, the ash contents of the plants treated with MKL-3 were lower

than those treated with HA and blank.
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A green cement plasticizer from softwood kraft lignin
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Abstract

A green cement plasticizer was produced in one-step aerobic oxidation of kraft lignin (KL) in the
presence of KOH. In this study, optimizing the reaction conditions led to the maximum

carboxylic acid group and charge density of 2.6 mmol/g and 1.9 meq/g for oxidized lignin,
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respectively. The NMR, FTIR, and XPS analyses quantified the alterations in the structure of KL
after the oxidation reaction. The molecular weight analysis revealed that lignin depolymerization
would depend on the temperature, lignin amount, and KOH concentrations. The oxidized lignin
with a higher carboxylic acid group adsorbed on the cement particles more readily than a
commercial plasticizer, which increased the flowability of the pastes. The compressive strength
of cement was improved much more by using oxidized lignin than a commercial plasticizer and
lignosulfonate. The current study suggested that the one-pot KOH-mediated oxidation of kraft

lignin is a promising approach to producing a green plasticizer for cement application.

4.1. Introduction

Plasticizers are commonly used in cement pastes to improve concrete strength, durability, and
flowability [1]. They are used in the concrete admixture to increase its dispersibility by
decreasing the agglomeration of the hydrating cement materials [2, 3] and reduce its water
requirement by maintaining its strength [4]. Commercial plasticizers, such as hydroxycarboxylic
acid, and sulphonic naphthalene acid, have carboxylate and sulfonate groups that create
electrostatic repulsions in the cement paste and increase the fluidity of the cement paste [5-7].
However, these plasticizers are mostly petroleum-based and thus environmentally unfriendly [8].
Alternatively, lignosulfonate (LS) has been used commercially as a bio-based cement plasticizer
[9]. The LS is the by-product of the sulfite pulping process. It has been used as a dispersant in
various fields (i.e., oil-well, cement admixtures, coal-water slurry) for its excellent water
solubility and negative charges [2, 9-12]. However, the production of LS is in decline and cannot
meet the demand of the industry [13]. On the other hand, 90% of the lignin available in the

market originates from the Kraft pulping operation [14]. Despite its vast potential, most kraft
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lignin (KL) is burnt for energy generation, and only 2% of its production is utilized for value-
added products [15]. Therefore, there is a strong incentive for valorizing kraft lignin in different
markets.

KL can be modified following different methods, such as polymerization, sulfonation, oxidation,
and sulfomethylation, for various applications [16-18]. Studies on concrete research suggest that
sulfonate groups attached to plasticizers can cause early shrinkages [19]. He and coworkers
modified KL in two stages involving oxidation by nitric acid followed by sulfomethylation in the
presence of formaldehyde and used the product as a cement plasticizer [13]. However, nitric acid
is not environmentally friendly, and formaldehyde may cause serious health issues [20].
Therefore, it may not be the best approach to produce lignin-derived plasticizers for concrete
applications. In another work, wheat straw soda lignin was oxidized by oxygen gas, and the
product was used as a cement plasticizer [1]. Interestingly, potassium ion was reported to interact
with the active minerals of cement, such as aluminum oxide and silica, to form poly calcium
potassium gypsum and feldspar, which would improve the strength of concrete [21]. In another
study, it was reported that, compared to sodium ions, potassium ions would help to decrease the
formation of capillary porosity but increase the gel porosity in the concrete structure, which
enhances the concrete strength [22]. However, no study was conducted on the KOH-mediated
oxidation of softwood KL to produce a plasticizer for cement pastes.

In the current study, potassium-enriched oxidized KL with the carboxylic acid group was
produced and used as a cement plasticizer. First, softwood KL was oxidized by oxygen gas in the
presence of KOH. The reaction parameters were optimized to obtain oxidized lignin with the
highest carboxylate group. In addition to characterizing the products with advanced tools, the

performance of the oxidized KL as a green plasticizer was assessed in a cement paste in detail.
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The primary novelty of this research was the introduction of a ready-to-use cement plasticizer

from kraft lignin in a single-batch reactor without extra purification steps.

4.2. Materials and Methods

4.2.1. Materials

Acid-washed softwood kraft lignin (KL) was supplied by FPInnovations. Potassium hydroxide
(KOH), potassium chloride (KCIl), hydrochloric acid (HCl), NaNOs;, poly diallyl
dimethylammonium chloride (PolyDADMAC), acetic anhydride, lignosulfonate, pyridine,
sodium nitrate, HPLC grade dimethyl sulfoxide (DMSO) and DMSO-ds were purchased from
Sigma-Aldrich. Commercial Quikrete cement (type 10) was purchased locally. MasterPozzolith

210 (Commercial plasticizer, CP) was purchased from BASF, Canada.

4.2.2. Oxidation of KL

KL was oxidized with oxygen gas as an oxidizing agent in the presence of KOH. Different
amounts of KL (5-15 wt% in water) were dissolved in different KOH solutions (30% of lignin
weight). Then, the mixture was poured into a 600 mL Parr reactor for the oxidation reaction
(Table 4.1 in supplementary material). In this experiment, an initial 100 psi oxygen pressure was
supplied, and oxidation was carried out at various temperatures (180-260 °C) for 30 minutes.
Oxygen gas was consumed during the reaction. After 30 minutes, the reactor was allowed to cool
down to room temperature, and the final pressure inside the reactor was recorded. The required

oxygen gas for each reaction was determined considering the difference in the pressure of the

122



reactor before (100 psi) and after the reaction. Also, the pH of the reaction mixture was measured
before and after the oxidation reaction. The modified samples were denoted as oxidized KL
(OKL). The OKL samples generated with 5 wt%, 10 wt%, and 15 wt% lignin in water were
named OKLA, OKLB, and OKLC, respectively. The overall yield (OY) of the liquid reaction
product was measured by drying the sample at 50 °C for 72 hours and comparing the mass of the
generated products with the original KL mass. The performance analyses (i.e., adsorption, zeta
potential, flowability, and compression strength tests) of these samples were conducted without
any purification step. To eliminate the impact of impurity on the characterization of the product,
part of the generated oxidized samples was dialyzed by membrane dialysis with the molecular
weight cut-off of 1000 g/mol for 72 hours and dried at 50 °C, and the purified samples were used
for characterization (i.e., titration, charge density, GPC, FTIR, NMR, XPS, and TGA). Detailed
experimental conditions and sample names can be found in Table S1 in the supplementary

material.

4.2.3. Characterizations

The carboxylic acid group content of the lignin derivatives was analyzed following a previously
described procedure.[23] Briefly, 0.06 g of lignin samples and 1 mL of 0.8M KOH solution were
added to a 250 mL beaker. After that, 100 mL of deionized water was added to dissolve the
samples, and 4 mL of 0.05 wt% p-hydroxybenzoic acid was added as an internal standard. The
solution was titrated against 0.1 M standard HCl solution, and the endpoints were recorded by an
automatic potentiometric titrator (785-DMP Titrino, Metrohm, Switzerland). The following

equation was used to determine the carboxylic acid group content of the samples.

mmol) _ {(Ep'2 —Ep’'l) — (Ep2 —Ep1)} x C

Carboxylic acid group ( m
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Where Ep; and Ep; are the volumes of HCI consumed at the second and third endpoints during
the titration of blank, respectively, and the Ep', and Ep'; are the endpoints for the OKLs. Also, C
is the concentration of standard HCI; m is the dry mass of the sample used for the analysis.

The charge density of the samples was determined following a previously described method by
the Mutek Particle Charge Detector (PCD-4) [24]. Briefly, 1 wt.% of the sample solutions was
prepared, and 1 mL of the solution was taken for analysis. Then, 10 mL of deionized water was
added to the cell and titrated against a poly diallyl dimethylammonium chloride
(PolyDADMAC) standard solution (0.05M). Finally, the charge density of the samples was
determined according to the literature [24].

To measure the molecular weight of KL, it was initially acetylated following the previously
described method [24]. First, 500 mg of KL was dissolved in 20 mL of 1:1 (v/v) acetic anhydride
and pyridine solution in a glass vial and stirred for 30 mins. Then, the vial was kept in the dark
chamber at room temperature for 24 hours. After that, the mixture was added to 200 mL of ice-
cool water dropwise to precipitate KL and centrifuged 3 times to remove the solvents. After that,
the lignin was lyophilized. Then, 100 mg of the dry acetylated KL was dissolved in 10 mL of
DMSO and analyzed by an HPLC, Agilent Technologies (model 1200, USA) equipped with an
RI detector. The HPLC was equipped with Styragel HR4, HR4E, and HR1 columns, and the total
retention time was 50 min. HPLC grade DMSO was used as the eluent, and the flow rate was set
to 1 mL/min. The column temperature was set at 35 °C for the molecular weight analysis.

The molecular weights of OKLs, LS, and CP were determined by Gel Permeation
Chromatography (Viscotek GPC max, Malvern, UK). In this experiment, 0.05 g of OKL was
dissolved in 10 mL of 0.1N NaNOs, and the pH of the solution was adjusted to 7. The solution

was then filtered by a 0.2 pm filter and analyzed by a standard method. The detector and column
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temperatures were set at 35 °C. At a 0.7 ml/min flow rate, 70 pL of each sample solution was
injected into the column. Finally, the molecular weights were detected by an RI detector (Figure

S2 in supplementary material).

4.2.4. Fourier-Transform Infrared Spectroscopy (FTIR)

The structure of KL and OKLs were analyzed by a Bruker Tensor 37 FTIR instrument (Bruker,
Germany), which was equipped with a PIKE MIRacle Diamond Attenuated Total Reflectance
(ATR) accessory. Around 1.5-2 mg of dried powdered samples were placed on the ATR crystal
of the instrument, and the transmittance (a.u.) of the samples was analyzed. For all samples, 64
scans were conducted in the wavenumber range of 500-4000 cm™. The resolution of the spectra

was 4 cm™.
4.2.5. X-Ray Photoelectron Spectroscopy (XPS)

The chemical structure of the samples was analyzed by an X-ray photoelectron spectroscopy
(XPS) using a Kratos AXIS Supra, Japan, with the monochromatic AL anode. A previously
described method was followed to analyze the lignin samples [25]. The dried samples were
analyzed by a 375 W X-ray. In this experiment, the number of steps, sweep and dwell time were
230, 60 s, and 260 ms, respectively. Data analysis was performed using ESCApe software

(V1.2.0.1325).

4.2.6. Heteronuclear Single Quantum Coherence (HSQC) NMR

The HSQC NMR spectra of the samples were recorded using a Bruker AVANCE Neo NMR-500
MHz instrument (Switzerland) and Topspin 4.02 software. Briefly, 80 mg of lignin samples were

dissolved in 1 mL of DMSO-ds in small glass vials and stirred overnight at room temperature for
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complete dissolution. Then, the solutions were transferred to NMR tubes and analyzed. For 'H
NMR, 2048 data points were collected from 16 to 0 ppm, and 64 scans were recorded with 256

increments at 25 °C. For the ?C NMR, 1024 data points were collected from 160 to 0 ppm at

the same instrument settings. The recycling delay was 1.00s, and the pulse width was set to 90°.

4.2.7. Thermogravimetric (TGA) Analysis

The thermal stability of the lignin samples was studied following the previously described
method using a TGA-11000 series (Instrument specialist Inc.) [26]. First, all the samples were
freeze-dried. After that, each sample was heated by the instrument in the presence of nitrogen
gas at 30 mL/min. The temperature was increased at a rate of 10 °C/min in the range of 25 and

800 °C.

