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Abstract 

 

 

Lignin-derived phenolic and aromatic monomers are rapidly being recognized as 

forerunners in the race to make sustainable biopolymers that can fulfill the world’s demands for 

materials in the future. However, lignin being highly recalcitrant to the cleavage of its interunit 

linkages, requires harsh conditions for its depolymerization. These harsh conditions often make 

lignin react in an undesired way, leading to the formation of unwanted products, such as biochar 

through secondary reactions such as oligomerization, repolymerization and condensation. 

Specifically, certain reactive groups in the phenylpropanoid structure of lignin, such as Cα-OH 

and Cγ-OH, and open positions on the aromatic ring are majorly responsible for the recondensation 

of lignin during its valorization. To overcome these challenges, the structure of lignin can be 

modified in certain ways to make it more stable and less prone to the unwanted secondary 

reactions. Similar stabilization strategies can also be applied to lignin-derived fragments, which 

can be prevented from attacking each other after their formation in the depolymerization medium.  

This dissertation is focused on investigating four strategies for stabilization of lignin and 

lignin-derived fragments during various stages of lignin valorization. In Chapter 2, fragments 

derived from fast pyrolysis of dealkaline lignin were stabilized with the help of vapors from low-

density polyethylene (LDPE) and polystyrene (PS) through their co-pyrolysis at 500°C in a micro-

pyrolyzer. The synergistic effect between these two feedstocks was quantified and this strategy 

was found to have about 1.4- 6.9 times increase in the yields of certain lignin and plastic-derived 

compounds on their depolymerization. The use of a locally sourced low-cost red clay catalyst and 

quantification of synergistic effect in co-pyrolysis were the highlights of this study.  

The problems with dry-feed mechanism for lignin valorization can be overcome by using 

the feedstock in the form of a slurry. For this, solvent liquefaction at high pressures is a suitable 

process, as it is resilient to the higher moisture contents of feedstock and also achieves 

depolymerization at a lower temperature. However, the highly reactive environment provided by 

the liquefaction medium also leads to rapid re-condensation of lignin-derived fragments soon after 

they are formed. These fragments can be trapped by stabilizing them with hydrogen in radical 

form, which is a more effective way to avoid the handling issues related to gaseous hydrogen. In 
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Chapter 3, we provided hydrogen to these fragments using an in-situ hydrogen donor solvent 

1,2,3,4-tetrahydronaphthalene (tetralin). It was revealed that the presence of in-situ hydrogen 

donor tetralin made the products from lignin depolymerization less dependent on composition of 

the solvent, ethanol-water. Also, it shifted the selectivity of monomeric products to be achieved at 

relatively lower concentration of ethanol in the solvent.  

Modifying the lignin structure prior to its depolymerization can be achieved with the help 

of a chemical reagent such as phenol, which can be sourced from within a biorefinery itself. In 

Chapter 4, we explored a pretreatment to modify organosolv lignin at 80°C using phenol before 

depolymerizing it at 300°C with Ru/C as a catalyst and ethanol as a solvent. The presence of phenol 

led to biaryl formation with lignin, increasing its molecular weight, but also leading to a higher 

selectivity towards phenolic monomers compared with aliphatics. There was a 14% increase in the 

yield of phenolic monomers (excluding phenol) and a 27% decrease in the yield of biochar as a 

result of this pretreatment. Although, the consumption of phenol during this process renders it 

difficult to be economically feasible, this study contributes to the knowledge of lignin functional 

group protection through a pretreatment.  

The most effective place within the lignin valorization pathway for stabilization of lignin 

is known to be during its isolation from biomass. In Chapter 5, we investigated the effect of adding 

boric acid to the biomass (poplar) fractionation medium while isolating lignin. We also used a 

biomass-derived solvent 2-methyl-tetrahydrofuran (2MeTHF) for lignin isolation. It was observed 

that there was an increase of ~20% in the relative abundance of Cγ-Hγ site in the β-O-4 linkage, 

whereas a decrease of ~3% in Cα-Hα site was seen. As a result of boric acid stabilization, the yield 

of monomers increased from 16% to 25%. Additionally, the nature of products was different with 

this stabilization strategy, yielding more of longer sidechains, lesser methoxy groups and slightly 

more saturation in the compounds.  

In the end, the summary of all the chapters and overall learnings from the studies is 

presented in Chapter 6, where various strategies explored in this dissertation are tied together in a 

common theme. Additionally, future direction for this research area is discussed. Briefly, the use 

of a single solvent instead of a mixture, developing pretreatment strategies that can take a variable 

feed, removing the impurities from lignin and also performing depolymerization in a continuous 

reactor can be interesting areas to explore in the future.  
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1. Introduction 

 

 

Lignocellulosic biomass stands out among the various alternatives to crude oil, mainly due 

to its potential to be converted into liquid fuels and the economy of scale that it can afford (Lee et 

al., 2016; Vardon et al., 2016). It can be sourced from plants, forestry residues or agricultural 

wastes, and even municipal solid waste (Ramiah Shanmugam et al., 2019; Sequeiros et al., 2013). 

Roughly, the plant-derived biomass consists of about 40-45 wt.% cellulose, 25-35 wt.% 

hemicellulose and 15-30 wt.% lignin (Erdocia et al., 2016). Although, biomass alone cannot fulfill 

the existing requirement for liquid fuels and chemicals, it can contribute significantly to it (Patil et 

al., 2011). Removing the high amount of oxygen from lignocellulosic biomass through reactions 

such as hydrodeoxygenation is one of the purpose of conversion processes (Regmi et al., 2018). 

The use of a wide range of feedstock, including lignocellulosic biomass in the existing 

infrastructure for the biofuel and biodiesel-manufacturing plants is expected in the future (Aden 

and Foust, 2009).  Because of its potential for creating chemical products, biomass is an important 

future resource for the process industries. A typical process for deriving value from biomass 

components involves their isolation and chemical transformation into the desired products (Rinaldi 

et al., 2016a).  

Lignin (Figure 1.1) is one of the most abundant naturally found polymers in the world, 

second only to cellulose (Vardon et al., 2015). The main function of lignin in plants is to provide 

structural rigidity and help in water conduction (Regmi et al., 2018). The efforts for the utilization 

of biomass as a renewable source of fuels and chemicals often miss out on the opportunity to 

capture the potential of lignin (Laskar et al., 2014; Patil et al., 2020). The recent rise in interest in 

lignin utilization is due to the rapid increase in the production of second-generation biofuels. The 

idea of converting lignin into lower-molecular weight compounds originated around half-a-century 

ago, as a way of additional revenue-generation for the paper and pulp industry (Ma et al., 2018). 

The heterogeneous and irregular structure of lignin is said to be the main challenge in the 

production of widely useful acidic compounds such as vanillic, ferulic, and cinnamic acids 

(Agarwal et al., 2018).  It is an amorphous polymer with a three-dimensional structure that mainly 

constitutes phenylpropane units connected to each other by a series of C-C and C-O-C linkages 
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(Deepa and Dhepe, 2015; Patil et al., 2018). The uniqueness of the structure of lignin comes from 

random crosslinking of C9 units (Y. Wang et al., 2018). The other connections found in the 

structure of lignin are β-O-4, α-O-4, β-5, 4-O-5, 5-5, β-1, and β- β inter-unit linkages. A high 

carbon content, the aromaticity of its structure, and a universal abundance make lignin one of the 

most important renewable natural resources (Adhikari et al., 2020). Currently, the largest producer 

of lignin in the world is the paper and pulp industry accounting for about 50 million tons per year 

in the western hemisphere alone (Arturi et al., 2017). Yet, lignin has so far not found widespread 

industrial applications (Wen et al., 2013). Around 2% of industrially produced lignins find small 

applications such as chelating agents, binders, and surfactants (Y. Wang et al., 2018). As an energy 

source, lignin has about 60% energetic value as compared to that of crude oil (Beauchet et al., 

2012). In a biomass-based economy, due to its highly aromatic structure, lignin can also be a 

valuable resource to produce aromatic chemicals (Jongerius et al., 2013).  However, lignin is also 

the most recalcitrant among the three components of lignocellulosic biomass, posing serious 

difficulties in terms of selectivity and yield with its conversion (Kozliak et al., 2016).  The 

stabilization of highly reactive groups in the lignin structure can be achieved in several ways and 

can lead to a more stable lignin structure that is suitable for depolymerization without 

condensation. We explore in the current research, the role of an in-situ hydrogen donor solvent 

tetralin (1,2,3,4-tetrahydronaphthalene), co-pyrolysis with plastics, and pretreatment with phenol 

and boric acid as stabilization strategies to aid lignin depolymerization (Chapter 2, Chapter 3, 

Chapter 4, Chapter 5).  

 

Figure 1.1 Structural units of lignin [adapted from (Patil et al., 2020); reproduced with 
permission from Elsevier] 
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Lignin is produced all over the world and has the potential to displace many products that 

are currently produced from petroleum-derived sources (Figure 1.2). The majority of those are 

pharmaceuticals, amines, and building blocks for synthetic polymers (Sun et al., 2018a). At the 

same time, the structure of lignin plays an important role in determining its reactivity. For example, 

G-type lignin, having only one methoxy substitution is more reactive than S-type lignin, which has 

two methoxy groups at C3 and C5 positions (Gordobil et al., 2016). Since lignin is likely to undergo 

structural changes during its extraction from biomass, it is advantageous to calculate the theoretical 

yield of monomers from lignin by subjecting the native lignin in biomass to the liquefaction 

conditions (Talebi Amiri et al., 2019). However, this is not possible with the commercially 

available lignins that have already undergone the modification during pulping. Hence, in the 

current study, a considerable focus is kept on technical lignins, such as commercially available 

alkaline lignin (TCI Chemicals, USA), dealkaline lignin (TCI Chemicals, USA), or organosolv 

lignin (prepared in the lab) while exploring the strategies for lignin depolymerization.  

 

Figure 1.2 Global supply of lignin in 2017-18 [adapted from (Dessbesell et al., 2020); 
reproduced with permission from Elsevier] 

The choice of catalyst for the depolymerization of lignin must be made wisely, as it changes 

the nature of lignin depolymerization products. For example, Raney Ni shows activity for 

hydrodeoxygenation of phenolics to produce ring saturation products, which would be more useful 

if the target products are renewable fuels rather than renewable chemicals (Regmi et al., 2018).  
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One strategy for the effective valorization of lignin for producing monomers is to combine lignin 

extraction with its depolymerization (Kumaniaev et al., 2017). In the same way, when lignin is 

obtained as a waste-stream from biomass fractionation processes, is likely to be in the form of a 

solution in lignocellulose-derived solvents, also known as “liquor”. The presence of these solvents 

in the lignin stream can be made useful by effectively making use of their hydrodeoxygenation 

capabilities (Table 1.1). As novel techniques for the solvolysis of lignin, the current research 

explores biomass-derived reagents and solvents as sustainable alternatives to the existing industrial 

solvents for the isolation of lignin from biomass or for lignin pretreatment (Chapter 4 and Chapter 

5).  

The future direction of lignin depolymerization efforts should also include a focus on effective 

lignin extraction from the biomass so that the condensation of native lignin structure remains at 

the minimum possible level (Kim and Kim, 2018; Lan et al., 2019a; Shuai and Saha, 2017). There 

is enormous scope to find an economical way to cap the reactive groups in lignin, which can further 

assist in getting a high yield of phenolic monomers on depolymerization (Kim and Kim, 2018). 

The major reactive groups in lignin are formed because of the resonance structure of the benzene 

ring and include the benzylic cation and the electron-rich aromatic ring (Shuai and Saha, 2017). 

Oxidation, cyclization, and methoxylation are some of the common strategies followed for 

stabilization of the reactive groups in lignin (Kim and Kim, 2018). Oxidation of the benzylic 

alcohol present in the β-O-4 moiety of lignin makes the Cβ-O ether bond weak, making its cleavage 

during depolymerization easier (W. Schutyser et al., 2018). The oxidation of lignin can either result 

in a high total bio-oil yield, or a high selectivity of certain products (Lancefield et al., 2016; Miles-

Barrett et al., 2017; Rahimi et al., 2014; W. Schutyser et al., 2018). For example, syringyl-3-

hydroxy-1-propanone is one such product that was obtained with high selectivity through lignin 

oxidation-depolymerization and can be used as a precursor to making an antimalarial agent, 4-(1-

propenyl)-syringol) (Lancefield et al., 2016; Miles-Barrett et al., 2017; W. Schutyser et al., 2018; 

Sun et al., 2018b).  

Table 1.1 Characteristics of various hydrogen donor solvents reported in the literature that 
were used for lignin depolymerization (from (Patil et al., 2020); reproduced with 

permission from Elsevier)  
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Solvent Solvent 
characteristics 

Mechanism 
of action 

Yields 
(wt% 
of 
lignin) 

Advantages Drawbacks Reference 

Water High dielectric 
constant 

Hydrogen 
bonding with 
non-polar 
solute  

39-79 Increasing 
the density 
with 
supercritical 
conditions 
can improve 
solvation  

Dynamic 
equilibrium 
of solute can 
alter 
dissolution  

(Holmelid et 
al., 2017; 
Wahyudiono 
et al., 2008) 

Alcohols  Good solvent 
polarity index   

Rapid 
dissolution of 
active species  

54-85 Better 
molecular 
sources of 
active H2 

Do not act 
on all the 
lignin 
linkages  

(Erdocia et 
al., 2016; 
Huang et al., 
2015; Liu et 
al., 2019; 
Singh et al., 
2014; Song et 
al., 2013) 

Tetralin Excellent 
hydrogen 
donor  

Capping of 
reactive sites 

11-40 Help avoid 
safety 
hazards of 
gaseous H2 

Solvent 
degradation 
at high 
temperatures  

(Galkin and 
Samec, 2014; 
Haverly et al., 
2018; K. H. 
Kim et al., 
2014; Riaz et 
al., 2018; 
Rinaldi et al., 
2016b) 

Formic 
acid 

Supplies H2 
during 
solvolysis  

Provides H2 
through 
thermal 
decomposition  

72-88 Active at 
relatively 
lower 
temperatures  

Forms 
gaseous 
products at 
very high 
temperatures 
(~400°C) 

(A. Das et al., 
2018; Huang 
et al., 2014; 
Løhre et al., 
2016; Rahimi 
et al., 2014) 

 

Safe disposal of plastic waste has been a major environmental concern in the past few decades 

all over the world. The transformation of waste plastics to environmentally safe products is 

achievable through its thermochemical conversion. Out of the approximately 150 million tons of 

plastic waste generated annually, <10% is recycled (Rahimi and García, 2017; Zhang et al., 2016). 

With its high hydrogen content and lower oxygen content relative to lignin, plastics can be used 

together with lignin for an effective thermochemical conversion (Patil et al., 2018). In the context 

of the Circular Economy, recurring use of plastics for a higher-valued purpose will prevent it from 
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becoming a “waste” material after a short use (Ellen MacArthur Foundation, 2016). The co-

pyrolysis of lignin and plastics offers a unique opportunity to take advantage of the complementary 

properties of the two waste sources, lignin, and plastics. There are many efforts to valorize 

biomass-derived lignin and plastics together (Dorado et al., 2014; Duan et al., 2017; Fan et al., 

2017; Ojha and Vinu, 2015; Zhang et al., 2015; Zhou et al., 2015b). Micro-wave assisted co-

pyrolysis of lignin and polypropylene at 200-350°C led to a synergistic effect between the two 

feedstocks, even though the bio-oil yield decreased (Duan et al., 2017). Whereas, the use of 

HZSM-5 catalyst for the co-pyrolysis of biomass and plastics had led to an increase in the bio-oil 

yield (Dorado et al., 2014). However, the use of expensive catalysts is not ideal because of the 

inherent low value for even a high volume of waste materials or products derived from them. 

Instead, the use of a locally-sourced catalyst, made with low-cost materials such as red clay can 

be an effective way to bring down the overall cost for the process and is explored in Chapter 2 

(Anil et al., 2004; Lim et al., 2014).  

 

1.1 Research problem  

Effective conversion of lignin into useful phenolic monomers is difficult due to its tendency 

to undergo undesired secondary reactions leading to biochar. Solvent liquefaction was looked at 

as a technology to convert lignin into monomers at relatively lower temperatures compared to 

pyrolysis. However, a majority of the structural condensation of lignin occurs during its isolation 

from biomass. Additionally, the lignin fragments getting released after its depolymerization are 

highly reactive and often lead to self-condensation with one another. Therefore, strategies that can 

transform the structure of lignin or lignin-derived fragments so as to prevent their secondary 

reactions are valuable for ensuring that lignin reacts in the desired way. Preventing the self-

condensation in this manner ensures that more bio-oil containing phenolic monomers is produced 

from lignin depolymerization. Some ways to achieve this can be forming a protective structure on 

the reactive sites of lignin, or capping the reactive radicals coming from lignin. The limitations of 

lignin utilization can be overcome to some extent by using several stabilization strategies that can 

be applied during various stages of lignin valorization. However, there is a research gap in the 

literature where these strategies have not been comprehensively looked at and have been applied 

only at one or two stages of lignin valorization. By using chemical reagents such as hydrogen from 
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plastics or donor solvent, and chemical stabilization agents such as phenol or boric acid, we can 

better understand how lignin reactivity changes for its depolymerization.  

 

1.2 Research proposal and objectives  

 Objective 1- Co-Pyrolysis of Lignin and Plastics Using Red Clay as a Catalyst 

in a Micropyrolyzer  

Goal: Investigate if the hydrogen provided by plastics during their fast pyrolysis can aid in the 

stabilization of reactive fragments from depolymerized lignin. Quantify the synergistic effect 

between the two feedstocks based on the changes in product yields.   

Rationale:  The disposal of waste plastics is a major issue all around the world. But this feedstock 

is oxygen-free and hence can be utilized to compensate for the highly oxygenated lignin during 

fast pyrolysis. Also, a low-cost catalyst such ad red clay can be useful in catalyzing this process, 

helping to bring down the overall cost of the thermochemical conversion. This type of catalyst had 

not been previously used for the co-pyrolysis of lignin and plastics and it can be useful knowledge 

for the development of this process.  