4.2.8. Adsorption Analysis

Adsorption analysis was carried out by mixing 1.8 g of cement and specific amounts of
plasticizers (0.1-0.5 wt.% of cement) to 30 mL of water in a falcon tube. The tubes were stirred
for 3 hours at room temperature. After that, the mixtures were centrifuged at 4000 rpm for 8
minutes, and the supernatants were separated from the samples and kept in a clear glass vial.
Then, they were analyzed using a UV-vis spectrometer (Varian Cary 50 Scan UV Visible
Spectrophotometer) at 280 nm, and their absorbance was recorded. The concentration of OKL
that remained in the solutions was calculated from the calibration curve, which was made of
different diluted solutions of OKL. Finally, the adsorbed amount of OKLs on the cement surface
was computed considering the initial amount of OKL in solutions that remained in the

supernatants after mixing with cement.

126



4.2.9. Zeta Potential Analysis

A NanoBrook ZetaPALS (Brookhaven Instruments, Holtsville, New York, USA) determined the
zeta potential of solutions containing the samples. The zeta potential was measured after the
adsorption analysis. Briefly, specific amounts of OKL, LS, and CP (0.1-0.5 wt% doses of
cement) were dissolved in 30 mL of deionized water, and its pH was adjusted to 11 using 0.1 M
KOH solution (i.e., similar pH of the supernatants after the adsorption analysis). The
supernatants of the cement mixture and the samples were collected after the adsorption analysis

and used for the zeta potential analysis.

4.2.10. Flowability Analysis

The flowability of cement pastes was measured following the method described earlier [13].
Briefly, 80 g of water was added to 200 g of cement (water-to-cement weight ratio of 0.4), stirred
manually in a beaker for 5 minutes, and poured into a metal flow cone (bottom diameter 6 cm,
top diameter 3 cm, and height 6 cm). As the cone was lifted, the cement pastes were allowed to
spread for 30 seconds, and the diameters of the spread pastes were recorded from four different
positions, and the average diameters were reported. To investigate the effects of OKLs, LS, and
CP; different doses (0.15- 0.5 wt% of cement) of these chemicals were dissolved in water, they
were added to the cement pastes, and the flowability of the admixtures was determined as stated
above.

The water reducibility of the OKLB2 was measured following the same flowability analysis. In
this set of experiments, the flowability of the OKL2 at different doses (0.25 and 0.35 wt% of

cement) at the water/cement (W/C) ratio of 0.4 was tested and compared with blank cement
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samples. The blank samples were prepared at different W/C ratios (0.4, 0.5, and 0.6) following

the same procedure stated above.

4.2.11. Compressive Strength Analysis

Briefly, cement pastes were prepared at different lignin derivative dosages (0-0.5 wt%) and
poured into the cube molds (50 x 50 x 50 mm). The W/C mass ratio was kept at 0.4 in all the test
specimens. The molds were left for 24 hours to settle, and the molds were removed the next day.
After that, the cubes were cured in water at 20-24 °C for 28 days and tested. The compressive
strength of the cement samples was measured by the MTS (Systems corporation), Model No.
311.21, compression strength machine, Minneapolis, Minnesota, USA, according to ASTM
C109/C109M [27]. Each specimen was placed in the compression test instrument, and a constant
displacement rate of 0.5 mm/min was applied until the cubes were completely deformed.

Multiple cubes were prepared for each set of samples, and the average values were reported.

4.3. Results and Discussion

4.3.1. Optimization of the KL Oxidation

The effect of the temperature of the reaction on the KOH-assisted oxidation of SKL is reported
in Figure 4.1. It is observable that the total yield decreased as the temperature increased. It was
reported earlier that the alkaline oxidation of lignin might generate gaseous products, such as
methane, ethane, and the oxides of carbon [28]. It can also be noticed that the overall yield of the
final products decreased even though the lignin concentrations were increased from 5 wt.%
(OKLA) to 15 wt.% (OKLC) in the reaction mixture. This may be due to the higher
concentration of KOH in the solution. As mentioned above, the concentration of KOH was
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increased (30 wt.% of lignin) based on total lignin content. The higher alkali concentration in the
solution facilitated the depolymerization of the lignin units [29, 30]. All experimental conditions
and other properties and characterizations can be found in Table A4.1 in the supplementary
material.

The consumption of oxygen is shown in Figure 4.1b. It is seen that oxygen consumption peaked
at 240 °C for all samples. Generally, two competing reactions occur in the alkaline oxidation of
lignin: lignin decomposition and repolymerization. It was reported that the interunit linkages
would be cleaved during the alkaline oxidation of lignin. During alkaline aerobic oxidation, the
molecular oxygen would convert to superoxide anion (O;*) and hydroperoxyl anion (HOO),
which would attack different active sites and linkages of lignin [31, 32]. A specific activation
energy is needed to initiate the reaction [32]. Therefore, upon increasing the temperature, the
phenolic hydroxyl groups are ionized by facilitating the electron transfer to oxygen [31].
Therefore, the increased temperature elevated the consumption of oxygen. It can also be seen
from Figure 4.1b that the consumption of oxygen was increased by increasing the lignin
concentrations and started to decrease upon increasing temperature from 240 °C. At a higher
temperature of 270 °C, the competing lignin repolymerization dominated, and the Mw and Mn
increased (Figure 4.1d and le), which is not oxygen dependent, and thus reduced the oxygen
consumption. It was reported in an earlier study that some C-C linkages of lignin are broken
during oxidation reactions, which generate heat and act as an exothermic reaction [33]. Upon
increasing temperature, the equilibrium position of the reaction may proceed backward; thus the
required oxygen is less for the oxidation reaction.

In alkaline aerobic oxidation of lignin, the final pH of the reaction mixture reveals essential

information. As the oxidation of lignin proceeds, more carboxylic acid groups are introduced to
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lignin dropping the pH of the solution [28]. As we can see in Figure 4.1c, the final pH dropped
(pH 7.4) significantly in OKLA samples when the temperature was increased to 240 °C. Demesa
et al. reported that when lignin concentration was decreased (4 wt.% to 0.4 wt.%), the conversion
of lignin to organic acids increased [28]. From the current study, it can also be seen that OKLA
(5 wt.%) had the lowest pH compared to OKLB (10 wt.%) and OKLC (15 wt.%) samples.

Figure 4.1 (d, e) represents the molecular weight analysis of the OKLs at different temperature
ranges and lignin concentrations. The molecular weights of KL can be found in Table 2. It can be
seen that the molecular weight decreased significantly from 7000 g/mol (KL) to around 3600
g/mol and continued to decrease until the temperature was increased to 240 °C for all OKLs.
Afterward, a sharp increase in molecular weight can be noticed. This may be attributed to the
repolymerization of oxidized lignin units occurring on the condensed phenolic structure at a
higher temperature, as stated earlier [28]. These undesirable side reactions transform lignin into a
bi-phenyl condensed format that is stable and difficult to cleave even at higher temperatures [32,
34]. To prove the repolymerization products, XPS for OKLC samples (supplementary file, Table
A4.2, and Figure A4.2) were conducted.

The results showed that the relative percentages of C-C bonds increased in OKLC4 by around
11% when compared with OKLC3. Our recent study also observed the condensed phenolic
structures during the alkaline oxidation in P-NMR [34]. It can also be observed that even though
the Mw decreased initially, the Mn seemed to be increased with increasing temperatures in all
OKLs when compared to KL (Mn of 1200 g/mol). The increased Mn during lignin oxidation was
also observed in an earlier study [35]. The variation in the RI responses for all samples at 240
and 270 °C can be observed as a function of time in Figure 4.1 (f, g) and for all the samples in all

reaction parameters can be found in Figure S1 in the supplementary material. The effects of
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lignin concentrations and reaction temperatures on carboxylic acid and charge density were also
assessed in our study and represented in Figure 4.1(h, i). It is seen that OKLB2 achieved a
maximum carboxylic acid group and charge density. Recent studies also reported similar ranges
of carboxylic acid groups (0.93-2.6 mmol/g) when lignin was oxidized in an alkaline medium
[35, 36]. Demesa and the coworkers reported that the formation of carboxylic acids was the
highest when alkali lignin (40 g/L in NaOH solution) was oxidized at 225 °C with 15 bar oxygen
pressure for 20 min and started decreasing the yields when further increasing the temperature and
reaction time [28]. Although the OKLA2 and OKLB2 samples show similar carboxylic acid
groups and charge density ranges, OKLC2 samples contain significantly lower values of
carboxylic acid groups and charge density. It can also be found that the carboxylic acid groups
and charge density started decreasing with further increasing temperatures. This may be due to
the decarboxylation and further lignin condensation, which led to lignin repolymerization.
Considering the results, it can be concluded that the sample generated from 10 wt.% lignin
concentrations at 210 °C temperature for 30 minutes, OKLB2, was the best sample as it
contained 2.6 mmol/g of carboxylic acid group content, 1.89 meq/g of charge density and overall

production yield of 75.4 %. Therefore, this sample was selected for further analysis.
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Figure 4.1: Effects of temperature on a) overall yields; b) consumption of oxygen gas (psi); c)
variation of pH on the different reaction parameters; d) Mw; e) Mn; h) carboxylic acid; 1) charge
density of oxidized sample; f) GPC traces-RI responses as a function of retention time for the
samples at 240 °C; and g) GPC traces-RI responses as a function of retention time for the

samples at 270 °C

132



4.3.2. Structural Characterization of KL and Selected OKL

4.3.2.1. FTIR Analysis

Figure 4.2 shows the FTIR spectra of KL and OKLB2. It can be seen that, due to the abundance
of G-units in softwood KL, the peaks at around 815 and 850 cm™ are attributed to C-H out-of-
plane vibration of guaiacyl units [37]. The spectra region around 1260 cm™ is attributed to the
C=0 stretching for G-unit [37]. The disappearance of the peaks in OKLB2 may indicate the
deformation of aromatic G-units during oxidation. Another characteristic peak at around 1360
cm” in KL shows intact aryl-ether bonds [37]. However, the shifting of this peak in OKLB2 may
attribute to the aliphatic -OH and non-etherified phenolic-OH indicating the cleavage of p-O-4
and o-O-4 linkages during the oxidative depolymerization [37, 38]. The typical bands at 1590,
1540, and 1500 cm™ are related to aromatic skeleton vibrations in KL, and their lower intensity
in OKLB2 may suggest the opening of aromatic rings [37, 39]. The signal at 1700 cm™ in
OKLB?2 is attributed to the C=0 stretching for unconjugated carbonyl groups [39, 40]. The peaks
at 2848 and 2934 cm™' are assigned to the C-H stretching of methoxyl groups and CH3/CH,
groups, respectively [37]. Another specific peak at 3340 cm’™ is attributed to the aliphatic and
phenolic OH stretching in KL [37]. The reduced intensity in the 1300-1100 cm’! may suggest the
extensive oxidative disruption in the aromatic region (G-units) that can be observed from HSQC

NMR, which will be explained later[37].
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Figure 4.2: FTIR spectra analysis of KL and OKLB2

4.3.2.2. HSQC NMR Analysis

The HSQC NMR spectra of KL and OKLB2 are shown in Figure 4.3. Significant lignin interunit
structures, such as B-aryl ether (A), resinol (B) and phenylcoumaran (C) structures, along with
the aromatic monomers such as H, G, and cinnamaldehyde groups, were identified in KL [41]. In
Figure 3 (a), the aliphatic C-C linkages in KL can be observed. The spectra region at ~ 0¢/dy
22/1.4 ppm is attributed to the guaiacyl hydroxyethyl ketone (E) [42]. The strong spectra for the
Ca-Cp side-chain linkages of guaiacyl propanol (F) can be located at d¢/0y 33/2.5 ppm and
37/1.6 ppm [42]. The Ca-CP of secoisolariciresinol units (D) can also be identified at the 6¢/0y
of 38/2.5 ppm and 42.5/2 ppm [42]. From Figure 4.3 (b), it can be observed that the relative
intensity of these bonds becomes weaker after alkaline oxidation suggesting the decomposition.
Moreover, the intense spectra at around d¢/0y 50/3.5 ppm indicate the abundances of B-1

linkages in KL, whereas, after oxidative conversion, a significant reduction in the spectra can be
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observed. The aliphatic side chain degradations were also observed in another study where corn
stover lignin (50 mg) was oxidized by peracetic acid (250 mg) at 60 °C for 5 h, and the Ca-Cp
bonds were cleaved to form the phenolic compound [43]. Figure 4.3 (c) and 4.3 (d) represent the
aliphatic C-O linkages in KL and OKLB2, respectively, where it can be observed that KL
preserves all the -O-4 (A), B-p (B) and B-5 (C) linkages. In contrast, alkaline oxidation cleaved
them all, including the lignin carbohydrate complexes (LCC). The reduced intensity of the
aliphatic C-O side chain linkages in OKLB2 in Figure 4.3(e) suggests the degradation of KL.
This phenomenon was also reported for the alkaline oxidation of lignin [41]. An earlier study
reported that, under alkaline oxidative conditions, the phenylpropane units would undergo CB-O
and CB-CP (resinol unit) cleavage to transform into low molecular weight phenolic units, and
further oxidation may lead to carboxylic end groups [34, 36]. The intensity of the methoxyl
groups was also reduced significantly after the oxidation (Figure 4.3d). One earlier study on
organosolv lignin (50 mg) oxidation under the microwave (80W) in the presence of 2.5 mL of
water, 2.5 mL of acetonitrile, and 5 mg of copper sulfate in hydrogen peroxide (0.15 g) reported
a similar observation.[36] Figure 4.3 (e) shows the abundance of the aromatic region in KL
where the G-units dominate. The intense and overlapped cross signals from the d¢/dy of 110-
124/6.2-7.5 ppm can be attributed to C,-H; (G3), Cs-Hs (Gs) and Cg-Hg (Gg) of guaiacyl units in
unmodified KL. The spectra region for the 0¢/dy of 127-128/7.1-7.5 ppm in Figure 4.3(e) is
attributed to the H-units of lignin, and the region around &¢/du 126/6.8 ppm depicts the
cinnamaldehyde end groups in KL. A significant decomposition of the aromatic regions can also
be observed in Figure 4.3(f) in OKLB2. Previous research on alkaline aerobic corn stover lignin
(15 wt.%) oxidation at 55-80 °C postulated that, during alkaline oxidation, first the phenolic-OH

converted to quinone, later the methoxyl group (in C-3 position) is attacked by the oxygen
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species (0,*) and finally the aromatic ring breaks in C3-C4 and transform into the aliphatic bi-

carboxylic structure [32].
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Figure 4.3: HSQC NMR spectra of KL and OKLB2. a) aliphatic C-C region of KL; b) aliphatic
C-C region of OKLB?2; c) aliphatic C-O region of KL; d) aliphatic C-O region of OKLB2; e)

aromatic region of KL; f) aromatic region of OKLB2; g) lignin inter-unit linkages.

4.3.2.3. XPS Analysis

XPS was performed to observe the chemical and structural changes before and after oxidation.
Figure 4.4 represents the XPS survey spectra and Cls and Ols scans of KL and OKLB2. Table
4.1 describes the relative mass concentrations of the different bonds of KL and OKLB2. Figure
4.4(a) confirms that OKLB2 contains potassium ions implying that the dialysis of the sample
after oxidation did not remove all of the potassium used in the form of KOH during the oxidation
reaction. In the wide spectrum, the peak at 378 eV is attributed to the K 2s,[44] which might be
ionically attached to the COO". The larger sharp peak at 285 and 532 eV is attributed to the Cls
and Ols, respectively [34, 45].

Figure 4.4 (b, c, d, e) represents the Cls and Ols scans for different bond types. In this Figure,
the C1, C2, C3, and C4 bonds are attributed to C-C/C-H, C-OH, C=0O (carbonyl), and C=0
(carboxylic), respectively, whereas Ol, O2, and O3 bonds are attributed to C=0
(carboxyl/carbonyl), C-O-C and C-OH (phenolic), respectively [45, 46]. It can be seen that 1) the
C1 bond types (C-H/C-C) relatively decreased by 6.3% due to the oxidative depolymerization,
which was also confirmed in the HSQC NMR results in Figure 4.3; 2) C2 types (C-OH)
increased by 6.6 % as a result of oxidation; 3) carbonyl bond types, C3 (C=0), decreased by
2.9%; and 4) the C4 bond types (carboxylic, C=0) increased by 3.3%. This phenomenon can be
explained by the fact that the carbonyl groups were converted to carboxylic acid groups during

oxidation. It can also be observed that the O1 bond types (C=0) increased by 3.1%. On the other
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hand, the O2 (C-O-C) and O3 (C-OH, phenolic) decreased by 1.5 and 5.7%, respectively. The

reduction in the O2-type bonds may be due to the cleavage of aryl ether linkages and methoxy

groups. The O3 types (the aliphatic or phenolic-OH) may have decreased due to the conversion

to Ol(carboxylic, C=0).

Table 4.1: Binding energies and mass concentrations of carbon and oxygen species of KL and

OKLB2
Binding energy, eV Mass concentration, %

Bond types Assignments KL OKLB2 KL OKLB2

C1 C-H, C-C 284.9 284.7 63.1 56.8

C2 C-OH 286.3 286 243 30.9

C3 C=0, carbonyl 287.1 286.8 10.4 7.5

C4 C=0, carboxylic 288.5 288.3 1.5 4.8

01 C=0 531.6 531.7 23.1 29.2

02 C-0-C 533.3 533.4 62.2 60.7

03 C-OH, phenolic 534.5 534.4 15.7 10
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Figure 4.4: a) XPS broad spectra of KL. and OKLB2; b) C1 scan of KL; ¢) Ol scan of KL; d) C1

scan of OKLB2: e) O1 scan of OKLB?2.

4.3.3. TGA Analysis
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Figure 4.5 depicts the thermal decomposition of KL and OKLB2 under a nitrogen environment.
Generally, the degradation of lignin is divided into three stages: 1) stage one (30-120 °C)
indicates the weight loss due to the evaporation of moisture, 2) stage 2 (180-350 °C) is attributed
to the degradation of the low molecular weight volatiles (e.g., phenolic monomers), and
carbohydrate conversion to gases, such as carbon dioxide, carbon monoxide, methane, and 3)
stage 3 (> 350 °C) is attributed to the decomposition of the phenolic compounds, alcohols,
aldehydes, and acids [47]. From the TGA curves of KL and OKLB2, it can be observed that
approximately 5% of weight losses were found due to moisture in stage one. In the next stage, no
significant weight loss was observed in KL. However, OKLB2 had 7-8% decomposition, which
may be due to the degradation of the COOH to CO,. Further increasing temperature from 350 °C
to 750 °C led to a significant weight loss (~83 wt.%) in KL, which could be attributed to the
degradation of aromatic rings and other side-chain oxygenated functional groups [48]. Earlier
studies also reported that about 3-5 wt.% of lignin could remain as residues if KL were pure, and
more would remain as residues if KL were not pure [24, 48, 49]. However, OKLB2 did not
degrade remarkably after 450 °C and remained undecomposed. The significant amount of ash in
OKLB2 mainly comes from the potassium ions (2.2 wt.%) that may be ionically bound to COO".
Another reason for having 54% residue may be related to the condensed aromatic structures with
C-C and ether bond linkages because ether bonds remain unbroken even at a higher temperature
than 600 °C [24]. The increased weight loss rate in OKLB2 after 700 °C may be due to the
condensed aromatic structures, such as polycyclic aromatic hydrocarbons [50, 51]. The presence
of potassium ion (2.2 wt.%) and the condensed aromatic structures (remaining around 52 wt.%)
can be correlated (from the XPS and HSQC analysis). As stated earlier, the XPS showed (Table

4.1, Figure 4.4, and Figure A4.2) the relative abundances of the C-C (may come from condensed
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aromatic structures) and remaining ether bonds, which were not broken during the oxidation. The
HSQC also suggested that some aromatic structures remained un-disrupted, which may be due to

the condensed structures.
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Figure 4.5: TGA and DTG curves of KL and OKLB2

4.3.4. Performance Analysis

4.3.4.1. Adsorption and Zeta Potential Analyses

When anionic plasticizers are added to cement pastes, they adsorb on the cement particles and
create an electric repulsion among particles in the pastes. In this study, the adsorption of OKLs
on the cement surface was investigated and compared with that of LS and CP in Figure 4.6a. As
seen, OKLB2 showed higher adsorption than LS and CP did. This phenomenon can be directly
related to the charge density of the samples [13]. Figure 4.6a concludes that increasing the
dosages increased the adsorbed amounts. It was stated that the adsorption of anionic plasticizers
is essential to generate electrostatic repulsion between the cement particles [52]. On the other
hand, it was reported that polycarboxylate superplasticizers might develop complexation
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between the COO™ groups and Ca”” in cement surfaces [53]. Therefore, carboxylic acid groups
may increase the adsorption rate of OKLB2 on cement particles.

The zeta potential of the supernatant after the adsorption analysis was investigated and presented
in Figure 4.6b. As the dosages of OKLB2 and LS were increased, the negative zeta potential of
the supernatants on these solutions increased. This can be due to the increased amount of un-
adsorbed lignin samples remaining in the solutions. On the other hand, the zeta potential of CP
did not change significantly. The zeta potential analysis for all samples before adsorption

analysis (without adding cement) can be found in Figures A4.3 and A4.4 in the supplementary

material.
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Figure 4.6: (a) Adsorption analysis of OKLB2, LS, and CP at different sample doses; (b) Zeta

potential of the samples at pH 11.

Table 4.2: Molecular weights and charge density of KL, LS and CP

Samples Mw, g/mol Mn, g/mol Mw/Mn Charge
density,
meq/g
KL 7000 1200 5.83 0.3
OKLB2 3540 1950 1.8 1.9
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LS 9380 3740 2.5 1.3

CP 4030 2300 1.75 0.1

4.3.4.2. Effect of Lignin Derivatives on the Flowability of Cement Paste

The effect of charge densities of OKL on the flowability of cement paste is illustrated in Figure
4.7a. Generally, when the attractive forces between the cement particles are dominant, the
particles will exhibit more yield stress resulting in aggregations. Upon adding the plasticizer, the
repulsion forces between the particles increase due to increasing the net negative charges, thus
lowering the yield stress and enhancing the paste flowability. As seen, the highest flowability
was observed for OKLB2 with the carboxylic acid group content of 2.6 mmol/g and charge
density of 1.9 meq/g. A previous study reported that the flowability of cement paste would
improve with increasing charge density of lignin derivatives [23], which is attributed to the
enhanced electrostatic repulsion in the cement pastes. Also, when lignin is adsorbed on the
cement particles, its phenolic hydroxyl groups may contribute to steric hindrance on the
particles. As OKLB2 generated the highest flowability, the effect of the dosage of this sample,
along with commercial lignosulfonate (LS) and plasticizer (CP), on cement pastes was tested,
and the results are available in Figure 4.7b. As seen, the fluidity was improved by increasing
their dosage in the cement pastes. This is because the higher dosage of anionic materials would
increase the total negative charges, elevating the repulsion in the cement pastes. Earlier studies
also reported comparable cement paste flowability with increasing plasticizer dosages [1, 9, 52].
It can also be observed that the fluidity performance of OKLB?2 is around 18% better than LS at

0.25 wt.% dosage. Although the charge density of LS is less than OKLB2 (Table 4.2), its Mw
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(9380 g/mol in Table 4.2) was higher, which played a role in enhancing the steric hindrance to
achieve comparable flowability. In the case of CP, the flowability was not improved at the same
level as OKLB2 and LS, which might be attributed to its low charge density (Table 4.2).
Therefore, the un-adsorbed particles of CP may not contribute to increasing the electrostatic

repulsion resulting in its poor flowability performance.
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Figure 4.7: Effects of a) charge density of lignin derivatives (b) and dosage of samples on the

flowability of cement paste W/C=0.4.