 

 Objective 2- The Role of an in-situ Hydrogen Donor Solvent in the Solvent 

Liquefaction of Lignin 

Goal: Assess the effect of using a hydrogen donor solvent (tetralin) to the liquefaction medium 

during lignin depolymerization, on the resulting products.  

Rationale: Hydrogen donor solvents can provide hydrogen in a radical form, which is more 

reactive. This hydrogen can effectively stabilize the reactive fragments from lignin in a 

liquefaction setting. Adding tetralin in addition to the ethanol-water solvent for lignin liquefaction 

had not been investigated before and hence this can be a valuable addition to the literature on this 

topic.  
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 Objective 3- Lignin Depolymerization Aided with Biaryl Formation During a 

Pretreatment 

Goal: Investigate the effect of a phenol-based pretreatment for lignin on its subsequent 

depolymerization by identification and quantification of resulting phenolic monomers.  

Rationale: The reaction conditions used for lignin depolymerization are often quite harsh. 

Preventing the unwanted secondary reactions under such harsh conditions becomes difficult due 

to the limitations in controlling the process in this setting. Instead, modifying the structure of lignin 

in such as way that its reactivity is altered can be a better option to improve its depolymerization. 

Biaryl formation of lignin by using phenol in a pretreatment had not previously been studied and 

can help understand how lignin reacts to these conditions.  

 

 Objective 4- Effect of Boric Acid Capping During Biomass Fractionation on 

Subsequent Depolymerization of Lignin 

Goal: To examine the effect of adding boric acid to the lignin isolation medium during biomass 

fractionation, on the subsequent depolymerization of lignin.  

Rationale: Lignin structure is one of the most important factors that decide the yields of products 

on its depolymerization. However, once lignin is isolated from the biomass, it is difficult to change 

its structure. The most effective way to preserve the structure of lignin is to tune the conditions 

during its isolation from biomass. Although making these conditions milder help preserve the 

structure of lignin, it can negatively affect the yields of lignin isolation. Instead, forming a 

protective structure on lignin with the help of a chemical reagent such as boric acid is a better way 

to achieve this. Boric acid had not previously been used in an organosolv-type process for lignin 

stabilization during biomass fractionation, and this knowledge might open up a better way to 

preserve lignin structure.  

These objectives are presented in Chapter 2, Chapter 3, Chapter 4, and Chapter 5, 

respectively. A summary of the research findings based on these studies, any limitations in those, 

and the future direction are presented in Chapter 6.  

A literature review based on this chapter has been published and the citation is as follows:  
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2. Co-Pyrolysis of Lignin and Plastics Using Red Clay as Catalyst in a 

Micropyrolyzer 

 

 

 

Abstract 

 In the current study, low-density polyethylene (LDPE) and polystyrene (PS) were co-

pyrolyzed with dealkaline lignin in a micro-reactor. Lignin and plastics samples were co-pyrolyzed 

at 500°C with and without a low-cost red clay catalyst. The products were analyzed with GC-

MS/FID to quantify phenolic compounds, alkanes and alkenes. The synergistic effect between 

lignin and plastics was studied by comparing the carbon yield of products from co-pyrolysis with 

that from individual pyrolysis. The co-pyrolysis of lignin and polystyrene was also performed at 

600, 700 and 800°C. The study explores a novel approach to enhance lignin depolymerization with 

red clay catalyst while utilizing waste plastics.  

 

Keywords: lignin; co-pyrolysis; plastics; red clay.  

 

2.1 Introduction  

Lignin, a major constituent of lignocellulosic biomass, can provide renewable fuels and 

chemicals when depolymerized via fast pyrolysis. However, high oxygen content of lignin leads 

to low quality of the inherently unstable bio-oil after fast pyrolysis (Karimi et al., 2014). Literature 

has reported high oxygen content and low hydrogen content of biomass components, including 

lignin as a problem in the large-scale commercialization of their pyrolysis (Zhang et al., 2016). 
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Co-feeding lignin with hydrogen-rich waste plastics can improve the quality of bio-oil (Zhang et 

al., 2016; Ojha and Vinu, 2015). Approximately 150 million tons of plastic waste is generated in 

the world annually (Rahimi and García, 2017), but only less than 10% of the waste plastic is 

recycled (Zhang et al., 2016). The plastic waste originates from a variety of sources, including 

household use, commercial applications, packaging and even agricultural activities (Dorado et al., 

2014), and recycling could be very costly because of impurities that are present. Using plastics to 

provide in-situ hydrogen during the fast pyrolysis of lignin can also help mitigating plastic waste 

disposal problem (Dorado et al., 2014). The process of utilizing plastic via fast pyrolysis also 

eliminates the need to separate impurities from plastics, and has an edge over the conventional 

recycling (Scheirs and Kaminsky, 2006).  

Alkaline lignin, from which dealkaline lignin is derived, resembles the waste stream from 

paper and pulp industry, also known as ‘black liquor’ (Rutten et al., 2017). Converting dealkaline 

lignin into liquid fuels and renewable chemicals represents an opportunity for its effective 

utilization (Duan et al., 2017). The quantity of lignin by-product generated in the paper and pulp 

industry is estimated to be 50 million tons annually (Sun et al., 2018b). About 97% of the lignin 

from paper and pulp processes is estimated to be burned directly as a low-grade heat source (Fan 

et al., 2017). The future biorefineries are likely to use soda process for separating the biomass 

components and will be producing thousands of tons of low-sulfur lignin as a by-product (Rutten 

et al., 2017). Effective utilization of this lignin will be a challenge for the biorefineries. The 

relatively lower hydrogen content of lignin molecules (H/Ceff molar ratio < 0.3) can be 

compensated by the higher hydrogen content of waste plastics, resulting in a higher quality of bio-

oil (Duan et al., 2017). Low density polyethylene (LDPE) is a common plastic found in packaging 

and has an estimated recovery rate of about 5% for recycling (Rahimi and García, 2017); whereas, 

the recovery of polystyrene (PS), another common packaging plastic, is only 1% (Rahimi and 

García, 2017). Both of these plastics have a high hydrogen content (H/Ceff molar ratio= 1-2) (Zhang 

et al., 2014). 

Several studies (Dorado et al., 2014; Duan et al., 2017; Fan et al., 2017; Mullen et al., 2016; 

Ojha and Vinu, 2015; Yao et al., 2015; Zhang et al., 2015, 2016; Zhou et al., 2015b) have reported  

co-pyrolysis of lignin and waste plastics as a means to improve the bio-oil properties. Co-pyrolysis 

of agricultural biomass and waste plastics with HZSM-5 at 600°C led to an improvement in the 
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yield of bio oil and the amount of aromatics as compared to the pyrolysis of individual feedstock 

(Dorado et al., 2014). On the other hand, the use of HZSM-5 catalyst in a microwave-assisted co-

pyrolysis of alkali lignin and polypropylene at 200-350°C led to a decrease in bio-oil (Duan et al., 

2017). Nonetheless, the synergistic effect between the two feedstock and subsequent improvement 

in the bio-oil yield as compared to pyrolysis of lignin was still present (Duan et al., 2017). In the 

current study, the goal is to investigate if a low-cost catalyst such as red clay can be effectively 

utilized for the co-pyrolysis of dealkaline lignin and LDPE or PS. The red clay catalyst is chosen 

based on the catalytic properties of “red mud”, a bauxite industry by-product reported in the 

literature. The total amount of red mud produced in the world as a bauxite mining waste is 

estimated to be nearly 120 million tons per year (Karimi et al., 2014). The need for catalyst during 

fast pyrolysis of lignin is both to selectively produce the deoxygenated products and to upgrade 

the pyrolysis products (Rahimi and García, 2017). Lim et al. found that impregnation of red mud 

on oil palm biomass decreases the char formation during its pyrolysis (Lim et al., 2014).  Red mud 

has been known to contain the oxides of Fe, Al, Si and Ti and has previously been utilized as a 

catalyst for polymer degradation (Anil et al., 2004).  It was also reported that red mud as a catalyst 

plays a role in hydrogenation reaction (Kim et al., 2015); (Sushil and Batra, 2008). In this study, 

plastics supposedly donate hydrogen during co-pyrolysis that helps in depolymerization of lignin. 

Hence, studying a catalyst that can assist this process is important. However, red clay sourced 

locally is used in this study instead of the red mud from alumina industry. Biomass feedstock is 

often contaminated with red clay during its harvesting. The usefulness of plastics having a high 

hydrogen content in mitigating the adverse effect of contaminations such as clay in the lignin is 

also explored.  

In this study, the catalyst is placed external to the feedstock so that pyrolysis vapors from both 

the feedstocks can interact with each other at the catalyst site. Duan et al. mentioned problems 

with in-situ arrangement of catalyst, such as difficulties in the recovery of catalyst after the reaction 

due to char formation (Duan et al., 2017). Separating the pyrolysis stage and the catalytic 

upgrading of pyrolysis vapors is also helpful in recovery of the catalyst after the reaction (Duan et 

al., 2017). HZSM-5, a widely used catalyst for the catalytic fast pyrolysis of biomass, suffers from 

a smaller catalyst lifetime, as well as low carbon efficiency (Dorado et al., 2014). The use of red 

clay for the co-pyrolysis of lignin and plastics, as explored in this study, has not been reported 
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previously. A mild catalyst such as red clay can assist the initial stages of lignin depolymerization, 

which could bring down the overall cost of the process. The further conversion of primary products 

from depolymerization of lignin, such as guaiacol to catechol and methanol can then be proceeded 

even without a catalyst (Wahyudiono et al., 2008). Also, the ash that comes during the harvesting 

of biomass, from which lignin is isolated, reflects into a high inorganic content of the bio-oil and 

hence affects its stability by catalyzing polymerization and condensation reactions (Nguyen 

Lyckeskog et al., 2016). The inorganic elements from the clay that comes with harvested biomass, 

including lignin, can instead catalyze the depolymerization of the plastics in co-pyrolysis and 

create in-situ availability of hydrogen in the process. The current study explores the co-pyrolysis 

of lignin and plastics with these things in mind.  

 

2.2 Experimental  

 Materials and Catalyst Characterization  

Dealkaline lignin was purchased from TCI America (Oregon, USA) and is hereafter referred 

to as just ‘lignin’. This particular product was reported to have a molecular weight of 60,000 Da 

(Deepa and Dhepe, 2014). It was sieved to get the size of particles between 105 and 595 microns 

and used without further processing.  Polyethylene powder, low density (500 micron, M.W. 3-6 

million Da.) and polystyrene standard (M.W. 3,350 Da.) was purchased from Alfa Aesar 

(Massachusetts, USA). Mettler Toledo XS205 Dual Range weighing balance (resolution: 0.01 mg) 

was used to measure the weights of raw materials. Ultimate analysis of the raw materials was 

performed using ‘Vario MICRO cube’ elemental analysis system (Elementar Americas Inc., NY, 

USA). Fourier Transform Infrared (FTIR) analysis of lignin was performed using Thermo-Nicolet 

iS10 (Thermo Scientific, Massachusetts, USA). 

The red clay used in this study was collected from local construction site (Auburn, Alabama, 

USA). It was dried at 105°C for 24 hours, sieved to particle size <105 µm and calcined at 500°C 

for 4 hours before use. The fresh red clay sample lost its mass by about 9 wt.% during the 

calcination. The weight reduction is likely to be due to the intrinsic moisture and organic impurities 

in the red clay. Autosorb IQ (Quantachrome instruments, FL, USA) was used to measure the 

Brunauer-Emmett-Teller (BET) surface area of the catalysts, based on the theory of physical 

adsorption of gas molecules on a solid surface. Degassing of about 1 g of sample was carried out 



 17  
 
 

at 300°C for 24 hours under vacuum. The surface area measurement was carried out at -196°C 

using liquid nitrogen as the adsorbate. X-ray diffraction (XRD) analysis of catalyst was performed 

on Bruker D2 Phaser X-Ray Diffractometer, while the X-ray fluorescence (XRF) analysis was 

performed on a portable Bruker Elemental Tracer IV-ED XRF system. The catalyst was calcined 

at 500°C for 4 hours before using it for the fast pyrolysis experiments. The amount of various 

metals in the red clay was determined using ICP-AES analysis with SPECTRO-CIROS ICP-AES 

instrument (SPECTRO Analytical Instruments Inc., Germany). Prior to that, the samples were 

digested in nitric acid using CEM Mars X microwave digestion system (CEM Corporation, North 

Carolina, USA) according to EPA method 3051.  

 

 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis of raw materials was carried out in TGA-50 (Shimadzu 

Scientific Instruments, Inc., Maryland, USA). The thermal degradation of raw materials was 

studied in a thermo-gravimetric analyzer under nitrogen atmosphere. For PS and LDPE, a known 

amount (about 5-10 mg) of sample was placed in an aluminum crucible and was heated to 600°C 

and 700°C, respectively at a rate of 15°C/min. For lignin, with the same sample size, alumina 

crucible was used and the samples were heated up to 900°C 15°C/min. The samples were held at 

that temperature for 5 minutes and then cooled down to room temperature. For the mixture of 

lignin and plastics, they were mixed in a 1:1 weight ratio and alumina pans were used. Also, lignin, 

plastics and red clay were mixed in equal amount (lignin: LDPE: RC = 1:1:1 or lignin: PS: RC = 

1:1:1 ratio of weights) and used. The amount of sample for the mixture of feedstock was about 6 

– 15 mg. In the current study, the combined char and coke yield was determined from the TGA 

curves for the feedstocks. 

 

 Fast pyrolysis experiments  

The fast pyrolysis of either lignin or plastics alone is termed as ‘individual pyrolysis’, while 

that of their mixtures is termed as ‘co-pyrolysis.’ The fast pyrolysis without red clay is termed as 

‘thermal pyrolysis’, while that using red clay is termed as ‘catalytic pyrolysis.’ Thermal and 

catalytic fast co-pyrolysis was performed in a micro reactor (CDS Pyroprobe® 5200, CDS 

Analytical LLC, Pennsylvania, USA) connected to a gas chromatography unit by Agilent 7890A 
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GC/ 5975C MS using a DB-1701 column (30 m; 0.25 mm i.d.; 0.25mm film thickness). The initial 

temperature of the Pyroprobe® was kept at 40°C and then it was increased at the rate of 2°C/mS 

to 500°C and kept steady for 90s. Helium (He) gas (ultra-high purity, 99.999%) supplied by Airgas 

Inc. (Charlotte, NC) was used to purge the non-condensed gases. Inside the Pyroprobe®, the 

pressure was equal to that of the Helium (He) cylinder. He-gas swept the pyrolysis vapors from 

Pyroprobe® to the adsorbent trap, which was kept at 40°C. Adsorption of condensed pyrolysis 

vapors occurred on the trap. This study does not include the analysis of non-condensable gases. 

The desorption of condensed pyrolysis vapors was carried out by heating the trap to 300°C and 

sweeping the vapors with He gas to be analyzed by GC. The samples were placed between about 

1 mm packing of quartz wool in an open-ended quartz tube (25 mm long with 1.9 mm i.d.). For 

co-pyrolysis, lignin and plastics were added and then mixed with a needle. In the case of catalytic 

pyrolysis, red clay was placed external to the feed, in the mass ratio of 1:1 with the lignin and 

plastics mixture. About 1 mm length of quartz wool packing was used between the lignin-plastics 

mixture and red clay. All of the pyrolysis experiments were carried out twice.  

The GC system was connected to Polyarc®  (Activated Research Company, Minnesota, 

USA), and the samples were passed through Poyarc® prior to flame ionization detector (FID). The 

transfer line temperature was kept at 300°C between Pyroprobe® and GC to avoid the 

condensation of gases. The GC oven used for product analysis was set at 40°C for 4 minutes 

initially, then heated to 100°C at 10°C min-1, to 235°C at 5°C min-1 and then to 280°C at 20°C 

min-1 and maintained steady for 10 minutes. A split-ratio of 10:1 was used. The flow of helium 

gas that was used for sweeping the products was 3 mL/min. Ionization of compounds was carried 

out at 70eV electron impact conditions and a mass per charge (m/z) range of 30-550 was used for 

analysis. The sample stream was divided into two parts and then sent to MS and FID 

simultaneously. The compounds that appeared in all of the runs and had the highest likelihood  

measured using with NIST (National Institute of Standards and Technology) MS library and from 

literature were confirmed and then quantified.   

The amount of lignin, LDPE or PS used for each run varied for each trial. However, this 

amount was noted and incorporated in the subsequent calculations. About 1 mg of sample was 

used for individual pyrolysis, whereas about 2 mg mixtures of lignin and plastics (1:1 wt/wt) were 

used for the co-pyrolysis experiments. The variation in the amount of lignin or plastics in each 
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sample affected the FID area. Hence, the FID area of each compound was normalized for the 

weight of the sample. The assumption here is that the FID areas linearly change as per the sample 

weight. This linearity was checked for various compounds. For example, five standards with 

different concentrations of guaiacol in dichloromethane (DCM) were prepared and a calibration 

curve was plotted for FID area against the amount of guaiacol injected in GC for each sample. 

There was a good correlation coefficient (R2) of 0.998 between FID area and the amount of 

guaiacol injected in GC when a linear equation (y=mx; y: FID area; x: guaiacol amount; m= 

3.55E+10) was used to fit the data. This confirmed that the FID area changes linearly with the 

amount of guaiacol injected in GC. In the same way, correlation coefficients (R2) for ethylbenzene 

(0.963), indane (0.975), creosol (0.973), 1-methylnaphthalene (0.984), indene (0.968), n-dodecane 

(0.960) was determined. Whenever one of these compounds was present in the fast pyrolysis 

products, its concentration (g sample-1) was determined using this calibration and it was termed as 

‘internal standard’. This compound was then used as a reference for calculating amount of other 

compounds. The concentration (g sample-1) of other compounds was calculated using the ‘relative 

mass response factor’ for that compound, as described later in this section, using the concentration 

of this particular compound (Hoang and Ana, n.d.). The Polyarc® system used in the present study 

converts all of the compounds into methane before passing it through FID. Hence, the differences 

arising from different responses of compounds in FID are taken care of. It is also important to note 

that the FID calibrations were carried out by using a solution of standard compounds in DCM. 