4.3.4.3. Impact on Compression Strength

The effect of sample dosage on the compression strength of cement is described in Figure 4.8.
Evidently, the compression strength was increased by 45% at an OKLB2 dosage of 0.25 wt.% of
cement. However, further increasing OKLB2 dosage (e.g., 0.5 wt.%) seems to decrease the
strength. An earlier study reported that oxidized soda lignin (with a negative charge density of

6.9 mmol/g), produced in an alkaline (NaOH) aerobic oxidation, improved the compression
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strength by 1.9% with adding 0.4 wt.% of the sample when compared with the blank [1]. One
reason for the higher strength of OKLB2 might be attributed to the presence of carboxylic acid
groups and its highest adsorption on the cement particles (Figure 4.6a). Carboxylate ions were
reported to form complexes with calcium ions on the cement surface, and remaining un-adsorbed
samples in the solution could enhance the interaction with cement particles during the hydration
period, improving the cement compression strength [1, 54]. Another reason could be the
presence of potassium ions in the sample. An earlier study articulated that K* would improve
concrete formation by increasing gel porosity and decreasing capillary porosity [22]. It was
reported that K could interact with the alumina and silica in cement to improve microscopic
strength in the hardened concrete [21].

Decreasing the compressive strength with further increasing OKLB2 dosages could be explained
by the increased repulsion force in the cement paste. When OKLB2 is added at a low dosage
(0.25 wt.%) to the cement paste, the negative charges of OKLB2 would create repulsion in the
cement paste and improve the fluidity of the sample. However, the induced repulsion would not
be so strong that it could negatively affect the cement particles from aggregation and bonding in
the drying state. Thus, the compression strength of cement would not be negatively affected at a
low OKLB2 dosage. At higher OKLB2 dosage, however, the repulsion force created between
cement particles would be such high that, in addition to increasing the fluidity, OKLB2 would
hinder cement particles from chemical bonding and aggregation upon drying, and thus they
would negatively impact the compression strength of the cement paste.

In the case of LS and CP, the compression strength was lower and started to decrease at a lower
dosage of 0.15 wt.%. At 0.5 wt.%, the compressive strength could not be measured for LS and

CP due to very poor concrete structure. An earlier study reported that the dosage of 0.125 wt.%
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LS improved concrete strength by 9%, and it decreased it by 25% at 0.5 wt.% dosages [55]. The
results confirm that LS and CP were less effective than OKLB2. As discussed earlier, the
adsorption of LS and CP was more limited than OKLB2 on cement particles; hence their
interactions with cement particles were assumed poor. Moreover, LS has a higher molecular
weight than OKLB2 (Table 4.2), which should create more steric hindrance, preventing cement
particles from approaching for bonding development. Another possible reason can be explained
by the reactivity of the sulfonate groups in LS and the carboxylic acid groups in OKLB2. Due to
the more vigorous acidic nature of sulfonate groups than carboxylic acid groups [56], the LS may
react with available lime in the cement and generate CO; bubbles that may entrap in the concrete

and reduce the cement strength. On the other hand, the carboxylic acid group-rich OKLB2 may
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4.3.4.4. Water Reducibility

The water reducibility of OKLB2 as a green plasticizer was studied and reported in Figure 4.9.
The results suggested that the OKLB2 at the dosages of 0.25 and 0.35 wt.% could reduce the
water amount in the cement paste by 12% and 18%, respectively. It can also be determined that
LS could reduce the water amount by 8% and 15%, respectively. In the same vein, CP could
reduce the water content by 10 and 12% at the same dosages. However, LS and CP would
decrease the concrete strength significantly at higher dosages (Figure 4.8). An earlier article
reported that as a mid-range water reducer, the plasticizer should reduce water in the range of 8-
18% and improve cement strength by 15% [57]. Considering the flowability and compressive
strength analysis results, the current study depicts that OKLB2 can be used as a mid-range

concrete plasticizer.
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4.4. Conclusions

The oxidation of KL with oxygen gas in the presence of KOH was optimized to achieve water-
soluble oxidized lignin with the maximum carboxylic acid content and charge density. The study
showed that the oxidation reaction under the conditions of 10 wt.% lignin concentration in water,
100 psi initial oxygen gas pressure, and 210 °C generated oxidized lignin (OKLB2) with the
highest amount (2.6 mmol/g) of the carboxylic acid group and charge density of 1.9 mmol/g. The
FTIR analysis suggested structural modifications, such as the disruption of aromatic guaiacyl
units and bond cleavage during the oxidation of lignin. The HSQC-NMR analysis of the samples
confirmed the oxidative depolymerization of lignin linkages, and the disappearance of the
aromatic guaiacyl units suggested the ring openings. The XPS analysis confirmed the presence of
potassium ions and indicated that the relative abundances of the C-C bonds decreased and C=0
bonds increased, which was attributed to the depolymerization and increasing carboxylic acid
groups of lignin. The adsorption of OKLB2 was observed to be more than that of LS and CP on
cement particles, which is attributed to the higher electrostatic attraction between the carboxylic
acid groups and the cement particles. The results from zeta potential analysis revealed that the
un-adsorbed OKLB2 might create electrical repulsion in the cement paste due to the available
negative charges. The flowability performance of OKLB2 was much better than that of other
samples, which was associated with its carboxylic acid group and steric hindrance. Furthermore,
using OKLB2 in cement improved its strength by 45% compared with blank at 0.25 wt.%
dosage. The improved compression strength is attributed to the enhanced cement bonding
associated with the available carboxylic acid group and potassium ions originating from OKLB?2.

At higher OKLB2 dosage, the compression strength of cement was reduced due to the dominant
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repulsion created between cement particles by surplus of carboxylic acid groups in the paste at a
higher dosage of OKLB2. The water reducibility test suggested that the OKLB2 could reduce the
water use in cement by 18% at a dosage of 0.35 wt.% with relatively higher compressive strength
than blank. OKLB2 showed better adsorption, flowability, and strength than LS and CP did. The
results confirmed that one-pot oxidation of lignin in the presence of KOH is a promising
approach to generating a cement plasticizer. This oxidation process is green since the raw
material (lignin) is completely bio-based, and the primary solvent of the oxidation process is
water. Also, the process does not require any purification for products to be used as cement

plasticizers, which would require production costs.
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Chapter 5

Oxalic acid-mediated oxidative depolymerization of Kraft

lignin for vanillin and vanillic acid production
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Abstract

In this work, kraft lignin (KL) was depolymerized in an oxalic acid-mediated aqueous solution to
produce vanillin and vanillic acid. The findings showed that the depolymerization of KL (5
wt.%) in the presence of 1.25 M oxalic acid and 50 psi initial oxygen pressure at 125 °C for 60
min generated the maximum production yields of 15.7 wt.% and 11.7 wt.% for vanillin and
vanillic acid, respectively. The phenolic compounds were quantified by high-performance liquid
chromatography (HPLC) analysis. °C- and HSQC NMR analyses confirmed the presence of
aromatic moieties and the absence of phenolic oligomers in the products. The "H-NMR and
HSQC-NMR of KL and the partially depolymerized lignin (PDL) proved the cleavage of all B-O-
4 linkages and disruption of aromatic regions. The recyclability, one-step aqueous reaction,
relatively high production yield and recovery of oxalic acid (up to 78.6 %) could make this

process industrially attractive for vanillin production.
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5.1. Introduction

Lignin is the most abundant heterogeneous aromatic biomacromolecule consisting of three
phenylpropanolic monomers, p-coumaryl, coniferyl, and sinapyl alcohols. These monomers are
the precursors of the p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, respectively [1].
The significant interunit linkages in lignin macromolecules are commonly known as 3-O-4, 3-8,
B-5, B-1 5-5', a-O-4 units, where B-O-4 shares 40-60% in different wood species [2, 3].
Commercially, lignin is isolated from pulping industries as a by-product. About 85% of the total
lignin is produced from the kraft process but is mostly burnt as a low-grade fuel for energy

generation [4]. Despite the vast production, however, lignin is currently under-utilized.

The oxidation of lignin is one alternative to produce fine chemicals, such as aromatic aldehydes
(vanillin, syringaldehyde) and acids [5-7]. Nitrobenzene, air/oxygen, metal oxides/hydroxides,
and hydrogen peroxides are the commonly used oxidizing agents in lignin oxidation, depending
on the desired end-used products [8]. Generally, the oxidative depolymerization of lignin can be
categorized by base-catalyzed depolymerization (BCD) and acid-catalyzed depolymerization
(ACD). The BCD of lignin is carried out with NaOH, KOH, Na,COs;, NH4OH, Ca (OH),, and
LiOH at temperatures ranging from 175-300°C in the presence of oxygen, air, or hydrogen
peroxides. Moreover, BCD is performed at relatively high temperatures, which is one of the
main limitations for the commercialization of this oxidation process for lignin depolymerization.
Different transition metal oxides/salt catalysts, such as CuSO4 [9], CuO [10], mixed salts (Cu*"
and Fe’") [11], Co®[12], and Mn*" [13] have been used in alkaline oxidations to reduce the

reaction time, temperature and enhance product yields of lignin depolymerization [14]. The yield
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of phenolic compounds from oxidative BCD (including catalysts) was reported in the range of 6-

30 wt.% [14, 15].

Lignin oxidation through ACD is also practiced producing phenolic compounds [16-20]. The
ACD can be conducted by organic (i.e., peracetic acid, oxalic acid) and inorganic acids (H;SO,,
HCI, H3PO4). ACD with inorganic acids requires high operating temperatures (150-350°C) [14,
16, 21]. Moreover, inorganic acids are hazardous and highly corrosive. The ACD of lignin by
organic acids, such as peracetic acid (PAA), was recently studied at a relatively lower
temperature (Lindsay et al., 2019; Ma et al., 2021). Due to strong oxidizing properties, PAA can
selectively break down the ether and C-C bonds of lignin at low temperatures (~60°C) [18]. In
this respect, Ma et al. (2021) effectively performed the oxidative depolymerization of corn stover
lignin by PAA. This study reported around 28% of monomeric phenolic compound yields.
However, PAA has a carcinogenic effect and can be a potential fire hazard [22]. Conversely,
oxalic acid (OxA) is a safe, renewable, and potent reducing reagent [19]. In this context, Lindsay
et al. conducted a series of experiments to study the cleavage of -O-4 in phenoxyacetophenone
in an OxA-mediated aqueous solution in the presence of air/oxygen and reported up to 73-80%
of p-anisic acid yield [19]. Moreover, OxA can selectively depolymerize pre-oxidized Pinus
radiata milled-wood lignin to produce vanillin [19]. Yet, no other study has reported the
oxidative depolymerization of kraft lignin by OxA. As this method seems interesting, the OxA

oxidation of KL was studied in this work comprehensively.

Niobium pentoxide is a heterogenous transitional metal oxide, and it has received attention in
acid-based lignin depolymerization [18, 23]. This material has both Brensted and Lewis acid
sites, which make Nb,Os a suitable catalyst for various chemical reactions, such as hydrolysis,

esterification, and etherification of biomass [24]. In an aqueous OxXA solution, Nb,Os generates

161



niobium oxalate ionic species, such as NbO(C,04)5>,  NbO(C204)2(H,0),”  and
NbO(C,04)(OH)2(H20),", which might play a role in lignin depolymerization [25]. In this
context, earlier studies reported positive effects of ionic solutions on lignin conversion to other
chemicals [26]. The ionic species would facilitate lignin dissolution, producing a high reactivity
during oxidative depolymerization [27]. However, the catalytic activity of Nb,Os on the OA-

mediated lignin depolymerization was not investigated yet.