Whereas, in the fast pyrolysis experiments, GC detects the compounds coming out of Pyroprobe® 

directly in the vapor form. Hence, the subsequent quantification of compounds based on the former 

calibration has certain limitations. The equations used for arriving at concentration (g GC-eluted 

vapors-1) of a compound are given below (“Quantification with the Polyarc ®,” n.d.).  

Note that the amount of each detected compound (g GC-eluted vapors-1) is directly 

correlated with the amount of that compound injected in GC from Pyroprobe®. Hence, the unit of 

concentration g GC-eluted vapors-1 can also be taken as g sample-1.  

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐹𝐹𝐹𝐹𝐹𝐹 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  𝐹𝐹𝐹𝐹𝐹𝐹 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎∗(𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)

 (Equation 2.1) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐴𝐴 = 𝑀𝑀𝑀𝑀𝐴𝐴
𝑀𝑀𝑀𝑀𝑆𝑆

. #𝐶𝐶𝑆𝑆
#𝐶𝐶𝐴𝐴

  (Equation 2.2) 
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𝐶𝐶𝐴𝐴 = 𝐶𝐶𝑆𝑆(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆

)𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐴𝐴 (Equation 2.3) 

Where, 

CA: concentration of analyte (g g-1 GC-eluted vapors)  

CS: concentration of internal standard (g g-1 GC-eluted vapors)  

AreaA: Integrated FID peak area of analyte 

AreaS: Integrated FID peak area of internal standard 

MWA: Molecular weight of the analyte 

MWS: Molecular weight of the standard 

#CA: Number of carbon atoms in a molecule of analyte  

#CS: Number of carbon atoms in a molecule of standard 

RMRF: Relative mass response factor 

MW: Molecular Weight (g mol-1) 

#C: Number of C-atoms in the molecule  

A: Analyte, S: Standard 

The carbon content of a detected compound was determined using its molecular formula, 

as per Equation 2.4. The weight percentage of a compound (g g-1 GC-eluted vapors) was 

determined using Equation 2.3. The carbon yield was calculated by comparing the weight of 

carbon in each compound by that in the initial feed sample, as per Equation 2.5.  

𝐶𝐶 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖 𝐺𝐺𝐺𝐺 =  [𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐] ∗

[𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜]  (Equation 2.4) 

𝐶𝐶 − 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝑤𝑤𝑤𝑤. %) = 𝐶𝐶−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑖𝑖𝑖𝑖 𝐺𝐺𝐺𝐺 (𝑚𝑚𝑚𝑚)
𝐶𝐶−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑚𝑚𝑚𝑚)

 (Equation 2.5)   

It is important to note that in the case of thermal and catalytic co-pyrolysis, the carbon 

yields of GC-detected compounds are based on the amount of feedstock, either lignin or plastic, 
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from which a compound is formed. Also, the total C-yield of GC-detected compounds is the sum 

of C-yields of only those compound that can be detected using the NIST spectra and literature. 

Hence, some compounds that showed small FID-peaks, but could not be identified with MS are 

not listed in the table. 

2.3 Results and discussion  

 Thermogravimetric analysis  

From the TGA analysis of samples shown in Figure 2.1(a), it was found that dealkaline 

lignin has two regions of thermal degradation, at around 80-200°C and 400-600°C; whereas, LDPE 

and PS both had a common thermal degradation region at around 400-550°C. The temperature 

range for the thermal degradation of lignin that is mentioned in the literature is 180-670°C (Jin et 

al., 2016). This is slightly different from what was observed in the current study. Variations in the 

thermogravimetric data are likely to be due to the specific source of lignin. Similarly, the pyrolysis 

temperature range reported in the literature for LDPE is 447-493°C and that for PS is 393-441°C 

(Jin et al., 2016). The difference in the sources of these plastics is likely to be the reason for the 

slightly different temperature ranges observed in the current study. It can be seen from the DTG 

curve in Figure 2.1(c) that dealkaline lignin degrades slowly, although its degradation starts earlier 

as compared to the plastics. Whereas, the two plastics LDPE and PS, degrade quickly at a higher 

temperature.  

The TG and DTG curves for the mixture of lignin and plastics is represented in Figure 

2.1(b) and Figure 2.1(d) respectively. It was observed that the mixtures of lignin and both the 

plastics degrade in roughly the same temperature range, that of 500-600°C and again between 600-

900°C. The mixture of lignin with LDPE leaves more residue as compared to that of lignin with 

PS. The LDPE sample used in this study has a much higher molecular weight (3-6 million Da.) as 

compared to the PS sample (3,500 Da.). This might be resulting in a higher rate of degradation 

exhibited by PS as compared to LDPE. From the DTG curve in Figure 2.1(d), the rates of 

degradation for these mixtures show a peak at a slightly higher temperature as  compared to the 

individual components from Figure 2.1(c). However, all of the mixtures, including the ones with 

red clay achieved maximum mass loss rates in 400-600°C region. As expected, the mixtures with 

red clay ended up with a high residue at the end. The presence of red clay slightly decreased the 

maximum rates at which the mixture of feedstock degraded. 
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Figure 2.1 Thermo-gravimetric analysis (TGA) of feedstock in nitrogen atmosphere 

Here, the estimated quantity of residue from TGA results is considered as the amount of 

char and coke. Zhang et al. determined coke yield during the catalytic conversion of certain 

biomass-derived organic chemicals using TGA analysis (Zhang et al., 2011). The authors observed 

that a lower H/Ceff of feedstock results in a lower coke yield (Zhang et al., 2011). In a similar 

fashion, the combined char and coke yield was determined to be around 14.9 wt.% for lignin, 1.96 

wt.% for LDPE and around 0.02 wt.% for PS. The mixture of lignin and LDPE left about 15.78 

wt.% residue, while that of lignin and PS left about 6.04 wt.% residue. Similarly, lignin and LDPE 

with red clay left 34.09 wt.% residue, whereas lignin and PS with red clay left 33.54 wt.% residue. 

Note that these values cannot not be considered exactly equal to the char and coke values for 

pyrolysis, as the heating rates in the case of TGA studies were much lower. 

 

 Elemental composition of raw materials 

The proximate and ultimate analyses of the raw materials are given in Table 2.1. No 

information is available about the isolation method that was used  to separate lignin from its source. 
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However, it can be inferred that high sulfur content seen from the ultimate analysis of lignin is the 

result of Kraft process used for lignin isolation, which involves the use of Na2S (Deepa and Dhepe, 

2014). The high sulfur in the dealkaline lignin is expected to be converting into non-condensable 

H2S gas during the fast-pyrolysis. The ultimate analyses of the commercial samples of LDPE and 

PS samples show high hydrogen contents and almost no oxygen or moisture. 

Table 2.1 Proximate and ultimate analysis of raw materials (values after ± sign indicate the 

standard deviation) 

 

 FTIR analysis of lignin 

The functional groups present in the dealkaline lignin sample used for this work were studied 

using FTIR analysis. The aromatic skeletal vibrations, typical of lignin molecules, were observed 

between 1400-1600 cm-1 wavenumber region. Also, a peak was observed at 1700cm-1 that 

represented the stretching of unconjugated ketones, carbonyls and esters. However, this peak was 

relatively weak as compared to that seen in organosolv lignin. The ‘dealkaline’ lignin used in this 

study is likely to be derived from ‘alkaline’ lignin. The process of alkaline lignin extraction may 

  
Lignin 

(dealkaline) 

Polystyrene 

(PS) 
 

Low density 

Polyethylene (LDPE) 

Elemental 

composition on 

dry ash-free 

basis (average 

wt.%)  

C 45.7 ± 2.0 91.6 ± 0.0 85.0 ± 0.0 

H 3.4 ± 0.3 8.0 ± 0.0 15.0 ± 0.0 

N 0.2 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 

S 5.3 ± 0.3 0.0 ± 0.0 0.0 ± 0.0 

O (by difference) 45.3 ± 1.8 0.4 ± 0.0 0.0 ± 0.0 

     

(Proximate 

analysis on as-

received basis)  

Moisture content (wt.%) 10.9 ± 0.4 0.0 ± 0.0 0.0± 0.0 

Volatile matter (wt.%) 60.5 ± 1.2 100 ± 0.0 100 ± 0.0 

Ash content (wt.%) 13.9 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 

 
Fixed C (wt.%), by 

difference 14.7 ± 0.6 0.0 ± 0.0 0.0 ± 0.0 
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be resulting in a smaller extent to which the β-O-4 bonds are cleaved, which could be the reason 

for the smaller extent of compounds containing carbonyl groups in the lignin structure.  

 Catalyst characterization  

2.3.4.1 XRF/XRD analysis 

The XRF spectra for the calcined (500°C, 4 h) red clay samples revealed the presence of 

elements such as of Mg, Al, Si, Ca, Ti and Fe. The amount of these elements in the calcined red 

clay catalyst, as determined using ICP-AES analysis was found to be 7.2±0.2 wt.% Al, 3.7±0.1 

wt.% Fe, 1.1±0.0 wt.% Ca, 0.3±0.0 wt.% Mg and the majority of the rest being silica, measurement 

of which was not possible due to certain limitations in the ICP-AES setup. The composition of red 

clay seen in this study is different from most of the red mud compositions reported in the literature. 

The reason being that typically ‘red mud’ is sourced from alumina industry, whereas the natural 

‘red clay’ explored in this study is sourced from a local construction site. Iron and aluminum in 

red mud have been known for their catalytic properties, whereas calcium and sodium are known 

to cause sintering of catalysts (Kim et al., 2015).  In the present study, all of these four elements 

are present in the catalyst used and hence are likely to alter the reaction paths during lignin 

depolymerization.  

From the XRD plots of fresh and calcined red clay catalyst, it was seen that some of the 

mineral groups disappear from catalyst during the heating process. The Na5Al3CSi3O15 (2θ=10-

15° and 23-25°) and Fe2O3 (2θ= ~25°) peaks present in fresh red clay were not seen in the calcined 

samples.  It is likely that these minerals goes to an amorphous or more oxidized state at a high 

temperature and hence are not detected in the XRD spectrum. Additionally, the catalyst was also 

calcined at a higher temperature (575°C) for 6 hours and subjected to the XRD analysis to detect 

any changes in it as an effect of providing additional heat. 

 

2.3.4.2 BET surface area and pore size 

The BET surface area of red clay was found to be 28.6 ±0.6 m2/g. This area is smaller than 

that reported by Karimi et al. for red mud, which was about 104 m2/g (Karimi et al., 2014). The 

average pore size of the red clay was found to be 963.7±43.3 nm and is subsequently categorized 

as a macroporous catalyst.  
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 Thermal and catalytic co-pyrolysis of lignin with and LDPE and PS  

2.3.5.1 Lignin and LDPE  

The mass percentages in condensable pyrolysis vapors and carbon yields for the major GC-

detected compounds from the fast pyrolysis are reported in Table 2.2. The thermal fast pyrolysis 

of lignin produced majority of 2-methoxyphenol (0.49±0.09 wt.%C), which comes from the 

guaiacyl (G) unit in a lignin molecule. The other products derived from the G-unit were creosol 

(0.10±0.01 wt.%C), 2-methoxy-4-vinylphenol (0.07±0.01 wt.%C) and vanillin (0.11±0.01 

wt.%C). Also, phenol, 2,6-dimethoxy, which is derived from the syringyl (S) unit in lignin, was 

seen in a small amount (0.04±0.00 wt.%C). The total C-yield for G-type condensable pyrolysis 

products was 0.78 wt.%C. These C-yield values for dealkaline lignin are very small as compared 

to what was seen in an earlier study on organosolv lignin derived from switchgrass at 500°C, where 

the total C-yield for G-type and S-type products was 17.9 wt.% and 3.1 wt.% respectively 

(Mahadevan et al., 2016). The proportion of p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) 

groups in the lignin structure can be determined from the pyrolysis products (Lopes et al., 2011). 

Based on the compound mass yields calculated using standard calibration, a ratio of (H:G:S = 0 : 

20.2 : 1) was seen for the dealkaline lignin sample used in this study. 

The high amount of error observed in guaiacol amount in fast co-pyrolysis products 

indicates that the interaction between lignin and LDPE is sensitive to variations in the relative 

amount of these two feedstocks, resulting in higher standard deviation in the results. Although the 

calculations took into consideration the exact amount of each of these feedstocks used for the co-

pyrolysis experiments, their interaction is complex in nature and results in variable amounts of 

certain compounds in the products vapors. The sample size used in these experiments was very 

small and hence using a consistent amount was challenging.  

 
Guaiacol is the only lignin-derived compound seen in the thermal or catalytic co-pyrolysis 

products. Also, compounds from individual pyrolysis of LDPE, such as cyclopropane, 1-methyl-

2-pentyl- (C9), 1-Decene (C10), 1-Undecene (C11), 1-Tridecene (C13), 1-Tetradecene (C14), 3-

Eicosene, (E)- (C20) do not appear in the co-pyrolysis products. It is noted here that the results can 

also be seen from the perspective of studying the role of waste plastics in mitigating the adverse 

effect of clay contamination that is found on the biomass samples, including lignin, especially 
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during its harvesting and transport. Lignin, as such will produce different fast-pyrolysis products 

when contaminated with clay, as can be seen from the section-c in Table 2.2. However, adding 

hydrogen-rich plastics to this system will change the reaction path towards selectively producing 

guaiacol from lignin, rest being products derived from LDPE, as can be seen from section (e) in 

Table 2. Comparing the C-yields from section (c) with section (e), it can also be observed that the 

addition of LDPE to lignin contaminated with red clay improves the C-yield of guaiacol. 

The co-pyrolysis of biomass components and plastics has been known to differ from that 

of individual feedstocks (S. Wang et al., 2018). Vasile et al. studied the co-pyrolysis of various 

plastics with lignin and cellulose and found that the lignin had a smaller tendency to produce 

saturated compounds at the expense of unsaturated and aromatic compounds, as compared to 

cellulose (Vasile et al., 2010).  This observation for cellulose differs from what was seen during 

the current study with lignin, where the oxygenated product guaiacol, was formed from lignin at 

the expense of other aromatic compounds, as seen from Table 2.2(d). The aromatic compounds 

will require additional energy in the system to carry out demethoxylation of the lignin-derived 

compound guaiacol. A general observation is that LDPE takes up more of the heat energy very 

quickly and that results in very less amount of energy available for the further demethoxylation 

reaction. A similar observation was noted for the catalytic fast pyrolysis of lignin, when red clay 

was placed in-line to the feed. Comparing the results in section (c) with section (a) of Table 2.2, it 

is seen that C-yield of guaiacol decreased upon using red clay in the system, even though it 

remained the major product. The amount of guaiacol, either the weight percentage in condensable 

pyrolysis vapors or the C-yield, changes with the addition of LDPE. This clearly indicates that 

there is a role of LDPE in influencing the products formation during fast pyrolysis of lignin.  

Overall, the fast thermal co-pyrolysis of dealkaline lignin and LDPE led to an increase in 

the amount of certain lignin- derived compounds, such as guaiacol, as compared to the individual 

pyrolysis of lignin, from 0.49 wt.%C to 2.57 wt.%C due to an improved heat transfer observed to 

lignin molecules. Due to the complex interaction of lignin and LDPE, the amount of each 

compound detected in GC is highly sensitive to the proportion of both the feedstocks in a particular 

sample. During the co-pyrolysis of lignin and LDPE, the compounds derived from LDPE occupy 

a larger proportion of C-yield as compared to the ones derived from LDPE. This can be due to the 

high molecular weight of the LDPE samples used for this study (3-6 milllion Da.). This might have 
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led to a lower extent to which LDPE is depolymerized to smaller molecules that can be detected 

by GC.  

 

Table 2.2 Mass percentage and carbon yield of major compounds detected from individual 

and co-pyrolysis of (a) lignin (b) low density polyethylene, LDPE (c) lignin with red clay 

(d)lignin and LDPE together (e) lignin and LDPE with red clay (f) polystyrene (PS) (g) 

Lignin and PS (h) Lignin and PS with red clay 

Compound 

Wt.% of 

condensable 

pyrolysis 

vapors S.D. 

C yield 

(wt%) S.D. 

(a)   Lignin         

Phenol, 2-methoxy- {Guaiacol} (C7) 60.41 3.64 0.49 0.09 

Phenol, 2-methoxy-4-methyl- {Creosol} 

(C8) 11.17 0.02 0.10 0.01 

2-Methoxy-4-vinylphenol (C9) 7.84 0.18 0.07 0.01 

Vanillin (C8) 15.49 2.72 0.11 0.01 

Phenol, 2,6-dimethoxy (C8) 5.09 1.09 0.04 0.00 

  Total 0.81 
 

     
(b)  Low density polyethylene (LDPE)         

1-Octene (C8) 12.63 1.16 0.23 0.11 

Cyclopropane, 1-methyl-2-pentyl- (C9) 9.25 0.24 0.17 0.09 

1-Decene (C10) 10.63 0.05 0.20 0.11 

1-Undecene (C11) 9.84 0.09 0.19 0.11 

1-Dodecene (C12) 8.96 0.18 0.17 0.10 

1-Tridecene (C13) 8.62 0.56 0.17 0.10 

1-Tetradecene 10.94 0.65 0.20 0.11 

1-Pentadecene (C15) 9.86 0.39 0.19 0.11 
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3-Eicosene, (E)- (C20) 9.80 0.70 0.19 0.12 

1-Heptadecene (C17) 9.46 0.18 0.18 0.11 

  Total 1.91 
      

(c) Lignin with red clay         

Phenol, 2-methoxy- {Guaiacol} (C7) 67.37 1.56 0.80 0.08 

2-Methoxy-4-vinylphenol (C9) 8.79 0.28 0.11 0.01 

Vanillin (C8) 21.23 0.77 0.10 0.10 

Benzaldehyde, 3-hydroxy-4-methoxy- (C8) 2.62 2.62 0.03 0.03 

 
 

Total 1.04 
      

(d)  Lignin and LDPE         

Phenol, 2-methoxy- {Guaiacol} (C7) 28.12 19.05 2.57 1.74 

1-Heptene (C7) 12.42 0.79 0.18 0.01 

1-Dodecene (C12) 10.61 1.59 0.31 0.05 

1-Dodecene (C12) 9.65 2.03 0.41 0.09 

1-Pentadecene (C15) 11.94 3.79 0.79 0.25 

 
 

Total 4.25 
      

(e) Lignin and LDPE with red clay         

Phenol, 2-methoxy- {Guaiacol} (C7) 47.31 1.05 3.41 0.60 

1-Octene (C8) 11.03 1.03 0.34 0.00 

Cyclopropane, 1-methyl-2-pentyl- (C9) 7.63 0.13 0.30 0.03 

1-Decene (C10) 6.05 0.19 0.12 0.02 

1-Undecene (C11) 13.10 3.22 0.34 0.11 

1-Dodecene (C12) 9.31 0.24 0.24 0.02 

1-Tridecene (C13) 5.57 0.58 0.14 0.00 

 
 

Total 4.89 
      

(f) Polystyrene         

Styrene (C8) 94.06 0.41 5.82 0.89 
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Toluene (C7) 3.46 0.10 0.21 0.03 

Benzene, hexyl- (C12) 0.92 0.09 0.00 0.00 

Benzene, (1-methylenepentyl)- (C12) 1.56 0.21 0.00 0.00 

 
 

Total 6.03 
 

     
(g) Lignin and PS         

Phenol, 2-methoxy- {Guaiacol} (C7) 3.12 0.30 0.19 0.00 

Styrene (C8) 70.22 16.91 4.22 0.58 

Toluene (C7) 3.54 0.79 0.21 0.03 

Benzene, (1-methylenepentyl)- (C12) 1.23 0.24 0.07 0.01 

Benzene, hexyl- (C12) 1.26 0.23 0.07 0.01 

Ethylbenzene (C8) 1.62 0.54 0.09 0.02 

  
Total 4.67 

 
     
(h) Lignin and PS with red clay          

Phenol, 2-methoxy- {Guaiacol} (C7) 4.53 2.66 2.16 0.55 

Styrene (C8) 86.86 4.03 10.62 1.61 

Toluene (C7) 4.27 0.10 0.56 0.08 

Ethylbenzene (C8) 2.46 0.31 0.36 0.05 

Benzene, hexyl- (C12) 0.80 0.80 0.20 0.03 

Benzene, (1-methylenepentyl)- (C12) 1.08 0.18 0.16 0.02 

 
 

Total 14.06 
 

 

2.3.5.2 Lignin and PS 

From the co-pyrolysis of lignin and PS, the trend seen for the C-yield of guaiacol was 

different from that seen for the co-pyrolysis of lignin and LDPE. The C-yield of guaiacol decreased 

from 0.49±0.09 wt.%C during individual lignin fast pyrolysis to 0.19±0.00 wt.%C during its 

thermal co-pyrolysis with PS. However, during the catalytic co-pyrolysis of lignin with PS, the C-

yield of guaiacol was again increased to 2.16±0.55 wt.%C. Also, the total C-yield of GC-detected 

compounds increased from 4.67 wt.%C during thermal co-pyrolysis to 14.06 wt.%C upon addition 

of red clay to the system. This can be a result of a lower amount of compounds converting into the 
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non-condensable gases or solid residue, when red clay is present in the system. It can be seen from 

Table 2.2 that either the thermal or catalytic co-pyrolysis of lignin and PS, styrene molecules make 

up the majority of the C-yield. Based on the TGA results, it was also seen that PS results in very 

small amount of residue. This can be a result of the ready availability of styrene polymer for 

pyrolysis reaction and hence a reduced amount of heat energy available for the depolymerization 

of lignin. This result indicates that co-pyrolysis of PS with lignin during fast pyrolysis at 500°C 

has considerable limitations due to unequal heat transfer to the two feedstocks. 

2.3.5.3 Role of red clay catalyst  

The use of red clay catalyst for the co-pyrolysis of lignin with LDPE and lignin with PS 

was observed to increase the C-yield of lignin-derived guaiacol. To understand the role of red clay 

in this process, it is also important to take into consideration the reaction set-up and the role played 

by the particular placement of catalyst in the reactor tube. Karimi et al. found that the oxygen 

content of bio-oil obtained from pyrolysis of lignocellulosic biomass was reduced from 43.1 wt% 

to 3.5 wt% after upgrading with the use of red mud catalyst (Karimi et al., 2014). Based on their 

observations, the in-line placement of catalyst in the current study is expected to serve a purpose 

of upgrading the co-pyrolysis vapors. Red clay has been reported to act through Fe2O3 as the major 

iron species in its role as a catalyst (Djeffal et al., 2014). Yathvan et al. found that red mud could 

catalyze the fractional catalytic pyrolysis of biomass (Yathavan and Agblevor, 2013). It was 

reported that the activity of the low-cost catalysts such as red clay is lower compared to the metal-

based commercial catalysts (Karimi et al., 2014). However, another considerable role played by 

the red clay catalyst in this study was apparently in altering the heat absorbed by different 

feedstock. The dealkaline lignin used in this study may not be undergoing pyrolysis to full extent 

at 500°C. This can be the reason for a lower C-yield of these compounds. At the same time, the C-

yield of guaiacol increases to 2.57±1.74 wt.%C during the thermal co-pyrolysis with LDPE and to 

3.41±0.60 wt.%C when red clay is used as a catalyst. The reason for this observation can be that 

the presence of LDPE or red clay leads to an increased activity of lignin depolymerization in the 

system. The lignin molecules are likely to have failed to absorb enough heat energy to 

depolymerize into guaiacol during individual pyrolysis. However, in the presence of red clay, they 

are likely to spend more time in the quartz tube used for reaction, leading to a slightly higher 

energy absorption and depolymerization. This can be seen from the slightly higher C-yield of 
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guaiacol (0.80±0.08 wt.%C) and overall C-yield of GC-detected compounds (1.04 wt.%C) during 

the fast pyrolysis of lignin with red clay (Table 2-c). The presence of LDPE is likely to have helped 

in making more hydrogen available to enable the depolymerization of lignin. Additionally, the 

presence of red clay in the system slows down the rate of heat energy taken up by the LDPE 

molecules and hence allows the lignin molecules to absorb a slightly higher amount of heat energy. 

As a result, in the presence of red clay, guaiacol formation increases again to 0.94±0.00 wt.%C. 

The macroporous structure of red clay probably acts as heat-sink and allows a greater residence 

time for the lignin and LDPE molecules to absorb the heat and have interactions that result in 

hydrogen transfer.  

The current study used very high heating rates during the reaction (2000ºC s-1). According 

to literature, it is likely that the feedstocks are not uniformly heated in this type of set-up and the 

extent of reaction is high only at the interface (Sophonrat et al., 2017). Even though the feed was 

introduced in the reaction in the form of powder, there might be certain limitations regarding the 

heat transfer inside bulk of the materials. Since the breaking of lignin to form guaiacol has been 

known to occur via the Bronsted acid action, this reaction indeed seems to have occurred in thermal 

and catalytic co-pyrolysis of lignin and LDPE. It is likely that red clay is slightly catalyzing some 

hydrogen donor activity that is responsible for the Bronsted acid catalyzed reaction of guaiacol 

formation. Although the source of hydrogen in the catalytic co-pyrolysis reaction is most probably 

LDPE, it has a considerable amount of hydrogen (~15 wt.%).  

The Fe2O3 (hematite) phase detected from the XRD spectra of red clay is known to 

consume a molecule of hydrogen and be converted into Fe2O3 (magnetite), released a molecule of 

water in the process (Yathavan and Agblevor, 2013). From this reaction, it can be inferred that the 

hydrogen made available in the system by the LDPE molecules was likely consumed by the red 

clay. Hence, the role of red clay in hydrogenation of lignin to form guaiacol via Bronsted acid 

catalyzed mechanism is probably very limited. Instead, the changes that occur in heat transfer to 

the molecules of lignin and plastic, when red clay is introduced in the system, play the major role 

in determining the primary products of fast pyrolysis.  By comparing the results for the co-

pyrolysis of lignin with LDPE and PS, we could deduce that polystyrene molecules, owing to the 

low molecular weight of the samples (~3,350 Da.), depolymerize into styrene molecules very 
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quickly. However, the same was not observed for LDPE, which has a much higher molecular 

weight (~3-6 million Da.) and does not readily depolymerize into smaller compounds.  

 

 Temperature effect in the thermal co-pyrolysis of lignin and PS  

Co-pyrolysis of dealkaline lignin and polystyrene (PS) was carried out at higher 

temperatures. Temperature has been reported to control the cracking reactions and pyrolysis 

products yields (Fan et al., 2017). The areas under total ion chromatogram (TIC) obtained using 

GC-FID can be useful for comparing the amount of the same product under different conditions 

(Sophonrat et al., 2017). Here, the C-yields are calculated based on FID areas with prior calibration 

of standard, and are presented in Table 2.3. Statistical analysis of the C-yield values was 

performed.    

Table 2.3 Carbon yields of compounds from the co-pyrolysis of polystyrene and lignin 

 
 

C-yield (wt.%) 

  PS+DL_500 PS+DL_600 PS+DL_700 PS+DL_800 

Compound Avg S.D. Avg S.D. Avg S.D. Avg S.D. 

Styrene 4.22A 0.58 2.75AB 0.37 2.45AB 0.06 1.57B 0.32 

 

Toluene 0.21A 0.03 0.14AB 0.02 0.13AB 0.01 0.09B 0.02 

 

Ethylbenzene 0.09A 0.02 0.04A 0.01 0.04A 0.00 0.03A 0.01 

 

Phenol, 2-methoxy- 

{Guaiacol} 0.19A 0.00 0.15A 0.01 0.16A 0.04 0.14A 0.02 

 

Benzene, hexyl- 0.07A 0.01 0.05AB 0.00 0.05AB 0.00 0.03B 0.01 

 0.07A 0.01 0.05AB 0.01 0.04B 0.00 0.03B 0.01 
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Benzene, (1-

methylenepentyl)- 

Total 4.87 
 

3.17 
 

2.86 
 

1.89 
 

[PS: polystyrene, DL: dealkaline lignin, RC: red clay; Numbers indicated by the same letter in 

superscript are not significantly different from each other (Tukey’s HSD test, α=0.05)] 

It can be seen from Table 2.3 that the C-yield of guaiacol statistically does not change when the 

pyrolysis temperature is increased from 500°C to 800°C. However, the C-yield of styrene, the 

major product from depolymerization of PS, decreased significantly with the increased 

temperature. The same trend can be seen for all the other PS-derived compounds, which are 

toluene, hexyl benzene, and 1-methylpentyl benzene, the C-yield of all of which significantly 

decreased at higher temperatures. The decrease in C-yield of ethylbenzene, however, was not 

significant.    

The trends observed for increased pyrolysis temperatures for the thermal co-pyrolysis of lignin 

and PS were different from that observed for the other biomass components. Sophonrat et al. 

studied the co-pyrolysis of polystyrene and cellulose in a microreactor and found that the yield of 

light products from both the feedstock increased with higher pyrolysis temperatures (Sophonrat et 

al., 2017). Previous studies exploring the interaction between biomass components and PS found 

that the co-pyrolysis was not beneficial due to the high water formation (Kositkanawuth et al., 

2017). Lignin has a distinct set of reactions that are more common at higher temperatures. For 

example, lignin is reported to undergo primary and secondary cracking reactions during its 

pyrolysis at higher temperatures (Jin et al., 2016). This combined with the early depolymerization 

of polystyrene in the mixture results in a poor interaction between both the feedstock. The total C-

yield of major products decreased from 4.87 wt.% at 500°C to 1.89 wt.% at 800°C. Overall, higher 

pyrolysis temperatures played a role in altering the interaction of polystyrene with lignin. 

However, the result was a lower C-yield of compounds detected in the condensable pyrolysis 

vapors detected by GC. Since there was not a significant change in the guaiacol yield at higher 

temperatures, we can say that temperature has a limited role in the co-pyrolysis of lignin and PS. 
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 Determination of synergistic effects  

Synergistic effects in the co-pyrolysis of biomass components and plastics have previously 

been reported in the literature (Dorado et al., 2014; Mullen et al., 2016; Ojha and Vinu, 2015; 

Zhang et al., 2016). To quantify the extent of synergistic effects observed in the formation of 

certain pyrolysis products, an arbitrary parameter ‘S-ratio’ is defined here: 

𝑆𝑆 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐶𝐶−𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝑤𝑤𝑤𝑤.%𝐶𝐶) 𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐶𝐶−𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 (𝑤𝑤𝑤𝑤.%𝐶𝐶) 𝑖𝑖𝑖𝑖 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

  (Equation 2.6) 

S-ratio greater than 1 is attributed to the presence of synergistic effect. The values of this 

parameter for the thermal and catalytic co-pyrolysis of lignin and LDPE are shown in Table 2.4. 

Note that S-ratio is calculated for only those compounds that were seen in both individual as well 

as co-pyrolysis. Looking at the S-ratio based on the C-yields of compounds, a positive synergistic 

effect can be observed in the formation of 1-dodecene and 1-pentadecene for the thermal co-

pyrolysis of lignin and LDPE and for guaiacol, 1-dodecene, 1-dodecene, 1-octene, 1-methyl-2-

pentyl cyclopropane, and 1-undecene during the catalytic co-pyrolysis of lignin and LDPE. For 

the lignin-derived compound guaiacol, S-ratio is much larger than 1 for thermal and catalytic co-

pyrolysis, indicating a presence of positive synergistic effect and an increase in the C-yield of the 

lignin-derived products in thermal co-pyrolysis. Also, using red clay in the system improves the 

heat transfer to both the feedstock and results in a higher amount of C-yield for guaiacol during 

the co-pyrolysis, which is seen from the higher S-ratio. In the case of thermal co-pyrolysis of lignin 

and PS, the lignin-derived compound guaiacol, as well as the PS-derived compounds styrene and 

toluene do not show positive synergistic effect. However, all of them show positive synergistic 

effect, indicated by an S-ratio greater than 1, when red clay is used as a catalyst.  These 

observations can be attributed to the complex interactions between lignin and LDPE or lignin and 

PS, together with the unequal heat transfer to the two feedstock, as discussed in the previous 

section.  Overall, the co-pyrolysis of dealkaline lignin with LDPE or PS resulted in a positive 

synergistic effect only after the addition of red clay catalyst for most of the major products. 

Whereas, the lignin-derived compounds were detected to be in a small quantity using GC-MS/FID 

during thermal co-pyrolysis, owing to the less amount of heat absorption by lignin molecules in 

the presence of plastics.   
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Table 2.4 S-ratios for compounds in the thermal and catalytic co-pyrolysis of lignin and 

LDPE (500°C) 

S-ratio  (based on C-yields) 
Thermal co-

pyrolysis 

Catalytic co-

pyrolysis 

Lignin and low density polyethylene (LDPE) 

Phenol, 2-methoxy- {Guaiacol} (C7) 5.20 6.91 

1-Decene (C8) 0.00 0.57 

1-Dodecene (C12) 1.80 1.37 

1-Pentadecene (C15) 4.09 - 

1-Octene (C8) - 1.49 

Cyclopropane, 1-methyl-2-pentyl- (C9) - 1.73 

1-Undecene (C11) - 1.82 

1-Tridecene (C13) - 0.83 

   
Lignin and polystyrene (PS) 

Styrene 0.73 1.83 

Toluene 1.00 2.66 

Guaiacol (C7) 0.39 4.38 

 

2.4 Conclusion 

 The carbon yield of lignin-derived compound guaiacol increased during co-pyrolysis of 

lignin with LDPE and PS when red clay was used as a catalyst. However, the co-pyrolysis with PS 

did not improve the carbon yield of guaiacol from lignin without red clay. Temperature had a 

limited role in the thermal co-pyrolysis of lignin with PS. Lignin and plastics were seen to take up 

an unequal amount of heat energy during co-pyrolysis. This problem was resolved to some extent 

by using red clay as a catalyst. The waste plastics can be a resource when combined with lignin 

utilization efforts. 
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3. The Role of an in-situ Hydrogen Donor Solvent in the Solvent Liquefaction of 

Lignin 

 

 

 

Abstract 

  The second-generation bioethanol industry produces lignin as a waste stream. Lignin, 

which constitutes 25-35% of lignocellulosic biomass is the most abundant aromatic biopolymer 

on earth and an untapped resource. Bio-oil produced from the solvent liquefaction of lignin cannot 

be used as a fuel directly because of its high viscosity. In addition, hydrothermal liquefaction of 

lignin results in a high amount of solid bio-char. The objective of the current research is to study 

the hydrothermal liquefaction of alkaline lignin using organic solvents. Alkaline lignin was chosen 

for the experiment for its resemblance with the black liquor lignin. The hypothesis is that the use 

of in-situ hydrogen donor decreases solid residue formation and improves the bio-oil yield. 

Liquefaction experiments for alkaline lignin were performed in a batch reactor at 310 (±10) °C 

with ethanol-water mixture as solvent. In addition, in another set of experiments, tetralin (1,2,3,4-

tetrahydronaphthalene) was added to the reaction mixture as an in-situ hydrogen donor. The 

products were characterized with FTIR, GC-MS, total acid number (TAN), elemental analysis, 

and water content. The results exhibited that the solvent liquefaction of alkaline lignin in the 

presence of in-situ hydrogen donor made the conditions for maximum yield of phenolic monomers 

to shift towards a lower ethanol concentration in the solvent. Additionally, char yields were 

reduced with the use of tetralin for lignin liquefaction.  
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3.1 Introduction  

Rapid urbanization and population rise all over the world is putting enormous stress on the 

availability of raw materials required for industries. The traditional crude-oil based sources of 

these raw materials can be substituted by lignocellulosic biomass, a renewable resource, which is 

also a source of ‘second-generation’ biofuels. Biomass has a higher rate of regeneration than its 

fossil-based counterparts. Combined with the various strategies for utilization of solid waste 

streams, one can create a circular economy model of energy and material use with the help of 

biomass (Patil et al., 2020). With the second-generation bioethanol production industry rising all 

over the world, the need to diversify the products from this process becomes important for making 

it economically attractive (Agarwal et al., 2017). These industries use woody crops or agricultural 

residue as their feed source. The process involves separation of sugars, which mainly comes from 

cellulose and hemicellulose present in the biomass, which then undergoes fermentation to product 

ethanol. The leftover biomass has lignin as the major component. Traditionally, it finds application 

in direct heat and power generation (Xu et al., 2014), owing to its substantial energy content. 