The primary objective of the current study was to investigate the OxA-mediated KL oxidation to
produce phenolic compounds in the presence of molecular oxygen gas. The effects of reaction
parameters on phenolic yields, vanillin, and vanillic acid were also assessed. The effect of
niobium pentoxide on the OxA-mediated oxidative depolymerization of lignin was studied. The
recyclability of the recovered OxA from the process was also studied. The primary novelty of the
work is the detailed analysis on the high-yield generation of vanillin and vanillic acids in OxA-

mediated oxidative depolymerization of KL.

5.2. Materials and Methods

5.2.1. Materials

Acid-washed softwood KL was supplied from a pulping company in Alberta, Canada, which was
produced via LignoForce technology. Oxalic acid, niobium pentoxide, ethyl acetate,
dimethylsulfoxide-d6 (DMSO-de), lignosulfonate, HPLC grade methanol, and acetic acid were
all purchased from Sigma Aldrich and used as received. The standards of vanillin, vanillic acid,
acetovanillone, and protocatechuic acid were also purchased from Sigma Aldrich. The dialysis

tube (1000 g/mol cut-off) was purchased from Sigma Aldrich.
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5.2.2. Process description

Figure 5.1 shows the experimental plan of the oxidation and separation processes. In this work,
KL (5 wt%) was first dispersed in 100 mL of oxalic acid solution (0-2.5 M). The dispersed
solution was poured into a 600 mL Parr reactor (Model 4575A) Illinois, USA. Oxygen gas was
supplied in the reactor at an initial 50 psi pressure. The oxidation reactions were conducted at
different temperatures (80-150 °C) for different time intervals (30-180 minutes). Afterward, the
reaction mixture was centrifuged to separate the remaining lignin/residue, which was washed
with deionized water several times to remove oxalic acids. Then, the solution (~100 mL)
containing phenolic compounds was mixed with 160 mL of ethyl acetate (EA), which generated
two phases of organic (OP) and aqueous (AP). The OP was collected and evaporated with a
rotary vacuum evaporator at 40 °C. The generated solid material containing phenolic compounds
was collected for further HPLC analysis. After that, the AP (containing OxA) was left to air dry,
and the OxA crystals were collected, analyzed by HPLC, and utilized for reusability purposes.
To study the recyclability of the collected oxalic acid, 45% of recovered oxalic acid was mixed
with 55% fresh oxalic acid, and the oxidation reaction was conducted, as discussed in this
section. This process was repeated four times to understand the recylceability performance of

collected oxalic acid in 4 consequent cycles.

To evaluate the properties of partially depolymerized lignin, the remaining lignin residue of the
reaciton (Figure 5.1) was suspended in 0.1 M NaOH solution and centrifuged to separate the
insoluble residue/char from the soluble lignin fraction. Then, the alkali-soluble fraction was
precipitated with 0.1N HCI and considered partially depolymerized lignin (PDL). For further

characterization, PDL was dialyzed for 72 hours and dried in an oven at 50°C.
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The oxidation reaction was repeated on lignosulfonate, LS. In this experiment, 5 wt.% of LS was
dissolved in 1.25 M oxalic acid solution, and the reaction was carried out at 125°C for 60 mins
with an initial oxygen pressure of 50 psi, i.e., optimum reaction conditions of KL. Due to its
acidic nature, the unreacted LS did not produce precipitates. As stated above, the reaction

mixture was extracted by EA, and HPLC analyzed the extracted products.

KL
0.1-2.5M OxA —— —— Oxygen gas (50 psi)

. g lian Oxidative
emaining lignin depolymerization
[residue —

Suspended in 1M _ _
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Figure 5.1: Schematic flow diagram of oxalic acid mediated KL oxidation.

5.2.3. High-performance liquid chromatography (HPLC) analysis

The phenolic compounds of KL and LS-based oxidation reactions were quantified by an HPLC
instrument (Agilent Technologies Inc., USA). The analysis was adapted from a published paper

[28]. For each sample, around 20 mg of dried extract was dissolved in 1 mL methanol and 3 mL
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of 2% acetic acid solution and filtered by 0.45 um cellulose acetate syringe filters. Then, 18:82
(v/v) methanol-aqueous acetic acid (2% v/v) was used as a mobile phase in this experiment. In
this test, 20 uL of the sample was injected at a flow rate of 1 mL/min and 25°C. A reverse phase
polar HPLC column (Beckman, ultrasphere ODS, 4.6 mmx25 cm, USA) was used for separating
the phenolic compounds. Phenolic compounds were detected at 280 nm wavelength with an RI
detector. The retention times of the detected compounds were compared with those of standard
phenolic compounds to determine their concentrations. Three samples were run for each

reaction, and the average result was reported with standard deviation.

5.2.4. Proton (IH), carbon (13 C) and heteronuclear single quantum coherence
(HSQC) NMR analysis

In this set of analyses, 75 mg of each sample (KL and PDL) were dissolved in 1 mL of DMSO-dg
in a small vial and stirred overnight, and then the solution was transferred to NMR tubes for
further analysis. The NMR spectra were recorded using a Bruker AVANCE Neo NMR-500 MHz
instrument (Switzerland), and Topspin 4.02 software was used for analyzing the spectra. For the
'H dimension, 64 scans with 256 increments at 25°C were recorded, and 2048 data points were
collected from 0-16 ppm. For ">C dimensions, 1024 data points were collected from 0-160 ppm,
and 64 scans were recorded. Other instrument settings were kept the same. The pulse width and
recycling delay were 90° and Is for both dimensions. To confirm the presence of phenolic
compounds in the OP, around ~100 mg of extract was dissolved in 1 mL of DMSO-dg, and its
13C and HSQC-NMR spectra were analyzed. The samples were run under the same conditions as
mentioned above. In this analysis, the samples (PDL, and the extracted phenolic compounds) that

were generated under the reaction conditions of 5 wt.% of KL at 125°C for 60 mins with an
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initial oxygen pressure of 50 psi (without catalyst) were used since the concentration of

undetected compounds were lower than other oxidation conditions.

5.2.5. Mass balance analysis

A preliminary mass balance was developed for the raw material and the products. After each
reaction, the solid residue was separated, and its dried mass was recorded (Figure 1). The dry
mass of the phenolic compounds in the filtrates was also recorded. The dried mass of the
recovered OxA was measured from the AP after EA extraction (Figure 5.1), and the remaining
OxA in phenolic compounds was determined in the HPLC analysis. The lignin conversion, the

loss of lignin, and the OxA loss were calculated following equations 1 to 3.

Initial lignin—PDL

Lignin conversion, wt.% = x 100 (1)

Initial lignin

Initial lignin—(residual lignin+phenolic extracts)

Lignin loss,wt.% = x 100 (2)

Initial lignin

Initial OA—(Recovered from AP +remaining OA in OP ) x

A % =
OxA loss, wt.% Initial OxA

100 3)

5.3. Results and Discussion

5.3.1. Effects of reaction parameters on lignin depolymerization

5.3.1.1. Effects of oxygen and oxalic acid

Oxygen is one of the most commonly used oxidizing agents, while OXA is a reducing agent. To
observe the effect of OxA and oxygen on lignin depolymerization, KL was depolymerized by

oxygen and OxA in separate experiments, while the other reaction parameters remained constant.
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The results of this analysis are available in Figure 5.2a. In the presence of oxygen, the total
phenolic yield was less than 4 wt.%, among which 1.4 wt.% was vanillin. On the other hand,
OxA facilitated 14 wt.% of total phenolic compound generation containing 4% vanillin. Also,
because of the oxidizing effect of oxygen, trace amounts (0.7 wt.%) of vanillic acid were

produced in the O, containing reaction.

In contrast, because of the reducing environment of OxA-containing systems, no vanillic acid
was formed in the depolymerization by oxalic acid. Previous studies reported that the acid would
initiate lignin depolymerization by cleaving the 3-O-4 linkages [17, 29]. Generally, the protons
of the acids attack the oxygen atom in the ether links on the lignin structure and break down the
C-O bonds of lignin to produce phenolic monomers [29]. Therefore, without OxA, the lignin
depolymerization process becomes slow. However, because of the amphoteric properties of
water, it may generate some protons that could initiate the depolymerization of lignin. The HPLC
analysis of the standard compounds and the extracted phenolic compounds can be found in the

supplementary file (Figures A5.1 and A5.2).

5.3.1.2. Effects of temperature

The effect of temperatures were analyzed under the conditions of 5 wt.% lignin, 0.5M oxalic acid
concentraiton, 60 min reaciton time and 50 psi oxygen pressure, and the results are summarized
in Figure 5.2b. By increasing the reaction temperature from 80 to 125°C, the yield of phenolic
compounds increased from 11% to around 18%. Interestingly, the yield of vanillin production
increased from 4.5 to 9.7 wt.%. A recent study reported that preoxidized Pinus radiata (36 mg)
was depolymerized by oxalic acid (360 mg in 0.25 mL water) in the presence of oxygen at 100°C

and reported the total phenolic yields of 14 wt.% with the main product as vanillin [19]. It can
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also be observed that vanillic acid did not form at 80°C. As the temperature increased to 125°C,
the vanillic acid increased to 4.9 wt.% along with other phenolic compounds, such as apocynin
and protocatechuic acids. However, upon increasing the temperature to 150°C, the phenolic
compound yield significantly decreased to around 5.3 wt.%, which may be attributed to the
decomposition of the OxA. Earlier studies reported that dehydrated oxalic acid would start to
decompose at 140°C, it would begin to deteriorate at a low temperature in the presence of water,
and the major decomposition products would be formic acid, CO,, CO, and water [30].
Therefore, because of the decomposition of the OxA, the depolymerization of lignin was

hampered, and hence a lower yield was obtained.
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Figure 5.2: Effects of different reaction parameters on yield of phenolic compounds. (a) Effects
of oxygen and OxA, other reaction conditions: 5 g KL, 0/4.5 g OxA in 100 mL water (0.5 M),
125°C, 60 min, initial 50 psi oxygen; (b) Effects of temperatures, other reaction conditions: 5 g
of KL, 4.5 g OxA in 100 mL of water (0.5 M), 60 min, initial 50 psi oxygen; (c) effects of time,
other reaction conditions: 5 g KL, 4.5 g OxA in 100 ml water (0.5 M), 125°C, initial 50 psi
oxygen; (d) effects of OxA concenration; other reaction conditions: 5 g KL, 125°C, 60 min,
initial 50 psi oxygen; (e) effects of Nb,Os catalyst; other reaction conditions: 5 g KL, 4.5 g OxA
in 100 ml of water (0.5 M), 125°C, 60 min, initial 50 psi oxygen, Nb,Os-0.5 g; (f) Recyclability
of recovered oxalic acid (45 wt.% recovered and 55 wt.% fresh); conducted under the conditions
of 5 gof KL, 11.25 g OxA in 100 mL of water (1.25 M), 125°C, 60 min, O, pressure of 50 psi;
g) Oxidative depolymerization of LS, reaction condition: 5 g LS, 11.25g OxA in 100 ml of water

(1.25 M), 125°C, 60 min, initial 50 psi oxygen.