However, considering the aromatic nature of its building blocks, as well as the potential to produce 

variety of chemicals, this path leads to under-utilization of lignin. Another major source of lignin 

is the ‘black liquor’, which is produced as a waste stream in paper and pulp industry 

Due to the unique chemical structure of lignin, it can be best utilized by depolymerizing it to 

get lower-molecular weight compounds. According to an estimate, out of the 50 million tons of 

alkaline lignin produced annually by the pulp and paper industry, only 2% is utilized for 

commercial applications (Laurichesse and Avérous, 2013; Patil et al., 2018). The ‘billion-ton 

initiative’ by the United States for lignocellulosic biofuels also indicates generation of around 150-

300 million tons of waste containing lignin as major compound, which needs to be diverted into 

different product streams (Langholtz et al., 2016). Utilizing this waste for manufacturing of 

materials, instead of only energy is required for financial viability. Lignin contains three structural 

units, connected to each other by any of the seven typical linkages (Kang et al., 2013; Xu et al., 

2014). The three aromatic units are para-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. 

The latter two are methoxylated and di-methoxylated derivatives of the former one. The five 
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bonding patterns are β-O-4 (β-aryl ether), α-O-4 (α-aryl ether), 5-5 (dibenzodioxicine/ biphenyl), 

β-5 (phenylcoumaran), β- β’ (pinoresinol) , 4-O-5 (diphenyl ether) and β-1’ (diphenyl methane) 

(Xu et al., 2014). Researchers have investigated various thermochemical processes such as 

pyrolysis, gasification, wet oxidation, hydrothermal liquefaction etc. for depolymerization of the 

complex structure of lignin.  Among these, hydrothermal liquefaction (HTL) can take wet feed 

and can give selective compounds with appropriate reaction conditions. The HTL process used in 

our study is conventional isothermal HTL process in which a constant temperature is applied to 

the feedstock for a moderate time (20-60 minutes). As mentioned by Qian et al., fast HTL is when 

a set-point temperature is reached and maintained for a very small amount of time such as 1 minute 

(Qian et al., 2017). An organic solvent, ethanol was used in addition to water in our study for 

dissolution and proper mixing of alkaline lignin in the reaction media. Additionally, tetralin 

(1,2,3,4-tetrahydronaphthalene) was used as an in-situ hydrogen donor to the mixture of solvents.   

 Fang et al. found that organic solvents dissolve lignin and make a homogeneous phase (Fang 

et al., 2008). The additional advantages of organic solvents are lower temperature and lower 

pressure required for subcritical conditions as compared to that of water (Barta et al., 2010). 

Combined with hydrogen donor, availability of in-situ hydrogen decreases oxygen content of bio-

oil products (Alemán-Vázquez et al., 2012). Tetralin, the hydrogen donor solvent used in this study 

has hydrogen in its structure that can be transferred to other molecules during the reaction 

(Alemán-Vázquez et al., 2012). It is expected that the use of in-situ hydrogen donor will prevent 

the re-polymerization of smaller lignin fragments and reduce the solid residue formation. The 

broader objective of the current study is to explore novel methods to improve the bio-oil yield 

from the solvent liquefaction of lignin. The specific objective of this study is to examine the role 

of hydrogen donor solvent in altering the product yields. It is expected that the use of hydrogen 

donor solvents will result in prevention of re-polymerization of lignin during its liquefaction. Also, 

the effect of different compositions of the solvent will also be explored on the product yield and 

quality. 
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3.2 Experimental  

 Materials  

Alkaline lignin used in this study (20-29% ignition sulfate residue, calcd. on anh. substance) 

was purchased from TCI America (Oregon, USA). The molecular weight of this lignin was not 

provided by the manufacturers. The hydrogen donor solvent 1,2,3,4-tetrahydronaphthalene, also 

known as ‘tetralin’, was purchased from Alfa Aesar (Massachusetts, USA). N-hydroxy-5-

norbornene-2,3- dicarboximide (NHND), chloroform-D, and 2-chloro-4,4,5,5-tetramethyl-1,3,2-

dioxaphospholane (TMDP) were purchased from Millipore-Sigma (Burlington, Massachusetts, 

USA).  Ethanol used was 190 proof, ACS/USP grade, purchased from Pharmaco-Aaper (Belmont, 

North Carolina, USA). All chemicals were reagent grade. Water used in the experiments was of 

Ultrapure (Type 1) quality (Synergy Ultrapure Water Systems, EMD Millipore, Burlington, 

Massachusetts, USA). All the chemicals were used in solvent liquefaction experiments without 

modification. 

The alkaline lignin for this study was used without further purification. The values for other 

characterization results from the batch of alkaline lignin used, such as the methoxyl group content, 

pH, ignition residue and water content, were taken from the supplier (TCI Chemicals) website.  

 

 Methodology  

3.2.2.1 Experimental Setup and Instruments  

Hydrothermal liquefaction of alkaline lignin was performed in a Parr ® Reactor having 1 

L volume (Model 4567, Parr Instrument, Moline, Illinois, USA). IKA RV-10 rotary evaporator 

with RV10 and HB10 control was used to separate solvent from product mixture (IKA Works, 

Inc., Wilmington, North Carolina, USA). A temperature of 40°C and 175 mbar vacuum was used 

for the separation of ethanol. The weighing balances used for measurement of raw material and 

products were Mettler Toledo XS205 Dual Range weighing balance (Resolution: 0.01 

mg), Adventurer AR 3130 by OHAUS corporation USA (Resolution: 1 mg) and Mettler Toledo 

AB 204-S / FACT (Resolution: 0.1 mg).    
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3.2.2.2 Solvent liquefaction  

Alkaline lignin was mixed with ethanol-water mixture in the ratio 1:10 (w/w) in a glass 

beaker. Tetralin was added to this mixture in the equal quantity of alkaline lignin (1:1 wt/wt ratio). 

The mixture was poured slowly into the reactor and it was tightened with bolts. Pressure test was 

performed with 3 MPa nitrogen. The reactor with its mixture was pressurized and depressurized 

with 2 MPa nitrogen with continuously stirring at 300 rpm, to purge the air from the system. The 

stirring at the purging stage ensured that the gas is penetrating inside the liquid and hence removing 

all the gases that might be present in mixture. It was pressurized again at 2 MPa nitrogen before 

starting the reaction. The reaction was performed at 310 (±10) °C in the inert atmosphere of 

nitrogen with stirring at 300 rpm.  The reaction time was kept short at 20 minutes, considering 

most of the alkaline lignin depolymerization occurred in this time span (Kozliak et al., 2016). 

Shorter reaction time is also supposed to avoid any further re-condensation of products. After 20 

minutes, the heating was stopped, and water was circulated through pipes inside the reaction 

mixture for indirect removal of heat. The reaction products are known to undergo re-condensation 

reaction very quickly. Hence, to avoid further reactions of the mixture, the reactor was immersed 

in an ice bath for increasing the rate of heat removal.  

In another set of experiments, tetralin was eliminated from the ingredients and reaction was 

performed with 1:8 ratio of alkaline lignin: ethanol/water mixture, at 310 (±10) °C for 20 minutes. 

In addition to both experiments, liquefaction of alkaline lignin a 50-50 wt.% ethanol-water mixture 

was performed six times to observe the variation in elemental composition of bio-oil and biochar 

with the same reaction conditions.  The values of bio-oil are reported after adjusting the amount 

of water present in it. 

 

3.2.2.3 Separation of products 

The product of the solvent liquefaction of alkaline lignin is a viscous mixture of bio-oil, 

biochar, aqueous phase, and gases. Dichloromethane was used as a solvent to clean the reactor and 

take out the product from reactor. This product mixture was filtered using Whatman filter paper 

number 4 (pore size 20-25 µm). The solid residue was dried at 80°C in a ‘Single Wall Transite 

Oven’ purchased from Blue M Electric Company (White Deer, Pennsylvania, USA).  
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The solvent DCM was separated in a rotary evaporator at 40°C and atmospheric pressure. 

The unreacted solvent ethanol in the product mixture was also separated in rotary evaporator at 

40°C and 175-mbar vacuum. The temperature of rotary evaporator was increased from 40°C to 

65°C to improve the heat transfer and subsequent solvent removal. In that process, some water 

also evaporated with ethanol. This phenomenon is difficult to avoid and affects the mass balance. 

Aqueous phase in the bio-oil product was separated by decantation. Due to the presence of 

impurities in the initial alkaline lignin, some of which act as surfactants, the water was not 

completely separated from the bio-oil. 

In the experiments where tetralin was used as an additional hydrogen donor, it was difficult 

to separate tetralin from the product mixture with distillation because of its high boiling point 

(207°C), which exceeded that of many of the compounds in bio-oil. Hence, the unreacted tetralin 

was still present in the product mixture. In another set of experiments, tetralin alone (without 

alkaline lignin) was mixed with the five compositions of ethanol-water and subjected to the solvent 

liquefaction conditions. Compounds formed from this reaction were considered as the base case 

for the mixture of three solvents for the given reaction conditions. Accordingly, the mass balance 

was adjusted by considering the formation of various compounds from the solvent degradation.  

 

 Characterization of reactants and products  

3.2.3.1 Proximate analysis 

The volatile matter and ash content of lignin was measured using ASTM E 872 and ASTM 

E 1755 standards, respectively. The ash content of alkaline lignin was measured using Thermolyne 

muffle furnace (Thermo Fisher Scientific, Massachusetts, USA) with the procedure given by 

NREL (Sluiter et al., 2008).  Briefly, the samples were subjected to a temperature of 105ºC for 24 

hours for moisture content measurement. Thereafter, the dried samples were heated at 950ºC for 7 

minutes for volatile combustible matter (VCM) measurement. The ash content was measured by 

subjecting the residual solids from the VCM measurement to 575ºC for 4 h. The amount fixed 

carbon was estimated by subtracting the above contents from total dry weight of initial lignin.  

3.2.3.2  31P NMR spectroscopy 
The 31P NMR characterization of lignin and a few bio-oil samples was performed using the 

method described in the literature (Meng et al., 2019). Briefly, a stock solution was prepared by 
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mixing deuterated chloroform (CDCl3) and pyridine in a 1: 1.6 (v/v) ratio. About 40 mg of N-

hydroxy-5-norbornene-2,3- dicarboximide (NHND) and about 40 mg of Cr(III) acetylacetonate 

were added to this mixture as internal standard and relaxation agent, respectively. About 20-25 mg 

of lignin was added to ~1 mL of this mixture and vortexed for 2 minutes. Thereafter, ~100 mg of 

a phosphitylating agent (2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, or TMDP) was 

added to the solution and again vortexed for 2 minutes. The solution was filtered using a 0.45 µm 

nylon syringe filter and was added to an NMR tube up to the 5.5 cm height. The spectra was 

recorded using Bruker Avance 500MHz spectrometer (Bruker BioSpin Corporation, Billerica, 

Massachusetts, USA) with 64 scans, 350 ppm spectral width and 0.40 s acquisition time. The 

analysis was performed using Bruker TopSpin 4.0.6 software.  

3.2.3.3 1H-13C 2D-HSQC NMR spectroscopy 
Lignin was characterized using 1H-13C 2D Heteronuclear Single Quantum Coherence- 

Nuclear Magnetic Resonance (HSQC-NMR) spectroscopy to understand its chemical structure as 

per the literature protocol (Talebi Amiri et al., 2019). About 20-25 mg of lignin was dissolved in 

~1 mL of deuterated dimethyl sulfoxide (DMSO-d6). The mixture was vortexed for 2 minutes and 

filtered using 0.45 µm nylon syringe filter before adding to the NMR tube. The spectrum was 

recorded using a Bruker Avance 500 MHz spectrometer having a z-gradient triple resonance 

‘Cryo-probe’ (Bruker BioSpin Corporation, Billerica, Massachusetts, USA). Also, Bruker 

standard pulse sequence ‘hsqcetgp’ was used during the experiment. The acquisition was 

performed at 298.1 K for 10.49 minutes using 16 scans for 1H, 32 scans for 13C, additional 2 scans 

for HSQC, and 16 dummy scans ensuring steady state of the equipment. The analysis was 

performed using Bruker TopSpin 4.0.6 software.  

To increase the solubility of samples in deuterated solvents, acetylation of lignin was 

performed (Gan and Pan, 2019; Sameni et al., 2017). Briefly, lignin (~100 mg) was dissolved in 

an equal-volume mixture (~4 mL) of pyridine and acetic anhydride and vortexed for 2 minutes. 

The mixture was then kept under dark at room temperature with mixing for 24 h. After the reaction, 

lignin was precipitated by adding this solution dropwise to ~120 mL of ice-cold water containing 

~1 mL of concentrated hydrochloric acid. The precipitated lignin was washed with deionized water 

and dried at 50°C for 48 hours before the NMR characterization.  
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3.2.3.4 GC-MS  
Bio-oil was characterized using GC-MS to know its chemical composition. The GCMS 

characterization of samples was performed using Agilent 7890A GC/5975C MS equipped with a 

DB-1701 column having dimensions of 30 m x 0.25 mm i.d. x 0.25 mm film thickness (Agilent 

Technologies, Santa Clara, California, USA). The oven was heated at 50°C for 2 minutes. Then 

the temperature was increased to 250°C at a rate of 5°C/minute. It was held there for 10 minutes. 

The helium flow was kept at 1.76 mL/minute. A 1 µL injection with the splitless mode was used. 

The compounds were analyzed with comparison of their mass spectra with those of pure 

compounds using NIST 05 library database, and also by their retention times and literature. 

Naphthalene, 1-methyl present in the product was used as an internal standard, and its yield was 

calculated using a standard calibration curve. The yield of other phenolic monomers was estimated 

using the effective carbon number method as follows (Shuai et al., 2016; Szulejko et al., 2013): 

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠

𝑥𝑥 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠
𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠

𝑥𝑥 𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠
𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑥𝑥 𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  (Equation 3.1)  

Where,  

C monomer: Monomer concentration   

A monomer: Area under the curve for a monomer in a GC-MS spectrum  

A std: Area under the curve for a standard compound in a GC-MS spectrum  

C std: Concentration of standard, estimated using a calibration curve 

MW std: Molecular weight of the standard  

ECN std:  The effective carbon number of the standard  

ECN monomer: The effective carbon number of a monomer 

MW monomer: Molecular weight of the monomer 

The yield of a compound was calculated in the following way:  

𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑥𝑥 𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑊𝑊𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
  (Equation 3.2) 

ΣY monomer: Sum of mass yields of all monomers, based on dry lignin  
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𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝛴𝛴𝛴𝛴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑥𝑥100 (Equation 3.3) 

Where,  

S monomer: Selectivity of a monomer 

ΣY monomer: Sum of mass yields of all monomers, based on the weight of bio oil 

 

 

3.2.3.5 FTIR spectroscopy 
Lignin and biochar were characterized using FTIR spectroscopy to know the major 

functional groups in them. Thermo Nicolet iS10 was used for FTIR analysis of alkaline lignin and 

products (Thermo Scientific, Waltham, MA). The analysis used 34 scans of the samples over a 

range of 400-4000 cm-1.  

3.2.3.6 Elemental Analysis 
Elemental analysis of lignin, bio-oil and biochar was performed with ‘Vario MICRO cube’ 

elemental analysis system (Elementar Americas Inc., New York, USA). Sulfanilamide was used 

as a standard to calculate daily factor values and 2 mg of samples were used for the 

characterization.  

3.2.3.7 Total organic carbon (TOC) measurement   
Total organic carbon (TOC) measurement of the aqueous phase was performed to know the 

carbon lost to this phase. The TOC of aqueous phase was measured by diluting the samples 1000-

times with DIW using a TOC-L analyzer (Shimadzu Corp., Japan).  

3.2.3.8 Titration 
Total Acid Number (TAN) measurement of bio-oil was performed using titration to know 

the acidity of bio-oil. The TAN of bio-oil was measured with ‘Mettler Toledo T50 Titrator’ 

(Mettler Toledo, Columbus, Ohio, USA). ASTM D664 method was followed for this purpose. The 

calibration was done initially with a solution of potassium hydrogen phthalate (KHP) (80 mg of 

KHP in 60 mL de-ionized water (DIW)) (Crystal baker analyzed ACS reagent, purchased from 

Avantor Performance Materials Inc.). The mixture was titrated with a blank solvent (ASTM D664) 
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as well as buffer solutions of pH 4 and 11. About 0.1 g bio-oil sample was mixed with 50 mL of 

blank solution for TAN measurement.  

Bio-oil was characterized for its water content using Karl-Fischer titration using ‘V20 

Volumetric KF Titrator’ (Mettler Toledo, Columbus, Ohio, USA). Any organic phase that might 

be present in aqueous phase samples was removed prior to this using centrifugation.  

 

3.3 Results and discussion  

 Proximate analysis 

The ash content of lignin, as provided by the supplier was 2%, which was found to be 19.5 

wt% when measured in the lab. The moisture content of the lignin was 5.5%, as provided by the 

supplier, which was measured to be 8.4 wt% in the lab. Additionally, other properties of lignin, as 

provided by the supplier were 11.9% methoxyl group, pH of 9.0, and ignition residue (sulfate) of 

23.6%.  Also, the fixed carbon in the lignin was determined to be 31.3 wt% on dry, ash-free basis 

and the volatile matter was determined to be 49.2 wt% on dry basis using proximate analysis. The 

fixed carbon content of alkaline lignin used here was higher than what is generally seen for other 

types of lignins, such as organosolv lignin. This lignin also had a relatively higher amount of ash, 

which can be a result of the specific pretreatment used to isolate lignin from biomass.  