5.3.1.3. Effects of time
To investigate the effect of time on the yields, the KL was depolymerized at 125°C for different

reaction periods, and the results are summarized in Figure 5.2c. It can be observed that, as the
reaction time was extended from 30 to 120 mins, the total yields increased from around 16.5 to
19.8 wt.%. However, the vanillin yield was found to be at maximum (9.7 wt.%) in 60 mins. It
can also be seen from Figure 2c that vanillin yields decreased from 9.7 wt.% (60 mins) to 7.7
wt.% (180 mins). Conversely, the total yield of vanillic acid and protocatechuic acid was
increased from 5.8 (60 min) to 7.4 wt.% (180 min), which indicated that further time extension

would convert vanillin to vanillic acid and protocatechuic acid (i.e., an increase in the vanillic
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acid yield from 4.9 wt.% to 6.4 wt.%, and the protocatechuic acid yield increase from 0.9 wt.%
to 1.8 wt.%).

5.3.1.4. Effects of OxA concentration

The effect of oxalic acid concentrations was investigated at 125°C for 60 mins in different
concentrations of OxA (Figure 5.2d). As seen, by increasing the concentration of OxA from 0.1
M to 2.5 M, the total phenolic yields increased from 10 wt. % to 41.8 wt.%. Interestingly, the
yields of vanillin, vanillic acid, and protocatechuic acid increased to 21.9, 16 wt.%, and 2.8
wt.%, respectively, at the highest OxA concentrations, which may be attributed to the available
protons that attack the oxygen atoms in the ether linkages. Lindsay et al. (2019) reported that
increasing the OXA concentration from 3 M to 16 M facilitated the lignin model compounds
(Phenoxyacetophenone) cleavage and significantly increased the p-anisic acid (from 20% to
73%). Although the oxalic acid concentration is directly proportional to the yield of phenolic
compounds, including vanillin and vanillic acid, using a higher concentration of oxalic acid may
create some operational difficulties, such as solubility of oxalic acid in aqueous media. The
solubility of oxalic acid in water at room temperature (25°C) is 11.7% (~1.3 M); however, with
increasing temperature to 40°C, the solubility increases to 2.6 M [31]. Therefore, increasing the
OxA concentration to 2.5 M might be problematic during separating the product solution, as the

OxA may crystalize after the reaction mixture is cooled down.

5.3.1.5. Effects of Niobium pentoxide catalyst

Figure 5.2e describes the effect of the Nb,Os catalyst in combination with OxA on the generation
of the phenolic compound. In the presence of Nb,Os (0.5 g), the phenolic yields were increased

from 18.2 to 26.5 wt.%. Also, vanillin and vanillic acid yields increased from 9.7 to 14.5 wt.%
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(49.5% higher) and 4.9 to 7.5 wt.% (i.e., 53% higher), respectively. However, a longer reaction
time (120 min) did not provide a more effective conversion to phenolic compounds, which may
be attributed to the degradation of the phenolic compounds due to over-oxidation. An earlier
study on peracetic acid-mediated oxidative depolymerization of corn stover lignin (at 60°C for 5
h) in the presence of Nb,Os (0.5 g) reported a 67% increase in phenolic compounds. The study
reported that, among various transition metal oxide catalysts, Nb,Os showed better catalytic
activity [18]. However, an extended reaction time to 120 min did not increase the vanillin, but
vanillic acid and protocatechuic acid increased from 4.9 to 5.8 wt.% and 0.9 to 1.9 wt.%,

respectively (Figure A5.3a).

In addition, the effect of Nb,Os on higher OxA concentration (1.25 M) was studied (Figure A3b).
It was observed that, by increasing the OxA concentration, the total phenolic yields increased
from 31 to 52.3 wt.% (71% increase). However, the yield of vanillic acid production dropped
(21.4%). Interestingly, the yield of protocatechuic acid increased from 2.3 to 15.1 wt.%, which
might be due to the over-oxidative conversion of the produced vanillin and vanillic acid. Another
reason could be the possible demethylation of the vanillin and vanillic acid by the action of the
Niobium-OxA ionic species, converting the carbonyl groups of vanillin to carboxylic groups
[32]. Despite the promising catalytic effects of the Nb,Os on the OxA-mediated KL oxidation at
a low OxA concentration, the recovery of the catalyst was not possible since it was mixed and
remained with the solid lignin residue (PDL) after the reaction. Considering the operational
challenges with the recovery of the catalyst, we chose a higher OxA concentration (1.25 M) over
Nb,Os catalyst use, which provided a better yield of the products (Figure 5.2d) and doable

recovery of OxA for recycling. Therefore, the recyclability of the OxA, structure of the material,
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and the products' mass balance analysis were studied for the samles generated without the Nb,Os
catalyst.

5.3.1.6. Recyclability of oxalic acid

For industrial viability, the recyclability of the OxA is highly desired. The OxA crystals
recovered from the aqueous phase (Figure 5.1) were analyzed by HPLC (Figure A5.2b), and it
was observed that all the phenolic compounds were extracted. The recyclability of the OxA was
performed for four consecutive cycles, and the results are presented in Figure 5.2f. The initial
reaction was conducted with 5 wt.% lignin, 1.25 M fresh OA at 125°C for 60 mins in the
presence of 50 psi O,. After each reaction, the dry OxA crystals were collected (48-50 wt.% of
initial OxA), used in the subsequent cycles, and continued for four cycles. Therefore, to be
consistent, 45 wt.% of recovered OxA and 55 wt.% of fresh OxA were used in all the recycling
tests. It can be observed that, after using 45 wt.% of recovered OxA, the total phenolic yields
were almost similar (31%) in the first two cycles and decreased in the cycles 3 (26 wt.%) and 4
(24 wt.%). It can also be seen that the yields of vanillic acid fell slightly from 11.7 to 7.9 wt.%.
Interestingly, the yields of vanillin did not decrease and remained almost similar (~15%).
Lindsay et al. (2019) also reported no significant product (p-anisic acid and guaiacol) loss upon
using a small portion of recovered OxA with the fresh OxA, where they cleaved B-O-4 model
compounds. The total OxA might facilitate the cleavage of ether bonds. Thus, the vanillin yield
was not hampered. On the other hand, the vanillic acid yield drop may be due to the production
of formic acid (potent reducing agent) in the recovered OxA, which is one of the typical by-
products in the thermal decomposition of OxA [20, 33]. Therefore, OxA can be reused twice,
but its more recycling time crystals may retain some FA and hinder the oxidation process,

reducing the oxidation of phenolic compounds, such as vanillic acid and protocatechuic acid.
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5.3.1.7. Use of lignosulfonate

The OA-mediated oxidative depolymerization of lignosulfonates (LS) was also demonstrated
under the best conditions of KL depolymerization (Figure 5.2g). It was noticed that, unlike KL,
LS was completely soluble in OxA solution, which might be attributed to the presence of
sulfonated groups on LS (1.25-2.5 mmol/g)[34]. Figure 2g shows that the yields of total phenolic
compound, vanillin, and vanillic acid were comparable for the KL and LS (Figure 5.2g).
Interestingly, no char-like by-products were observed after the reaction, indicating that Nb,Os
might be a suitable catalyst for the LS depolymerization since it can be recovered as the only
solid product of the reaction via centrifugation or filtration, which will be studied in our future
studies. Conventionally, vanillin is produced from LS wunder strong alkaline oxidative
depolymerization [35]. The current study demonstrated one potential route for vanillin and
vanillic acid production from LS by OxA-mediated oxidative depolymerization. However, our
primary focus in this study was to valorize the underutilized KL. This is because the total
production of LS and KL is 1.8 and 70 million tons annually, and a considerable portion of KL

can be available for valorization [34, 36, 37].

5.3.2. "C-NMR and HSQC-NMR spectra analysis of OP

BPC-NMR and HSQC-NMR spectra of the OP were analyzed, and the results are reported in
Figures 5.3a and 5.3b. In this NMR study, we analyzed the products obtained from the reaction
condition of 5 wt.% of KL at 125°C for 60 min with an initial oxygen pressure of 50 psi (without
catalyst) since other undetected compounds were significantly low. Figure 5.3a shows that the
spectra in the region of 10-30 ppm is attributed to the C-atoms attached to the aliphatic side
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chains [38]. Specifically, the peak that appeared at 25.1 ppm might be for the acetyl groups (-
COCH3;) from the apocynin [39]. The sharp peak that occurred at 40 ppm is attributed to the
DMSO-d6. The strong peak (1) at 56.6 ppm is attributed to the methoxyl-C, which can also be
located in HSQC-NMR (Figure 5.3b) [40]. The peaks (2, 3) appearing at 110-130 ppm are
ascribed to different C-atoms in the aromatic rings [38]. The small peaks that occurred at 175-
185 ppm might be attributed to the aromatic carboxylic groups of vanillic acid and

protocatechuic acid [41, 42]. The characteristic peak (4) at 191.2 ppm for carbonyl-C might be
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ascribed to vanillin [38]. Moreover, the abundance of the aromatic moieties and the methoxyl
groups can be located in the HSQC-NMR spectra (Figure 3b), which confirmed the presence of
phenolic compounds in the OP. Moreover, the absence of the lignin linkages (d¢/dn 55-95/3-5.5
ppm) in the EA soluble fractions indicated that no oligomeric lignin fractions were available in
the sample. The *C-NMR confirmed the presence of the characteristics of C-atoms of the
aromatic rings and the functional groups (i.e., C=0) attached to the phenolic compounds. In
contrast, the HSQC-NMR showed the aromatic portions of the extracted phenolic compounds

(i.e., vanillin, vanillic acid, protocatechuic acid apocynin).
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Figure 5.3: (a) PC-NMR and (b) HSQC-NMR spectra of EA soluble phenolic fractions
produced under the conditions of 5 g of KL, 11.25 g OxA in 100 mL of water (1.25 M), 125°C,

60 mins, O, pressure of 50 psi.

5.3.3. Structural Characterisations of KLL and PDL

5.3.3.1. 'TH-NMR analysis
Figure 5.4 describes the H-NMR spectra of KL and the PDL. The spectra in the 0.5-1.6 ppm

region can be attributed to the non-oxygenated aliphatic side chain proton, whereas that in the
1.6-2.2 ppm region is ascribed to the oxygenated aliphatic side chain, such as acetyl groups (-
COCH3) [43]. The action of oxalic acid may reduce these oxygenated groups in PDL. The sharp
peak at 2.51 ppm is the specific peak for DMSO-d6. The 3.55-3.9 ppm spectra are associated
with the methoxyl proton [37]. The characteristic peaks in the 4.8-5.4 ppm are ascribed to B-O-4
and appeared in the KL spectrum. However, it did not exist in the spectrum of PDL,
demonstrating the oxalic acid-mediated cleavage that can also be observed in HSQC-NMR in the
later section [43, 44]. The strong proton signals in the 6-7.6 ppm region on the KL spectrum
belong to the aromatic G-units, which was also observed on the spectrum of PDL, inferring that
this unit was unaffected during the depolymerization [44]. However, the other phenolic-OH
proton signals (8.4-9.2 ppm), such as from H-units, were partially decomposed during the

reaction, as they could not be seen in the spectrum of PDL [44].
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Figure 5.4: "H-NMR spectra of KL and PDL for the sample prepared under the conditions of 5 g

of KL, 11.25 g oxalic acid in 100 ml of water (1.25 M), 125°C, 60 min and initial oxygen

pressure of 50 psi.