 

 NMR 

3.3.2.1 31P NMR spectroscopy  

The 31P NMR spectrum of lignin is shown in Figure 3.1. The alkaline lignin used in this 

study had majority of phenolic hydroxyl groups (2.2 mmol g-1) in its total hydroxyl concentration 

(4.0 mmol g-1). The hydroxyl content of alkaline lignin was lower than that for organosolv lignin, 

but comparable to the biorefinery lignin (Yang et al., 2014).  
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Figure 3.1 31P NMR spectrum of alkaline lignin 

 

Additionally, the 31P NMR characterization of bio-oil (not shown in the figure) made with only 

water as a solvent revealed that the addition of tetralin to the solvent medium caused an increase 

in hydroxyl concentration from 3.5 mmol g-1 to 4.5 mmol g-1. This can be a result of the hydrogen 

provided by tetralin temporarily capping the reactive fragments from lignin and preventing them 

from recondensation. Subsequently, these fragments might have retained the hydroxyl groups 

present in them, which could have led to an increased hydroxyl group concentration. Also, with 

water as a solvent, and without adding tetralin to the liquefaction medium, the hydroxyl group 

concentration of the bio-oil decreased a bit compared to that in lignin. This can be a result of self-

condensation of lignin during bio-oil formation, which was higher without the presence of a 

hydrogen donor solvent. Overall, the cleavage of ether linkages in lignin causes C aromatic-O-R 

groups to be converted into C aromatic-O-H groups (Pu et al., 2019). Therefore, the decrease in 

hydroxyl groups in absence of tetralin suggests higher condensation of lignin.  
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3.3.2.2 1H-13C 2D-HSQC NMR spectroscopy  

The 1H-13C 2D-HSQC NMR spectrum of alkaline lignin (Figure 3.2) revealed the structural 

features, including its constituent units and the linkages. The lignin used in this study had majority 

of guaiacyl (G)-type units, connected to each other mainly with β-O-4 and β-β linkages. From the 

volume integration of regions in the spectrum, it could be estimated that the relative abundance of 

β-O-4 and β-β linkages in the lignin was 95% and 5% respectively. Overall, it can be inferred from 

the weak spectral regions that the alkaline conditions used to isolate lignin were harsh and hence 

the lignin structure being relatively condensed.  

 
Figure 3.2 1H-13C 2D HSQC NMR spectrum of alkaline lignin 

 

 GC-MS 

The compounds seen from the gas chromatography-mass spectrometry (GC-MS) of bio-

oil made with solvent liquefaction of lignin of are shown in Figure 3.3. For the analysis of bio-oil, 

its qualitative assessment is primarily considered in this article, as it gives a better idea of the 

formation of desired products, rather than its quantitative assessment. In the case of liquefaction 

with the use of tetralin, with a higher ethanol to water ratio, higher chromatogram area of total 

aromatic compounds was seen, which is shown as the last bar in black color in each case. However, 
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when the hydrogen donor solvent tetralin was used, the higher ethanol to water ratio did not result 

in the highest fraction of total aromatics. At the same time, the GC-MS area itself had increased in 

this case (not shown in the figure), which indicated an increase in the amount of the aromatic 

compounds, as the parameters for gas chromatography analysis remained the same. It also 

suggested that tetralin enhanced the depolymerization leading to aromatics formation already 

initiated by the ethanol-water solvent mixture.  

The observations suggested that when tetralin was used, the ethanol-water ratio no longer 

remained the determining factor for the fraction of total aromatics in bio-oil. Since the aromatics 

represent monomeric compounds, most of which were deoxygenated, their proportion and 

selectivity compared to other type of compounds in bio-oil was also indicative of the 

depolymerization and deoxygenation reaction. Note that analysis based on each compound was 

not possible, as the number of compounds detected in GCMS was in several hundreds, and in some 

cases more than 500. Based on the observation from product characterizations, it can be proposed 

that tetralin provided its hydrogen to the depolymerized lignin fragments, stabilizing them, and 

making them available for further deoxygenation. Hence, the condensation of these compounds 

into solid biochar was slowed down. At the same time, tetralin was also seen to get other 

substitutions in its structure.  
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Figure 3.3 Compounds in bio-oil made with the solvent liquefaction of alkaline lignin with 

and without using tetralin as in-situ hydrogen donor, detected using GCMS [note that both 

plots differ in their scale and only the comparative data is presented] 

 

Overall, the major compounds in the bio-oil recovered were mostly phenolics, aromatics 

and substituted benzene-compounds (Figure 3.4).  Alkoxy phenols were the major compounds in 

the category of phenolics. Total 56.7 wt% of bio-oil made from lignin with ethanol as a solvent in 

the presence of tetralin was identified to be comprised of various phenolic monomers. The tetralin-

derived products were also present in the product in residual amounts, but their yields were 

subtracted while calculating the selectivity of desired phenolic monomers. The major compounds 

seen in bio-oil and their selectivity based on their mass percentage in bio-oil were methanone, (5-

hydroxy-3-benzofuryl)(2,5-dimethoxyphenyl)- (11.1 wt%), propenoic acid, 3-[4-methoxy-3-(4-

methylphenoxy)phenyl]-, ethyl ester (5.1 wt%), phenol, 2,2'-methylenebis[6-(1,1-dimethylethyl)-

4-ethyl- (4.8 wt%) and phenol (4.0 wt%). The presence of many oligomeric products could be a 

results of their saturation due to the presence of hydrogen radicals, which hinders their further 

cleavage (Schuler et al., 2019). The dimeric phenolic compounds are considered to have better 
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antioxidant properties compared to monomeric phenolic compounds, and hence are valuable for 

lignin valorization (Kang et al., 2013). There were many more compounds in the bio-oil other than 

those mentioned here. Previously, homovanillic acid was reported to be the major compound from 

lignin in presence of hydrogen donor solvent (Lee et al., 2016). As a common observation from 

all the experiments performed with solvent liquefaction of alkaline lignin, the number of 

compounds and their distribution varied slightly from trial to trial. Yet, there are few compounds 

that were present in bio-oil from all the trials. However, there are limitations in the detection of 

compounds using GCMS, as not all the compounds in bio-oil are eluted in the GC. Hence, there is 

a well-acknowledged possibility that the compounds with higher molecular weight are also 

generated in the reaction, which need other methods for their detection. This is mentioned later in 

the future work section of this article.  

Ouyang et al. performed ethanol enhanced liquefaction of alkaline lignin using formic acid 

instead of tetralin, as in-situ hydrogen donor (Ouyang et al., 2015). The major compounds 

mentioned by them, as components of ‘bio-oil’ were different from the one observed in this study. 

Ouyang et al. reported vanillin, 4-((1E)-3-hydroxy-1-propenyl)-2-methoxyphenol, phenol, 2,6-

dimethoxy, syringaldehyde, acetylsyringone, syringic acid, benzoic acid, 4- hydroxyl-, 3-hydroxy-

4-methoxycinnamic acid as the major compounds (Ouyang et al., 2015). Unlike the distribution 

mentioned by Ouyang et al., where only a few compounds were in majority, no single major 

compound was observed in the present study. The maximum peak area for a compound was not 

found to be more than 6-7% of total chromatogram area. The residence time of majority of GC-

eluted compounds in this study was ranging from 14 to 24 minutes, whereas in the case of Ouyang 

et al., majority of  compounds eluted from 8 to 19 minutes (Ouyang et al., 2015). The average 

molecular weight of GC-eluted compounds detected in this study was 189 g mol-1. This was 

comparable to the compounds detected by Ouyang et al., whose molecular weight ranges from 94 

to 210 (Ouyang et al., 2015). As per the analysis by Ouyang et al., ethanol plays a greater role in 

avoiding repolymerization of bio-oil (Ouyang et al., 2015). However, the current study presents a 

more complex role of ethanol on the chemical composition of bio-oil.  
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Figure 3.4 Compounds seen in the bio-oil made from liquefaction of alkaline lignin in 

ethanol as a solvent in presence of tetralin (300°C, 20 min, 100 psi N2) [compounds where 

selectivity is not given in parentheses are the tetralin-derived residual compounds in bio-

oil, which have been excluded from total yield calculation] 
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 FTIR  

Lignin isolation from biomass is known to result is alteration in the structure of lignin to 

varying degrees. This happens mostly during pulping of wood, and the result is often a condensed 

structure of lignin. Hence, it was necessary to study the functional groups present in alkaline lignin. 

From the FTIR spectrum of alkaline lignin shown in Figure 3.5, it can be seen that there are distinct 

peaks around the region of wavenumber 1400 to 1600 cm-1. This represents aromatic skeletal 

vibrations, a common characteristic seen in the FTIR spectra of lignin. However, for this sample 

of alkaline lignin, a peculiarity was observed in the smaller size of the peak around wavenumber 

of 1700 cm-1
. This peak represents a C=O bond, which be carbonyl, aldehyde or ester groups. This 

peak was relatively smaller compared to the spectra for lignin reported elsewhere. This was maybe 

because, during the alkaline process used by the supplier, β-O-4 bond cleavage in lignin might 

have also occurred to some extent.  

 

Figure 3.5 FTIR analysis of alkaline lignin 

 

Figure 3.6 shows the FTIR spectra of bio-oil made with the solvent liquefaction of lignin 

without using tetralin in the system. As the ethanol in the solvent increased, the Sp3 C-H spectra 

became stronger. Additionally, the spectrum for O-H group of alcohols went from very weak to 
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moderate. With a higher ethanol in the solvent, O-H for acids became weak and C-O bond 

spectrum went from very weak to moderate. This suggests that the total amount of acidic 

compounds formed went down with a higher ethanol content in the solvent. This is in conformity 

with the results from Total Acid Number (TAN) and pH measurement for bio-oil, as discussed in 

previous sections. Increased amounts of esters in the bio-oil was also observed with a higher 

ethanol content in the solvent.  

 

Figure 3.6 FTIR spectra of bio-oil made using solvent liquefaction of lignin in ethanol-

water without tetralin 

 

 Elemental analysis  

The alkaline lignin used in this study was found to contain 55.6 wt% C, 5.4 wt% H, 0.1 

wt% N, 3.9 wt% S, and 35.0 wt% O on dry basis. Comparison of the elemental composition with 

that reported by other researchers shows that there was certain variation in the amounts of 

individual elements. For example, wheat straw alkali lignin was reported to have a comparable 
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amount of carbon on dry basis (56.5%), but a much smaller amount of sulfur (0.4%) (Ouyang et 

al., 2015). Most of the sulfur from alkaline lignin in this study is likely to have ended up in the 

biochar or would have been lost in the gaseous products. The lignin obtained from alkaline liquor 

and precipitated with sulfuric acid had 31.5 wt% C, 4.4 wt% H, 0.1 wt% N, and 3.7 wt% S on dry 

basis (Ház et al., 2019).  Since the biomass sources of lignin are not mentioned by the suppliers, it 

was not possible to assess what could have led to the relatively higher carbon or sulfur content of 

the lignin used in the present study. 

Elemental analysis of bio-oil obtained with the solvent liquefaction of alkaline lignin in 

ethanol- water mixture when tetralin was added to the system, is presented in Figure 3.7. The cases 

with 100% ethanol or 100% water have previously been reported to lead to an entirely different 

type of reaction leading to bio-oil, and hence are not compared in this table (Lee et al., 2016). Here, 

the purpose of elemental analysis is to see the trend of carbon content of bio-oil samples and predict 

the extent to which repolymerization of fragmented lignin molecules must be taking place during 

the reaction. It can be seen that except for the amount of carbon, the mass fraction of other elements 

is not changing as distinctly with the change in the solvent composition. From the figure, it is seen 

that overall, the carbon and hydrogen content of bio-oil is highest with 50% ethanol in the solvent 

without tetralin. Also, the elemental O/C of bio-oil was about 0.26 with 50% ethanol in solvent, 

which was lower than that reported previously with the use of hydrogen donor solvent for lignin 

liquefaction (Pu et al., 2019). This indicates that in the present study, the condensation of phenolic 

moieties was prevented to a great extent. The variation in elemental composition has also been 

higher from previous results in the literature  (Pu et al., 2019). It was still higher for 25%E and 

75%E in the present study, around 0.50-0.57, suggesting higher condensation under these 

conditions. There is considerable amount of sulfur detected in bio-oil if tetralin is not used in the 

system, as seen in Figure 3.7. Hence, there must be a substantial sulfur removal strategy if this bio-

oil must be upgraded to be used as a fuel, in contrast to what was observed when tetralin was 

present in the system. In the present study, sulfur is also likely getting released in the form of gas 

(H2S). 
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Figure 3.7 Elemental composition of bio-oil and biochar made from lignin liquefaction in 
ethanol-water 

Also, the values of calorific values for a set of six biochar samples and six bio-oil samples, 

made with the same solvent composition (50%E, without tetralin) and with the same reaction 

conditions is shown in Table 3.1 to emphasize the challenges with reproducibility of the 

experiments in the present study. Note that these trials are not considered for the results elsewhere 

in this study.  

Table 3.1 Elemental composition of biochar and bio-oil produced from solvent liquefaction 

of alkaline lignin in ethanol-water mixture (50-50 wt%) without tetralin 

  Average wt. %* 
 

C.V. (MJ/kg, 

predicted using 

Dulong’s formula) 

  N C H S O 
 

Biochar 0.4 75.2 5.4 1.2 17.8 30.7 
 

0.3 82.7 5.7 0.7 10.6 34.7 
 

1.4 66.6 5.1 1.6 25.4 25.5 
 

0.3 72.9 5.0 <0.1 21.8 27.9 
 

0.2 79.2 5.1 <0.1 15.5 31.4 
 

1.3 65.2 4.5 0.7 28.3 23.6 

Average 0.6 ± 

0.5 

73.6 ± 

6.3 

5.2 ± 

0.4 

0.7 ± 

0.6 

19.9 ± 

6.0 

29.9 ± 3.0 
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Bio-oil 1.6 72.2 9.2 1.7 15.3 35.0 
 

1.1 63.1 7.3 1.0 27.6 26.9 
 

2.5 76.3 8.5 1.3 11.4 36.2 
 

1.5 76.8 8.5 0.2 13.0 35.9 
 

1.5 73.3 9.2 0.6 15.3 35.4 
 

1.2 63.8 7.4 0.3 27.3 27.4 

Average 1.6 ± 

0.4 

70.9 ± 

5.5 

8.4 ± 

0.8 

0.8 ± 

0.5 

18.3 ± 

6.6 

32.8 ± 4.0 

[*Values from all experimental trials are presented] 

 

 Yields  

The products of hydrothermal liquefaction of alkaline lignin, with ethanol-water mixture as 

solvent and tetralin as in-situ hydrogen donor were categorized into organic phase (bio-oil), 

aqueous phase and solid residue. The residual solvents were separated using rotary evaporation at 

reduced pressures. The gaseous products from the reaction were not analyzed in this study. The 

variation in proportion of solid and liquid products with different amounts of ethanol in the solvent 

was studied. Previously, continuous feeding of gaseous H2 to a lignin-tetralin system was reported 

to have resulted in a higher mass transfer of H2 to the liquid phase (Pu et al., 2019). However, the 

present study shows that the effect of H2 made available in-situ from tetralin can affect the products 

as well.   

The weight of bio-oil produced increased as the proportion of ethanol went up from 0% to 25% 

(Figure 3.8). It started decreasing as the ethanol in solvent was further increased from 25% to 75%. 

It increased again when 100% ethanol was used as the solvent. It can be inferred that with 50% to 

75% ethanol in water, the combined effect of both the solvents at subcritical temperature hindered 

the bio-oil formation. An effort was made to quantify the residual tetralin in the product mixture 

by observing tetralin in bio-oil using GC-MS and the bio-oil yield was adjusted according to this 

value. An excessive variation in the bio-oil yield and difficulty in separation of tetralin and other 

solvent after liquefaction of lignin was previously reported (Haverly et al., 2018; Lee et al., 2016; 

Pu et al., 2019). This suggests that the use of solvents having higher boiling points can cause 

challenges in separation of products downstream in the process. Additionally, the presence of three 
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different solvents might be leading to azeotropic mixtures and even occasional evaporation of bio-

oil components. This uncertainty in solvent removal can be a reason for the variation in bio-oil 

yields.  

The total of bio-oil and biochar yields are lower for the trials with 50% and 75% ethanol in the 

solvent. Here, a higher proportion of compounds in the product might have ended up in the aqueous 

phase. Later, the measurement of total organic carbon (TOC) of aqueous phase confirmed this 

hypothesis, which is described later in the article. As the amount of ethanol in the solvent increased 

from 25% to 50%, the amount of biochar in product increased significantly and then remained 

almost steady until ethanol in the solvent was 100%. This indicates that higher proportions of 

ethanol in the solvent favors the formation of biochar. Previously, the ethanol-water composition 

of 50-50 wt.% and a temperature of 300°C was reported to give the highest yield of bio-oil in the 

hydrothermal liquefaction of loblolly pine on similar reactor set-up (Celikbag et al., 2016; Lee et 

al., 2016). From this study, the presence or absence of tetralin was observed to affect bio-oil yields 

more than the ethanol-water concentration, which in turn plays a larger role in absence of hydrogen 

donor solvents (Lee et al., 2016). Tetralin used as a hydrogen donor also decomposes to produce 

several organic products, which may appear in the bio-oil phase. Also, the residual water as well 

as solvent ethanol (after the decantation and rotary evaporation) in the bio-oil mixture is 

responsible for skewed mass balance of these products.  

Also, some more trends can be observed from the yields of bio-oil and biochar as the ethanol 

concentration in the solvent is changed. The yields are calculated based on the initial weight of 

lignin. From Figure 3.8, we can see that the bio-oil yields when tetralin is present in the system 

are somewhat higher than the case when tetralin is absent. From the biochar yield data shown in 

Figure 3.9, we can see that the biochar yields are almost always lower when tetralin is used. Since 

biochar is formed due to repolymerization of fragmented lignin, the lower biochar yields mean 

that the repolymerization has occurred to a smaller extent when tetralin is used. This explains the 

higher bio-oil yields with the use of tetralin in addition to the solvent system of ethanol-water. 