5.3.3.2. HSQC-NMR analysis
HSQC-NMR analysis was conducted to observe the structural differences between KL and PDL.

Figure 5.5 represents the different regions of the HSQC spectra and the central lignin units. The
spectra region of 6¢/dy 5-50/0.5-3.0, 50-90/3-6 and 90-145/6-8.25 ppm are attributed to the C-C
aliphatic side chain, C-O aliphatic side chain, and C-O aromatic regions, respectively [37, 39]. In
the aliphatic region of KL (Figure 5.5a), the overlapped cross signals that appear at o¢/dy
25.3/1.65-1.87 ppm are attributed to the acetyl groups (-COCH3) [39]. The inexistence of these
acetyl groups in PDL may suggest the degradation and transformation into apocynin. The spectra
region at 22.1/1.4 ppm is a characteristic signal for guaiacyl hydroxy ethyl ketones [45]. The
guaiacyl propanol (Ca-CB) and secoisolariciresinol (D) (CB-Cy) linkages can be spotted at
33.1/2.5 and 42.1/1.87 ppm, and they can be observed in PDL [45]. However, the intensity of

these spectra is reduced in PDL (Figure 5.5b). In Figure 5a, the correlation signals from d¢/dy 53-
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56.8/3.5-3.9 ppm are attributed to the intact methoxyl groups of KL and preserved in PDL
(Figure 5.5b) [39, 45]. Most importantly, the cross signals at 6¢/0y 71.5/4.8, 83.7/4.4, and 60/3.5
ppm are attributed to the B-O-4 linkages (A) of Co-Ha, CB-HB, and Cy-Hy positions,
respectively [37, 39]. The disappearance of these signals in the PDL (from Figure 5.5b)
confirmed the degradation of the $-O-4 linkages by the oxalic acid-mediated C-O cleavage. An
earlier study also suggested that the singlet oxygen atom (generated from oxygen gas) might be
responsible for the C-O ether bond cleavage [19]. However, the intensities of the other interunit
linkages, such as resinol unit (B) (5¢/0y 85.2/4.5 ppm) and phenylcoumaran (C) (6¢/0y 62.7/3.7
ppm) are reduced, but they still can be spotted in the PDL. In Figure 5.5c, the abundance of
guaiacyl units (G) and a portion of H units (H) can be attributed to the softwood KL. The cross-
signal at d¢/du 126.5/6.9 ppm is ascribed for the CB-HP of cinnamaldehyde end groups (E),
which can be located in both KL and PDL that could be suggested no C-C cleavage occurred
during OxA depolymerization [37, 45]. The partial disruption of aromatic units can be observed
in Figure 5.5d. Therefore, from the "H-NMR spectra (Figure 5.4), it can be clearly observed that
the signals for B-O-4 linkages are absent in PDL, and the cleavage was also confirmed by the
HSQC-NMR results in Figure 5.5d. Moreover, the partial disruption of aromatic moieties (G-
units) suggested (Figure 5.5d) that OxA degraded the KL selectively where only B-O-4 inter unit
linkages with G-units were broken (Figure 5.5 and Figure AS5.2). In addition, the structural
changes were also observed in the FTIR analysis of the KL, PDL and char, which can be found

in Table A5.1 and Figure A5.4.

178



ppm ppm

- 10
- 20

- 30

- 50

- 70

- 80

- 90

- : : : ; ; - : - : : : : : - - r . :
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm
ppm ppm

105

-110

115

120

125

130

Aromatic region

T T T T T T T T T T T T T T T T T T T T T T T T T T
78 76 74 72 70 68 66 64 62 60 58 56 54 ppm 78 76 74 72 70 68 66 64 62 60 58 56 54 Ppm

B-0-4(A) B-B (B) B-5 (C) G
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5.3.4. Proposed reaction scheme

The major products obtained from the OxA-mediated oxidative depolymerization of KL and the
possible reaction pathways are presented in Figures 5.6A and 5.6B, respectively. The proposed
reaction is described based on the product formation from the HPLC and the NMR analyses.
Earlier studies suggested that B-O-4 linkages are very reactive in an acidic environment and
cleave at the ether bonds [19, 20]. The current study also supports the statement, which was
confirmed in the HSQC-NMR analysis (Figure 5.5). The depolymerization mechanism of KL
occurs in two major pathways: the cleavage of ether linkage to phenolic monomers and further
oxidation to the desired products. Due to the reducing properties of oxalic acid, it would first
reduce hydroxyl groups of KL to methylene groups [19]. After that, the proton would attack the
oxygen atom of the ether bonds and decompose KL into two phenolic monomers, such as p-
cresol and the aromatic di-ketones compounds (1) [19, 29]. The oxidation of p-cresol (2) would
generate vanillin, and its further oxidation would lead to vanillic acid. Under hydrolysis
conditions, the aromatic di-ketone would break down to formic acid and vanillin at Ca-Cf bonds
[19]. The transformation of wvanillic acid to protocatechuic acid would also occur by
demethylation in its ortho position, which was identified by HPLC analysis (Figure 5.3).
Previous studies reported that an acidic environment would facilitate the demethylation followed
by catechol formation under oxidative conditions [46, 47]. The reason can be explained from the
Figure 5.2c, where upon increasing the reaction time, the conversion of the protocatechuic acid
increased and the vanillic acid decreased. In addition, the formation of apocynin started at 125°C
(Figure 5.2b) may be attributed to the first intermediate product from the C-O cleavage of f-O-4
linkages and be only generated under pure oxygen atmosphere [19]. This statement can also be

explained from the Figure 5.2a, where depolymerization did not generate any apocynin or
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protocatechuic acid in the absence of oxygen, which suggested that their formation was likely to
occur through the action of a singlet oxygen atom. A high temperature (125°C) would facilitate

such a conversion.
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Figure 5.6: Proposed reaction mechanism of oxalic acid mediated lignin oxidation; A) major

products, B) the proposed reaction pathways.

5.3.5. Comparison of different studies
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Recent studies on the inorganic and organic acid-mediated lignin depolymerizations for phenolic
compound productions are presented in Table 5.1. Inorganic acids, such as sulfuric acid,
hydrochloric acid, and phosphoric acid, and organic acids, such as formic, peracetic, and oxalic
acid, have been practiced for lignin depolymerization. The strategy mainly involves cleaving the
aryl ether bonds (B-O-4). In an earlier study, a series of inorganic acids (H,SO4, H3PO4, and
HCI)-mediated bagasse lignin depolymerization was conducted in methyl isobutyl ketone
(MIBK) [16]. The authors reported 12-14 wt.% phenolic compound productions, where the
maximum yield was reported as guaiacol (6 wt.%). In another study, pre-oxidized aspen lignin
was depolymerized by formic acid, which led to 61.2 wt.% of total phenolic compound yields,
including oligomers, such as syringyl (29.5 wt.%) and guaiacyl (18.3 wt.%). Only 3.5 and 2.9
wt.% were reported as vanillin and vanillic acid, respectively. Ma et al. depolymerized corn
stover lignin with peracetic acid and obtained 28 wt.% (without catalyst) and 47 wt.% (in the
presence of Nb,Os) phenolic product yields. However, they did not report any specific product
selectivity. Since the PAA decomposes to acetic acid, no recovery of PAA and recyclability were
not reported. Another study elaborated on the cleavage of the B-O-4 lignin model compound
(Phenoxyacetophenone) by OxA-mediated aerobic oxidation to phenol and benzoic acid [19].
Learning from the study, Lindsay and colleagues demonstrated the depolymerization of pre-
oxidized Pinus radiata milled wood lignin by OxA and the total phenolic compounds yield of 14
wt.% with a good selectivity toward vanillin [19]. However, they did not report the recyclability
of the OxA on the lignin depolymerization and the product distributions. On the other hand, the
current study oxidatively depolymerized softwood KL by OxA in the presence of oxygen and
reported 41.8% phenolic compounds with ~22 wt.% and ~16 wt.% selectivity toward vanillin

and vanillic acid generation, respectively. It can also be found that, after successfully recovering
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from the process, parts of the OxA (45 wt.%) were recycled with no significant product loss

(Figure 5.2f).

Table 5.1: Recent studies on acid-mediated lignin depolymerization toward phenolic compounds

Raw materials Chemicals Temp., Time, Major products Total References
°C h Phenolic
yield, wt.%
KL (5 wt.%) Oxalic acid (2.5M), 125 1 vanillin, vanillic Upto4l.8, Current
oxygen acid, phenolic 22% vanillin study
compounds
Bagasse lignin sulfuric acid, 300 3 Guaiacol, 4- ~14 (H,S0O,) [16]
(1.75 % (w/v) Phosphoric acid, ethylphenol, ~13 (H3PO,)
Hydrochloric acid guaiacol, Vanillin, ~12 (HCI),
1% (w/w) 4-6%
Guaiacol
Oxidized aspen  Formic acid (5ml, 85- 110 24 phenol, guaiacol 61.2 [20]
lignin (25 mg) 95 wt.%) other phenolc
compounds
Corn stover Peracetic acid (1g) 60 5 Phenolic compounds 28 [18]
lignin (1g)
Oxidized Milled  Oxalic acid (360 mg), 100 24 Vanillin, phenolic 14 [19]
wood lignin (36 oxygen compounds
mg)
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5.3.6. A preliminary mass balance and market analysis

A priliminary mass balance was developed to investigate the process's economic feasibility.
Table 5.2 describes a mass balance analysis for the products obtained from the reaction
conditions of 5 wt.% KL in 1.25M OxA solution at 125°C for 60 mins with an initial oxygen
pressure of 50 psi since other undetected phenolic compounds were low in this reaction
condition. Around 30.9 wt.% of total phenolic compounds were produced from the reaction,
while 68 wt.% lignin residue (URL and char) was collected after the reaction (Figure 5.1).
However, the remaining 2.4% loss of lignin may be associated with the decomposition of lignin

to CO; or other aliphatic carboxylic acid (i.e., formic acid) [19].

On the other hand, around 45-48 wt.% of OxA was directly collected from the aqueous phase
after EA extraction (Figure 1). A part of the OXA remains in the soluble fraction (~30.6 wt.%)
that was later determined from the HPLC analysis. In summary, around 78.6 wt.% of OxA was
recovered from the process and can be reused without affecting the product yield (Figure 5.3)
[19]. The remaining (21.4 wt.%) OA was probably decomposed into CO,, CO, and formic acid

during the reaction.

From the current study, 30.9 wt.% of total phenolic compounds could be produced with an
estimated 15.3 wt.% and 11.7 wt.% yields for vanillin and vanillic acid, respectively (Figure
5.2d). These compounds have a significant global market demand in the food, flavor, and
pharmaceutical industries. Only vanillin has a global market demand of around 20000 metric
tons (MT) per year, mainly from petroleum sources [48]. KL and oxalic acid market prices are
260-500 USD/MT (Ludmila et al., 2015) and 445 USD/MT, respectively [49]. The highest
market prices for synthetic vanillin and vanillic acid are 40,000 and 80,000 USD/MT [50].
Considering the yields, approximately 153 kg of vanillin and 117 kg of vanillin and vanillic acid
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can be produced from 1 MT of KL according to the current approach, which may have estimated
current market values of 6,120 and 9,360 USD per MT of KL used, respectively. Moreover, the
cost associated with OxA can be reduced since 78.6 wt.% of OxA can be recovered (~48 wt.%
can be directly recovered after the OP and ~30.6 wt.% from the AP streams). The current study
also demonstrated the reasonable recyclability of the OxA (45 wt.%) in two cycles with good
vanillin and vanillic acid production yields. The current method developed a green process for
the oxidative depolymerization of softwood KL to produce vanillin and vanillic acid with
comparatively higher yields than the literature reports [19]. The study also emphasized the
recovery of the OxA with the successful demonstrations of recyclability. Moreover, the
depolymerization process does not involve any harmful chemicals since the primary solvent is
water. This is in opposition to earlier studies in which harsh reaction conditions (e.g., HCI,

H,SO,, etc.) and potent oxidizing agents (e.g., PAA) were reported.

Table 5.2: A preliminary mass balance analysis for the product produced under the conditions of
11.25 g oxalic acid in 100 mL of water (1.25 M), 125°C, 60 min, initial 50 psi oxygen.