Note that due to the difficulties in separation of solvents due to the viscous and hydrophilic nature 

of bio-oil, the yields are not very consistent.   
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Figure 3.8 Bio oil yields from the solvent liquefaction of lignin without tetralin 

 

Figure 3.9 Biochar yield from the solvent liquefaction of lignin [Numbers indicated by 

the same letter are not significantly different from each other (Tukey’s HSD test at 

α=0.1)] 

 

The liquefaction of alkaline lignin in ethanol-water mixture was also repeated without the use 

of tetralin as hydrogen donor in two more sets of experiments. In one set, the solvent used for 

extraction of liquid bio-oil product was DCM and in other case, it was ethanol. It can be seen from 

Figure 3.10 that using ethanol to extract the products of solvent liquefaction of alkaline lignin 

gives better average yields of bio-oil as well as biochar. Whereas, in the case of using DCM as the 
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extraction solvent, the aqueous phase recovery is better. The reason for this can be that DCM and 

water are immiscible and hence can be easily separated into phases. This yield of bio-oil is 

comparable to the one mentioned by Kang et al., which was around 25-28% (Kang et al., 2011). 

The temperature range for the experiments by Kang et al. was 270-330°C and the liquefaction was 

performed for 30 minutes (Kang et al., 2011).  It is clearly seen that the bio-oil yield values 

obtained without the use of tetralin are lower, yet well within a reasonable range. When tetralin 

was used as an in-situ hydrogen donor, it was difficult to separate it after the reaction during solvent 

removal due to its degradation into other products. Hence, any attempts to consider the tetralin 

degradation products while measuring the bio-oil yield had limitations. Here, for the sake of 

simplicity, we assume that some of the tetralin degradation products distribute themselves in the 

bio-oil, and some are evaporated with the solvent during rotary evaporation at reduced pressure. 

 

Figure 3.10 Products from the solvent liquefaction of alkaline lignin in 50-50 wt.% 

ethanol-water mixture without using tetralin (a) yields (b) pictures of products 
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 TOC   

As seen in Figure 3.11, as the amount of ethanol in solvent mixture went up from 0% to 75%, 

the organic carbon present in aqueous phase increased from 25 mg/L to 232 mg/L. With 50% to 

75% ethanol in solvent, total amount of bio-oil and biochar decreased. The TOC measurement 

confirmed this observation, suggesting formation of higher amounts of water-soluble organics in 

the liquefaction product for this range of solvent composition. However, the higher concentration 

of organic carbon could also be due to the lesser amount of water present in those cases. As the 

amount of ethanol in solvent approached to 100%, all the organic compounds formed were seen 

only in biochar and bio-oil, in absence of any aqueous phase to dissolve the water-soluble 

compounds. 

The total organic carbon in aqueous phase of product mixture from the solvent liquefaction of 

alkaline lignin without using tetralin was found to be 24.9-28.9 mg/L (not shown in the figure). As 

a general observation, comparing the values of TOC of aqueous phase with and without the use of 

tetralin indicated that the presence of tetralin increased the amount of total organic carbon present 

in the aqueous phase. This extra amount of organic carbon in aqueous phase could have come 

either at the expense of lesser quantity of bio-oil or at the expense of that of biochar.  However, 

the yield of biochar was higher when tetralin was not used. Hence organic carbon in aqueous phase 

could have come at the expense of lower bio-oil yield when tetralin was used.  

 

 

Figure 3.11 Total Organic Carbon (TOC) of aqueous phase in product of solvent 

liquefaction of alkaline lignin in the presence of tetralin 
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 TAN 

It can be seen from Figure 3.12 that the total acid number (TAN) for the bio-oil dropped 

from 2.47 to 0.05 when ethanol in solvent was increased from 0 to 50%. Note that, typical TAN 

for (petroleum) acid crude is >0.5 mg KOH/ g and for high TAN crude is >1.0 mg KOH/ g. The 

higher TAN seen in the bio-oil from the current study during lower concentration of ethanol in 

solvent can be because of the higher amount of organic acids formed during the liquefaction 

reactions. The reactions leading to the formation of organic acids could have been catalyzed by 

presence of water being in a higher quantity in the solvent for those particular conditions. It can 

be inferred that, in the presence of higher amounts of water in the solvent (>50%), the building 

blocks of alkaline lignin undergo reactions to form various acidic compounds.  

 

 

Figure 3.12 Total Acid Number (TAN) of bio-oil made with lignin in ethanol-water in 

presence of tetralin 

 

 Limitations due to lignin source variability  

There were certain limitations to this study. First, the surfactant impurities present in alkaline 

lignin made it difficult to separate water from the bio-oil phase during downstream steps. This 

affected the mass balance and other product properties. Second, the solvents formed an azeotropic 

mixture and hence caused an uneven evaporation even after using vacuum and harsh conditions, 

which affected product composition. The biomass used to extract alkaline lignin can affect various 

chemical properties of lignin, such as the ratio of S/G/H-type units, methoxy and aliphatic 

hydroxyl group contents, fraction of aryl-ether bonds among all the interunit linkages, molecular 

weight etc. For example, a lignin with lower molecular weight and methoxy content, and higher 
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aliphatic hydroxyl and aryl-ether content will result in a higher bio-oil yield on liquefaction 

(Muraleedharan et al., 2018). The S/G ratio of lignin may also influence the formation of catechol-

type compounds, as the rates of guaiacyl and syringyl decomposition are different (Schuler et al., 

2019). The physical properties of biomass also affect lignin extraction and depolymerization 

processes. For example, a higher initial moisture content can reduce the hydration time in the 

beginning of HTL and hence speed up the depolymerization process (Williams et al., 2016). 

Reducing the particle size of lignin may not affect heat transfer when there is a solvent mixture as 

a reaction medium, but may affect the pumpability of lignin slurry during continuous operations 

(Elliott et al., 2015; Zhang et al., 2009). Additionally, lignin with a higher ash content will lead to 

an increased char formation on HTL (Toor et al., 2011). The best ways to address the challenges 

with lignin variability are selecting the right conversion process, considering a pretreatment 

process, and blending another feedstock with lignin to achieve the desired feed properties 

(Williams et al., 2016). For example, the higher ash content of wheat-straw derived alkaline lignin 

used in this study could have been mitigated by blending it with a woody biomass-derived lignin.  

 

 Potential of lignin to make sustainable alternatives to crude-oil derived 

products  

Demonstrating the depolymerization of alkaline lignin at pilot scale is necessary before it can 

make its way up into the industry. For enabling pilot scale demonstration of bio-oil production, 

one needs to have established continuous liquefaction of alkaline lignin, as it is the requirement 

for industry. The desired properties of bio-oil from any lignin is low moisture and oxygen content, 

thermal stability, miscibility with hydrocarbon streams etc. However, the use of HTL is 

advantageous, as this process has a little effect due to variability in the moisture content of feed 

lignin (Williams et al., 2016). Also, the problems faced in thermochemical conversion through 

HTL due to biomass source variability can be mitigated by using extracted lignin as the feed to get 

targeted products. Whereas, densification strategies such as pelleting or briquetting can help 

overcome the variability in physical characteristics of feed lignin (Ray et al., 2013). According to 

Upton et. al., alkaline lignin has previously been used for the synthesis of polyurethanes, polysters, 

epoxide resins and phenolic resins (Upton and Kasko, 2016). It was also mentioned in the same 

article that alkaline lignin, without any valorization, can replace the macropolyol component of 
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polyurethanes easily (Upton and Kasko, 2016). Also, such lignin-derived bio-based polyols are 

supposed to have better biodegradability as compared to petroleum-based polyols (Cateto et al., 

2013; Hu et al., 2013). 

Haverly et al., distilled the bio-oil made from continuous liquefaction of southern yellow pine  

lignin (Haverly et al., 2018). The distillate was called “medium oil” and it was found to have 

potential to be used as a fuel. They mentioned the average mass fraction of water in their bio-oil 

to be 13.4 wt.%. Also, the average oxygen content of bio-oil was reported to be 55.6%. However, 

the initial oxygen content of biomass in that case was 41.7% and hence there was net increase in 

the oxygen content after the conversion to bio-oil. Whereas the oxygen content of bio-oil in the 

present study was reduced to 23-46% from around 40% in the alkaline lignin. The oxygen content 

of biochar was 19-27 wt%. The oxygen content of bio-oil in the case where tetralin was used 

additionally was higher. this indicates that the process of solvent liquefaction is seen to produce 

bio-oil with higher oxygen content than the feed in case of southern yellow pine lignin, but lower 

oxygen content in case of alkaline lignin. 

The laboratory scale experiments performed for solvent liquefaction of alkaline lignin in this 

study suggested that, a mixture of water and ethanol was itself an effective solvent for this process. 

Shorter reaction time and relatively lower acidic content in products were some of the advantages 

achieved by the reaction setup. However, there were no substantial differences visible in functional 

groups present in the organic liquid or biochar products when different amount of ethanol was 

used in the solvent along with water. As seen from total organic content measurement, more 

amount of ethanol in solvent led to higher total organic carbon in the aqueous phase of product. It 

can be concluded that using the solvents like water, ethanol or tetralin one at a time, is better than 

using their mixture. The alkaline lignin used dispersed easily in deionized water after stirring for 

several minutes. Hence, there will not be any problem for using this slurry even in a continuous 

reactor.   

 

3.4 Conclusion 

In conclusion, the results of this study suggest that the extent of repolymerization of bio-oil 

compounds into condensed structures was reduced with the use of hydrogen donor solvent tetralin. 
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Also, this reduction in product condensation resulted in higher selectivity towards monomeric 

compounds, which was confirmed from the number of total aromatics in bio-oil. The alkaline 

lignin structure was relatively condensed, which was verified using NMR characterization. The 

structures of phenolic monomers produced and the yields of major compounds in bio-oil were 

elucidated using GC-MS. Most importantly, when a strong hydrogen donor solvent such as tetralin 

was used in the system, the amount of ethanol became less important as a factor in deciding the 

extent of depolymerization and deoxygenation reactions. Instead, tetralin took the control of the 

extent of these reactions. The location of maximum phenolic monomer yield shifts towards lower 

concentrations of ethanol in the solvent. The absence of a specific trend in product yields with 

respect to lignin properties such as S/G ratio during the depolymerization of lignin was recently 

highlighted by Anderson et al (Anderson et al., 2019). The current study adds a similar observation 

for the depolymerization of lignin, but in the case of solvent composition when in-situ hydrogen 

donor is used. Overall, the solvent liquefaction of alkaline lignin resulted in deoxygenated 

products, which had a substantial number of phenolic compounds. Hence, the bio-oil from this 

process could be used as fuel directly or can be polymerized to make phenolic resins. Further 

research can explore the potential to make biodegradable plastics from this bio-oil.  
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4. Lignin Depolymerization Aided with Biaryl Formation During a Pretreatment 

 

 

 

Abstract  

Plant-based lignin is a renewable resource that can help attain sustainable development 

goals of clean and affordable energy. Herein, we explored a pretreatment at 80°C to modify lignin 

using phenol, which also happens to be one of the major products from the thermolysis of lignin. 

Catalytic Transfer Hydrogenolysis using Ru/C as a catalyst in ethanol at 300°C was used to break 

down lignin. Through biaryl formation, additional compounds can be formed from lignin, leading 

to an increase in the yield of desired products. The relation between modified lignin structure and 

its effect on the depolymerization process was investigated with 1H-13C-2D-HSQC, 31P NMR and 

FTIR spectroscopy, GC-MS/FID, TGA, and elemental analysis. Biaryl formation during the 

pretreatment enabled different product formation routes compared with simply adding phenol to 

the lignin depolymerization medium. There was a 14% increase in phenolic monomers yield 

(excluding phenol) and a 27% decrease in biochar yield with the pretreatment. This study 

contributes to the prior knowledge of lignin functional group protection by exploring the use of 

phenol in a pretreatment. 

 

Keywords: Lignin, Depolymerization, Stabilization, Biaryl formation  
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4.1 Introduction 

Achieving sustainable development goals of 'Affordable and Clean Energy,' 'Responsible 

Consumption and Production,' and 'Climate Action' requires the use of renewable sources of 

chemicals and fuels (Issa et al., 2019; Ragauskas et al., 2006). Biomass-derived lignin is a 

promising resource that can fulfill the demands of commodity and specialty chemicals needed as 

plastics, pharmaceuticals, and flavoring agents (Jahromi et al., 2020; Patil et al., 2020). One-third 

(on a mass basis) of the lignocellulosic biomass is lignin. The lignin waste is expected to reach 

225 million tons annually by 2030 from the second-generation bioethanol industry (Cotana et al., 

2014). 

Lignin is derived from up to three phenylpropanoid units, namely syringyl, guaiacyl and p-

hydroxyphenyl, linked with several inter-unit linkages. These linkages are C-O bonds, such as β-

O-4, α-O-4, and 4-O-5, or they are C-C bonds, such as 5-5, β-1, β-5, and β-β, as shown in Figure 

4.1. During the extraction of lignin from source biomass,  native lignin structure is altered, forming 

recalcitrant C-C bonds (Guadix-Montero and Sankar, 2018). Many strategies have previously been 

proposed to make the lignin structure more resilient to recondensation.  The use of phenolic 

reagents as stabilizing agents is one such strategy, in which phenolic groups are attached to highly 

reactive lignin sites, altering the course of reaction during subsequent depolymerization (Shuai and 

Saha, 2017). Phenol can attach itself to lignin with its para- or ortho-position, hence stabilizing the 

sites from recondensation (Podschun et al., 2015). 

  The presence of phenol in the reaction medium during lignin depolymerization is shown to 

have an effect on suppressing unwanted cross-linking reactions, otherwise known as 

'oligomerization' or 'char formation' (Patil et al., 2018; Roberts et al., 2011; Saisu et al., 2003). 

While the maximum yield of phenolic monomers obtained was about 19 wt% with this strategy, 

the presence of extra phenol could have led to this apparent increase (Saisu et al., 2003). On the 

other hand, just adding phenol to the reaction mixture during lignin liquefaction in near-critical 

water led to about 1.8 - 14.7 wt% of phenol-free monomer yield based on initial lignin (Arturi et 

al., 2017).  The use of phenol in the lignin depolymerization medium also opens the possibility of 
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a 'redistribution mechanism' (Gan and Pan, 2019; Saito et al., 2003). Briefly, a monomeric 

'phenoxyl' radical can attack a long chain made of phenoxyl radicals, leading to intermediate and 

subsequent cleavage of polymer chains (Saito et al., 2003). This radical-based reaction is also 

shown in Figure 4.1.  

 

Figure 4.1 Phenol redistribution mechanism based on (Saito et al., 2003)  Note: 'A' 

indicates alkyl substitutions or hydrogen. 

 

Decoupling of biaryl formation during pretreatment and depolymerization was investigated in 

this study while using a known lignin cleavage method called Catalytic Transfer Hydrogenolysis 

(CTH) (L. Das et al., 2018). Previously, total lignin monomer yields were reported only as high as 

6 % with CTH of lignin, although bio-oil yield could be higher due to the presence of oligomers 

(Limarta et al., 2018).  Phenolic yield for wheat straw protobind (soda) lignin at 400°C in ethanol 

without a catalyst was only 0.7 wt% (Güvenatam et al., 2016).  Selective bond-cleavage by prior 
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modification of lignin structure is a valuable strategy for lignin depolymerization. The effect of 

adding phenol directly to the liquefaction medium on lignin depolymerization has been explored 

in the literature (Arturi et al., 2017; Toledano et al., 2014). However, investigation of biaryl 

formation as a pretreatment strategy to modify lignin before depolymerization has not been 

previously examined. Additionally, there has not been enough emphasis given on using reagents 

that can be derived from lignin itself or controlling the product distribution between aliphatic and 

phenolic compounds from lignin depolymerization. Hence, there is a need to explore biaryl 

formation as a pretreatment process and study its effect on the lignin structure that can alter the 

subsequent depolymerization of product yields.   

The present study examined how a pretreatment of lignin with phenol causes modification of 

lignin, leading to changes in the yields of products such as phenolic monomers, aromatics, 

aliphatics, and char. This study aims to answer if the pretreatment of lignin results in an increase 

in the yield of desired products, such as phenolic monomers, during subsequent depolymerization. 

The results of this study are presented as the yields of various products quantified using GC-

MS/FID, and the observations are discussed in the context of their reaction mechanisms. 

 

4.2 Experimental 

 Materials  

Organosolv lignin was extracted from poplar biomass. Poplar wood chips sized between Mesh-

12 (1680 μm) and Mesh-30 (595 μm) were used in this study (Forest Concepts LLC, Washington, 

USA). Phenol (>99.0%), n-hydroxy-5-norbornene-2,3- dicarboximide (NHND), ruthenium on 

carbon (5 wt.% loading on carbon support matrix), n-decane, chloroform-D, and 2-chloro-4,4,5,5-

tetramethyl-1,3,2-dioxaphospholane (TMDP) were purchased from Millipore-Sigma (Burlington, 

Massachusetts, USA). Sulfuric acid and acetic anhydride were purchased from J.T.Baker 

Chemicals (Phillipsburg, New Jersey, USA). Pyridine and Cu(II)Cl2.2H2O were purchased from 

Alfa Aesar (Haverhill, Massachusetts, USA). Ethanol (95%), ethyl acetate (99.9%) 

ethylenediaminetetraacetic acid (EDTA), sodium hydroxide, dimethyl sulfoxide (DMSO)-d6 and 

2-propanol were purchased from VWR Chemicals BDH® (Suwanee, Georgia, USA). Ultra-high 

purity nitrogen (99.999%) and oxygen (99.994%) and ultra-zero grade air (total hydrocarbons < 

0.1 ppm) were purchased from Airgas, Inc. (Radnor, Pennsylvania, USA). 
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 Methodology 

 The overall schematic of the experiments is shown in Figure 4.2.  Experiments were directed 

at extracting lignin from poplar with minimal modifications in its structure and then pretreating it 

with phenol at mild conditions.  Subsequent depolymerization and separation of products were 

performed for control, treatment, and blank studies. Briefly, a controlled study was used to 

establish baseline results for lignin depolymerization, which was then compared with the treatment 

study to contrast with the effect of pretreatment. Product separation and characterization 

techniques were optimized with preliminary experiments in the laboratory.  All of the steps are 

discussed in Sections 4.2.3, 4.2.4, 4.2.5, and 4.2.6.  