Raw KL, Residue (URL and char), Phenolic compounds, g  Conversion of lignin, Loss,
material g wt.% wt.%
Lignin 5 34 1.5 (~30.9 wt.%) 84.3 2.4

63% char  23% URL

Raw Initial Direct recovered after Left with phenolic Total possible Loss,

material used, g extraction, g compounds, g recovery, wt. % wt.%

OA 11.25 5.4 (~48 wt%) 3.44 (from HPLC, 78.6 % 21.4
~30.6%)
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5.4. Conclusions

The current study reported the direct oxidative depolymerization of KL in OxA-mediated
aqueous solution for vanillin and vanillic acid productions with a higher yield than previous
work. The HPLC, °C, and HSQC-NMR analyses quantified the products and confirmed the
absence of oligomers. The '"H and HSQC-NMR analyses of the PDL showed that the B-O-4
linkages (C-O) were cleaved. The reaction mechanism described that KL was first
depolymerized via cleaving B-O-4 linkages by OxA and then transformed into the final products.
Finally, the two-time recyclability of the recovered OxA (45 wt%) showed no significant

reduction in vanillin and vanillic acid yields.
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Chapter 6

6.1. Conclusion and future work

The primary novelty and originality of the thesis was to conduct KOH-assisted direct aerobic
oxidation of softwood KL to produce water-soluble lignin which can be utilized as ready-to-use
green fertilizer and mid-range cement plasticizer. Another novelty of the thesis is the oxalic acid-
mediated aerobic oxidation where softwood KL was selectively depolymerized to produce
vanillin and vanillic acid. Moreover, no earlier studies reported catalytic activity (Nb,Os) to
produce phenolic compounds. The research also focused on environmental concerns. In this
research, oxidation processes (KOH and OxA-mediated) are considered green since no harmful
solvents or chemicals were involved in the oxidation processes and no waste chemicals were

generated, which would imply its limited environmental concerns.

In the first part of the thesis, different KOH-catalyzed oxidation approaches were conducted to
increase the carboxylic acid groups of lignin. The increased carboxylic acid groups were
determined by potentiometric titration methods, and >'P-NMR was also performed to quantify its
hydroxyl groups. The *'P-NMR confirmed that KOH-catalyzed oxidation increased carboxylic
acid groups of lignin from 0.43 to 2.07 mmol/g. However, the aliphatic and phenolic hydroxyl
groups of lignin were significantly decreased. Moreover, the 'H-NMR and HSQC-NMR analyses
of the modified lignin showed significant disruption in aromatic regions (G-units) upon
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oxidation. Based on the chemical analysis of the products, a schematic reaction mechanism was
proposed. In addition, the samples were studied as green fertilizer to investigate the effect of
lignin derivatives on physiological effects, such as plant growth, and chlorophyll content of
maize seedlings. The findings were compared with commercial humic acid in another parallel
experiment. The study showed that modified lignin increased the length of plants by 12% and
27% higher than the plants treated with humic acid and blank, respectively. The study also
summarized that having sufficient carboxylic acid groups helped the nutrient transference to the

plants and increased the carbon contents of the plants.

Furthermore, a series of KOH-assisted oxidation was carried out to investigate the effects of
reaction parameters, such as lignin concentrations, temperature, oxygen consumption and pH on
carboxylic acid group formation. The study revealed that the oxidation reaction under the
conditions of 10 wt.% lignin in water, 210 °C, 100 psi initial oxygen for 30 min generated
oxidized lignin (OKLB2) with the highest amount (2.6 mmol/g) of the carboxylic acid group and
charge density (1.9 mmol/g). Structural changes during the oxidative modification were
investigated and confirmed by FTIR, XPS and HSQC-NMR analyses. After that, the plasticizing
performance of the samples with the highest carboxylic acid (OKLB2) was investigated. The
adsorption analysis confirmed that having a significant amount of carboxylic acid groups (the
hydrophilic ends) on lignin can facilitate its adsorption on the cement particles, while the
unadsorbed COO™ groups of lignin derivatives can introduce electrical repulsion in the cement
paste. It was observed that the OKLB2 exhibited higher flowability (18% at 0.25 wt.% dosages)
compared to commercial lignosulfonate and plasticizer. Interestingly, OKLB2 increased the
compressive strength of the cement by 45% more than the blank at 0.25 wt.% dosage. The study

concluded that the oxidized lignin could be used directly as a mid-range water reducer (~18%).
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In the last part of the thesis, the KL was depolymerized by oxalic acid-mediated oxidation to
produce vanillin and vanillic acid. In this study, the effects of reaction parameters, such as
reactants, temperature, time, and oxalic acid concentrations, on the yield and selectivity of
phenolic were studied. The products were identified and quantified by HPLC analysis. It was
observed that, regardless of the concentration of the lignin and oxalic acid, the maximum yield of
phenolic compounds could be obtained at 125 °C for 60 min. The study summarized that oxalic
acid was very selective for vanillin and vanillic acid productions. Moreover, the study
demonstrated that the catalytic activity of Nb,Os oxalic acid-mediated oxidation showed an
excellent effect on product yields. The structural changes of the KL and unreacted lignin
(recovered after the reaction) were analyzed by H-NMR and HSQC-NMR. A schematic reaction
mechanism was proposed based on the major products obtained and the NMR analysis. Finally,
the mass balance analysis showed that around 79wt.% of oxalic acid could be recovered and

recycled (45 wt.%) in two cycles without reducing the product yields.

Overall, it was observed that softwood KL could successfully be oxidized in the presence of
KOH to produce anionic hydrophilic lignin materials by introducing a significant amount of
carboxylic acid groups. The final products could be utilized directly without any further
purification process for such uses as green fertilizers and cement plasticizers. The oxalic acid-
mediated KL oxidation showed a significant product selectivity toward vanillin and vanillic acid
productions. In addition, the recovery and the recyclability of the oxalic acid suggested its

possible use at an industry scale.

To investigate the effect of the oxidized lignin as fertilizers for plant growth, a field trial on
different plants is suggested for future studies. The investigation of other physiological

responses, such as hormonal activity, carbohydrate, and protein biosynthesis, can be considered
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to understand how lignin derived fertilizers would affect the plant physiology. As a cement
plasticizer, the effect of oxidized lignin on strength of cement with different formulas and in
different environments could be studied to understand how lignin included cement would behave
under different conditions. Moreover, the effect of the oxidized KL in construction grades of
concrete admixtures could be studied. Furthermore, other commercial lignin products could be
considered for the production of aromatic compounds to understand how different lignin
products would generate aromatic compounds in oxalic acid-catalyzed oxidation processes. In
addition, the influence of other transitional metal oxides/salts catalysts, such as CuO, CuSOQy,
FeSO4, FeCl;; MnO eon the oxalic acid-mediated oxidation of lignin could be studied to

understand how different catalysts would affect the oxidation of different lignin materials.
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Chapter 7

Appendix

Chapter 3: KOH catalyzed oxidation of kraft lignin to produce

green fertilizer.
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Figure A3.1: FTIR spectra of KL and MKLs
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Figure A3.2: (a) XPS spectra of MKL-1, MKL-2 and MKL-4; (b) XPS scans (C 1s) for the

MKL-1; (c) XPS scans (C 1s) for the MKL-2; (d) XPS scans (C 1s) for the MKL-4.
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Figure A3.4: "P-NMR spectra of KL and MKLs
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Figure A3.5: HSQC NMR spectra of MKL-1 for C-O aliphatic region (a) and aromatic region
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Chapter 4: A green cement plasticizer from softwood kraft lignin

EXPERIMENTAL
Zeta potential Experiment

Zeta potential of solution containing the samples was determined by NanoBrook ZetaPALS
(Brookhaven Instruments, Holtsville, New York, USA) at pH 7 and 10. First, 50 mg of dry
samples were dissolved in 5 mL of deionized water, and its pH was adjusted by 0.1 M HCI and
0.1M KOH solution. Then, 1 ml of each solution was mixed with 1mM KCI solution and the zeta
potential of these samples was measured.

Table A4.1: Detail experimental conditions, yields, molecular weights, and polydispersity.

Yield Yield
Lignin, Temperature, before after Mw, Mn,

Samples wt% o dialysis, dialysis, g/mol g/mol Mw/Mn
C wt.% wt.%

KL NA NA NA NA 7000 1200 5.83
OKLA1 5 180 84.3 55.1 3632 1904 1.9
OKLA2 5 210 82.3 54 3537 1946 1.8
OKLA3 5 240 77.5 51.3 3454 2028 1.7
OKLA4 5 270 72.6 46.4 3455 2127 1.6
OKLBI1 10 180 77.5 58.4 3678 1844 2
OKLB2 10 210 75.4 57.2 3541 1950 1.8
OKLB3 10 240 75.2 55.4 3285 1935 1.7
OKLB4 10 270 71.9 57 3674 2192 1.7
OKLC1 15 180 77 56.8 3613 1821 2
OKLC2 15 210 71.6 55 3445 1874 1.8
OKLC3 15 240 71.7 53.8 3202 1882 1.7
OKLC4 15 270 68.5 55.2 4034 2404 1.7
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Figure A4.2: XPS C-scan of the samples OKLC3 and OKLC4.

Table A4.2: Relative abundances from XPS analysis

Mass concentration, %

Bond types Assignments OKLC3 OKLC4
C1 C-H, C-C 50.6 61.34
C2 C-OH/C-0O-C 37.5 26.0
C3 C=0, carbonyl 8.39 10.18
C4 C=0, carboxylic 3.48 2.49
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Zeta potential discussion

Figure S3 describes the effects of ZP on CD at pH 7 and 10. It can be observed that at pH 10, the
negative ZP increases with increasing negative CD. The samples having highest CD of 1.9 meq/g
(OKLB2) exhibits more negative charge. Similar phenomenon also observed in a recent study,
where KL was oxidized by NaOH and H,0O, and showed more negative ZP (-39 mV at pH 6) due
to more negative CD'. On the other hand, at pH 7, there were no significant effect on ZP which
attributing the protonation of the carboxylic groups”. The remaining negative charge can be due
to the available phenolic-OH and rest of the carboxylic groups in the solution”.
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Figure A4.3: Effects of zeta potential on charge density at pH 7 and 10.
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Figure A4.4: Zeta potential of the same samples before at same pH (pH ~11).
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Chapter 5: Oxalic acid-mediated oxidative depolymerization of

Kraft lignin for vanillin and vanillic acid production
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Effects of Nb,Os catalytic effects on higher reaction time and higher OxA
concentration
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Figure AS5.3: (a)Effect of Niobium pentoxide on phenolic yields at higher reaction time, reaction

condition: 5 g KL, 4.5 g OxA in 100 ml of water (0.5 M), 125 °© C, 120 min, initial 50 psi

oxygen, Nb,Os-0.5 g. (b) Effect of Niobium pentoxide on phenolic yields at 1.25 M OxA,

reaction condition: 5 g KL, 11.25g OxA in 100 ml of water (1.25 M), 125 ° C, 60 min, initial 50

psi oxygen, Nb,Os-0.5 g.
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FTIR analysis

Table A5.1: The major FTIR peak assignments for KL, PDL and char.

Wave number (cm™)

Peak assignments

3360

Phenolic and aliphatic hydroxyl groups

2870 Methoxyl groups attached to aromatic
rings

1705 C=0 stretching

1504 Aromatic ring stretching

1330-1400 Deformation of aromatic G-units

1145 C-H plane vibration for G-units

/L

rr

N

1330-1400

4

Wavenumbers, cm’”’

Figure A5.4: FTIR spectra of KL, PDL and char.
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Figure A5.5: HPLC analysis for the products generated from the condition of 5g KL, 125 °C, 60 min at

1.25M OxA.
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