 

Figure 4.2 Overall schematic of the experiments 

 

 Organosolv lignin extraction  

Ethanol organosolv lignin was extracted from poplar wood chips following the general 

procedure described in the literature (Mahadevan et al., 2016; Meng et al., 2018). Briefly, in a 

typical batch, about 70 g of poplar wood chips were mixed in 65% ethanol with a 1:7 solid to liquid 

ratio. To this mixture was added 1% (wt/wt of the poplar) of sulfuric acid.  The mixture was soaked 

overnight and then heated in a 1.8 L Parr® reactor at 170°C for 1 h, stirring at 50 rpm.  The reactor 

was quenched after the reaction by passing chilled water through cooling tubes. The resulting 
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mixture was filtered under vacuum with Whatman filter paper (#42). A small quantity of ethanol 

was added to extract more lignin from the residue, and this solution was added to the filtrate.  The 

residue was stored. About a 3-fold volume of deionized water was added to the filtrate to 

precipitate lignin.  Lignin was then washed with water to remove trace water-soluble compounds, 

and the solids were dried at 50°C for several days.   

 

 Lignin pretreatment   

 Pretreatment of lignin was performed by a method based on the protocols previously 

described in the literature (Nanayakkara et al., 2014a; Yang et al., 2014). Briefly, 3 g of organosolv 

lignin extracted from poplar was mixed with 0.5 NaOH (98.5 ml). To this solution, 2.3 g phenol 

was added. To this mixture, 7 mmol/mmol lignin of Cu(II)2Cl2.2H2O (0.1 g/g lignin) and  EDTA 

(0.2 g/g lignin) were added to create the Cu-EDTA catalytic system. The mixture was stirred at 

80°C for 15 h. The resulting solution was brought to a pH of 2 by adding a few drops of 1M HCl 

to precipitate pretreated lignin. The aqueous phase was separated by centrifugation and stored 

separately. Phenol was recovered from this phase with liquid-liquid extraction using excess diethyl 

ether. Filtration was used to separate pretreated lignin.  Lignin was then washed with excess 

deionized water, followed by diethyl ether, and then dried under vacuum at room temperature 

overnight. Later, it was also found that drying the pretreated lignin at 70°C did not seem to degrade 

its structure, as it exhibited the desired spectral regions during NMR characterization.  

Additionally, the effect of changing the external environment during the pretreatment was 

examined by performing the pretreatment under inert and oxidative conditions. For this part, 

instead of using aerobic conditions enabled by pretreatment under air, approximately 1 bar N2 or 

O2 was bubbled in the mixture prepared for pretreatment for 10 minutes.  Precipitation, separation, 

and depolymerization of pretreated lignin were performed in the same way as described before.  

 

 Depolymerization of lignin 

The depolymerization of pretreated lignin was performed using CTH. A known amount of 

pretreated lignin (~ 1 g) was mixed with 40 mL ethanol and vortexed for 2 min. To this mixture, 

15 wt% (based on the mass of lignin) of catalyst (5wt% Ru/C) was added.  The mixture was loaded 



 77  
 
 

in a stainless steel mini-reactor and sealed. Parr® 4567 reactor (450 mL volume) was used to 

perform a high-pressure liquefaction reaction (Parr Instrument Company, Moline, Illinois, USA). 

A reaction temperature of 300°C was maintained for 1 h in the reactor. The reactor was initially 

pressurized with 100 psi N2, whereas it increased to 120-130 psi after cooling the reactor at the end 

of the reaction. The maximum pressure in the reactor during the reaction was ~1200 psi. After 

opening the reactor, products were removed by washing the reactor with ~10 mL of 

dichloromethane.  The product mixture was centrifuged to remove catalyst and char. An aliquot 

(~2 g) was taken out from liquid products for GC-MS/FID.  Mass of all of the reagents was noted.  

The char was dried at 70ºC for 24 hours. The gases produced from the reaction were captured and 

analyzed with a micro-GC (Agilent Technologies, Santa Clara, California, USA). Control and 

blank experiments were performed with the same procedure described above. A control 

experiment is defined as the CTH of untreated organosolv lignin. A blank experiment is defined 

as the CTH of phenol in the same liquefaction medium used for lignin. 

 

 Characterization of reactants and products  

4.2.6.1 Proximate and compositional analysis 

 Proximate analysis of raw materials was performed as per guidelines suggested by NREL 

(Sluiter et al., 2008a). Briefly, samples were dried for 24 hours at 105ºC to measure moisture 

content.  Dried samples were subjected to 950ºC for 7 min to calculate volatile combustible matter. 

The resulting solids were subjected to 575ºC for 4 h to calculate ash content.  Fixed carbon was 

estimated as the remaining mass from the sample after subtracting the rest of the portions.  

 Compositional analysis of raw biomass extracted lignin, and pretreated lignin was 

performed as per  NREL protocol (Sluiter et al., 2008b). Briefly, extractives were removed from 

samples using ethanol. Thereafter, acid hydrolysis of samples was performed, and lignin was 

separated from carbohydrates.  Acid-soluble lignin was measured with Helios Omega UV-vis 

spectrophotometer (Thermo Scientific, Waltham, Massachusetts, USA), and acid-soluble lignin 

was measured by combustion in a muffle furnace. Sugars were analyzed using High-Pressure 

Liquid Chromatography with Agilent 1260 Infinity HPLC system (Agilent Technologies, Santa 

Clara, California, USA).  
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4.2.6.2 1H-13C 2D-HSQC NMR spectroscopy 

 Untreated organosolv lignin, pretreated lignin, and depolymerization products were 

characterized by 1H-13C 2D Heteronuclear Single Quantum Coherence- Nuclear Magnetic 

Resonance (HSQC-NMR) spectroscopy using a protocol prescribed in the literature (Talebi Amiri 

et al., 2019). In this technique, one-dimensional 1H and 13C spectra are plotted on X- and Y-axes, 

respectively, and contours produced from their signals were correlated with lignin's structural 

features. Briefly, 20-25 mg of lignin or bio-oil was dissolved in about 800 µL of a deuterated 

solvent, dimethyl sulfoxide (DMSO)-d6. The solution was vortexed for 2 min and then filtered 

through a 0.45 µm nylon syringe filter.  Filtered solution was added to the NMR tube.  1H and 13C, 

as well as 2D-HSQC NMR spectra, were recorded on a Bruker Avance 600 MHz spectrometer 

equipped with a z-gradient triple resonance Cryo-probe (Bruker BioSpin Corporation, Billerica, 

Massachusetts, USA). Bruker standard pulse sequence 'hsqcetgp' was used for recording spectra. 

With 16 scans for 1H, 32 scans for 13C, additional 2 scans for HSQC, and 16 dummy scans to 

ensure a steady-state of the instrument; the acquisition was performed for 10.49 min at 298.1 K.  

Spectra were analyzed using Bruker Topspin 4.0.6 software.  

For both the raw and pretreated organosolv lignin samples, dissolution was poor in 

deuterated solvents, and hence acetylation was used to increase their solubility (Gan and Pan, 

2019). However, it is essential to note that acetylation can help to make only ~90% mass of lignin 

soluble, and hence the values obtained need to be interpreted with caution (Tolbert et al., 2014). 

The lignin depolymerization product had monomers and oligomers, and hence it was soluble in 

the deuterated solvent without acetylation. The regions in the spectra for lignin were assigned 

based on the reference spectra from literature for similarly derivatized lignin samples (Tarmadi et 

al., 2018a). Briefly, about 100 mg of lignin was dissolved in a 1:1 v/v mixture of pyridine and 

acetic anhydride and was vortexed for 2 min. Then, it was kept in the dark at room temperature for 

72 h. Later, the mixture was added to 120 mL of ice-cold water containing 1 mL of concentrated 

hydrochloric acid dropwise. The precipitate was filtered and washed with deionized water.  The 

resulting acetylated lignin was dried under vacuum at room temperature for several days before 

using it for NMR analysis.  
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4.2.6.3 31P NMR spectroscopy 

 The literature procedure to quantitatively characterize hydroxyl group concentration of 

lignin and lignin-derived products was used for this analysis (Meng et al., 2019b). Briefly, to make 

a stock solution, pyridine and deuterated chloroform were mixed in a ratio of 1.6: 1 (v/v). To 10 

mL of this mixture, about 40 mg of Cr(III)acetylacetonate was added ad a relaxation agent, and 

NHND was added as an internal standard. The mixture was vortexed for 2 minutes. About 20-25 

mg of the sample was mixed in 800 µL of stock solution and was shaken. Approximately 100 µL 

of a phosphitylating agent (2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, or TMDP) was 

added to the sample mixture, and it was vortexed again for 2 min to ensure complete reaction. The 

solution was filtered with a 0.45 µm nylon syringe filter into an NMR tube to fill it with 5.5 cm 

height.  Mass of all reagents was noted.  31P NMR spectroscopy was performed on Bruker Avance 

400 MHz spectrometer with 64 scans, 240 ppm spectral width, and 0.84 s acquisition time (Bruker 

BioSpin Corporation, Billerica, Massachusetts, USA).  Spectra were analyzed using Bruker 

TopSpin 4.0.6 software.  

 

4.2.6.4 Elemental Analysis 

 Elemental analysis of lignins was performed using the 'Vario MICRO cube' elemental 

analyzer (Elemental Americas Inc., New York, USA). About 2 mg of sample was used for analysis. 

Sulfanilamide, as a standard, was used to calculate daily factor values.  

 

4.2.6.5 FTIR spectroscopy 

Fourier Transform Infrared (FTIR) analysis of lignin was performed using Thermo-Nicolet 

iS10 instruments (Thermo Scientific, Massachusetts, USA). A total of 34 scans were performed 

on samples with wavenumbers between 400 to 4000 cm-1.  

 

4.2.6.6 Thermogravimetric analysis 

Raw and pretreated lignin were subjected to thermal degradation in TGA-50 (Shimadzu 

Scientific Instruments Inc., Maryland, USA) under an oxidative environment using air (~20 mL 

minute-1). A sample was placed in an alumina crucible and heated from room temperature to 900°C 
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at a rate of 15°C/minute. A sample was held at the highest temperature for 1 minute before cooling 

it down to ambient conditions. 

 

4.2.6.7 Gel Permeation Chromatography (GPC) analysis  

The weight-average molecular weight (Mw) and number-average molecular weight (Mn) of 

untreated and pretreated lignin were measured by GPC after acetylation, as previously described 

(Li et al., 2019). Briefly, lignin derivatization was conducted employing ~3 mg lignin in 1.00 mL 

of pyridine/acetic anhydride (1:1 v/v) in the dark at room temperature for 24 h, 200 RPM. The 

solvent/reagents were removed by co-evaporation at 45°C with ethanol several times, using a 

rotatory evaporator until dry. The resultant acetylated lignin was dissolved in tetrahydrofuran 

(THF), and the solution was filtered through a 0.45 μm membrane filter before GPC analysis. Size-

exclusion separation was performed on an Agilent 1200 HPLC system (Agilent Technologies, Inc, 

Santa Clara, CA, USA) equipped with Waters Styragel columns (HR0.5, HR3, and HR5E; Waters 

Corporation, Milford, MA, USA). A UV detector (270nm) was used for detection. THF was used 

as the mobile phase at a flow rate of 0.3 mL/min. Polystyrene narrow standards were used for 

establishing the calibration curve. Acetylated samples were measured in duplicates, and the 

average values were reported. The bio-oils from lignin depolymerization are readily dissolved in 

THF for GPC analysis without acetylation. The sample solution was filtered through a 0.45 μm 

membrane filter before GPC analysis. 

 

4.2.6.8 GC-MS/FID 

An aliquot from liquid product mixture from depolymerization was filtered with a 0.2µm nylon 

filter and then subjected to analysis with gas chromatography. GC-MS analysis was performed 

with an Agilent 7890A GC/5975C MS system (Agilent Technologies, Santa Clara, California, 

USA).  The instrument was equipped with a DB-1701 column (30 m; 0.25 mm i.d.; 0.25 mm film 

thickness). Ultra-high purity (99.999%) helium was used as a carrier gas, supplied by Airgas Inc. 

(Charlotte, North Carolina, USA).  GC system was connected to Polyarc® system (Activated 

Research Company, Minnesota, USA).  Sample vapors were sent through the Polyarc® catalyst 

before being analyzed with a flame ionization detector (FID).  GC column was kept at 50°C for 2 
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minutes and then ramped up to 280°C at a rate of 4°C/minute and held there for 1 minute. A 5µL 

injection with split-less mode was used. Compounds were identified by comparing their mass 

spectra with those for pure compounds from NIST library, retention times, and verifying the 

formation of similar compounds from the literature. Creosol was consistently seen in the lignin 

depolymerization product, and hence its FID peak was used as the internal standard. The yield of 

individual products was calculated as per Equation 4.1 and Equation 4.2 as per  Polyarc® 

guidelines (“Quantification with the Polyarc ®,” n.d.). 
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) (Equation 4.2) 

 

4.3 Results and discussion 

 Proximate and ultimate analyses  

  Proximate analysis of organosolv lignin extracted from poplar (~8 wt% yield based on dry 

poplar) revealed its fixed carbon content to be 16.2 wt% (based on dry lignin), up from 8.1 wt% 

in raw biomass (Table 4.1). Fixed carbon content remained almost the same at 16.7 wt% after 

pretreatment. However, the ash content of pretreated lignin was higher at 2.1 wt%, up from 1.4 

wt% of untreated lignin, which likely happened because of a reduction in volatile combustible 

matter of lignin. The oxygen content of pretreated lignin went up to 29.7 wt% (dry, ash-free basis) 

from 22.5 wt% (dry, ash-free basis) in untreated organosolv lignin. From the proximate analysis 

results, it is proposed here that a small fraction of volatile components of lignin was lost during 

pretreatment. The oxygen content measurements suggested that the process of aerobic oxidation 

simultaneously occurred during pretreatment. Phenol amount required to modify lignin was 

previously reported to be optimal at 70 mmol phenol per mmol of lignin (0.8 g phenol/ g lignin) 
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(Arturi et al., 2017; Nanayakkara et al., 2014b). Since pretreatment was performed under air, 

alkaline aerobic conditions suitable for lignin oxidation were present (Schutyser et al., 2018). It 

was also reported that phenol's action under an oxidative environment was helpful in preventing 

recondensation reactions (Toledano et al., 2014) . The primary mechanism for lignin oxidation 

could be carbonyl (C=O) group formation on the side chain, which would have blocked the 

reactive site from undergoing recondensation (Schutyser et al., 2018). 

Table 4.1 Proximate and ultimate analysis of raw and pretreated organosolv lignin 

Proximate analysis (Wt%) Raw biomass 
(Poplar) Organosolv lignin Pretreated lignin 

(under air) 

Moisture content, 

as-received basis 
3.9 ± 0.0 1.2 ± 0.0 1.7 ± 0.0 

Volatile combustible matter, 

dry basis 
91.2 ± 0.2 82.4 ± 0.1 81.3 ± 1.5 

Ash, dry basis 0.7 ± 0.2 1.4 ± 0.7 2.1 ± 0.3 

Fixed carbon, dry basis 8.1 ± 0.1 16.2 ± 0.1 16.7 ± 1.3 

 

Elemental composition, dry ash-free basis (Accounted for hydrogen from the moisture) 

C 49.8 ± 0.9 70.2 ± 0.2 63.6 ± 0.0 

H 7.5 ± 0.3 7.0 ± 0.1 6.3 ± 1.2 

N 1.5 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 

S 0.1 ± 0.0 0.2 ± 0.0 0.3 ± 0.2 

O (by difference) 41.3 ± 1.2 22.5 ± 0.3 29.7 ± 0.1 

H/C (molar) 1.8 1.2 1.2 

O/C (molar) 0.6 0.2 0.4 
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 FTIR analysis  

 FTIR analysis of untreated organosolv and pretreated lignin is shown in Figure 4.3.  Peaks 

indicating OH groups and C-H stretching or vibrations of methyl and methoxyl groups in 3500 – 

2300 cm-1 region show only a slight increase after pretreatment. This result could indicate hydroxyl 

groups of lignin at certain positions could have been replaced by hydroxyl group of phenol in equal 

molar proportions, and no net increase in it is expected. However, unconjugated C=O vibrations 

at 1708 cm-1 decreased after pretreatment. This result is an unwanted side-reaction during 

pretreatment, which was expected to be small due to the mild temperature of 80ºC used for 

pretreatment. Analysis of residual filtrate separated after pretreatment shows an accumulation of 

phenol in it.  Aromatic skeletal vibrations in lignin coming from C=C stretching seen at 1592 cm-

1 and 1511 cm-1 decreased after pretreatment. This could be due to the aromatic ring shielding of 

lignin resulting from phenol attaching to it. Aromatic ring peaks are seen at 1461 cm-1, and 1422 

cm-1 increased after pretreatment. There was no change in condensed guaiacol structures of lignin 

which was suggested by the unchanging peak intensity at 1326 cm-1, in C-C and C-O at 1215 cm-

1, in C=O stretch of Hibbert ketones resulting from β-O-4 cleavage, in syringyl ring breathing seen 

at 1115 cm-1 or in deformation of aromatic C-H plane at 1028 cm-1. However, guaiacyl ring and 

C-O stretching in lignin at 1268 cm-1 were seen to decrease, which again suggests that 

demethoxylation might have occurred to a small extent during pretreatment. 
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Figure 4.3 FTIR spectra of untreated and pretreated organosolv lignin 

 

 Thermogravimetric analysis 

TGA and DTG curves obtained for untreated and pretreated organosolv lignin are shown in 

Figure 4.4. It can be seen from this data that pretreated lignin exhibited a generally lower 

temperature of thermal degradation than untreated organosolv lignin. This result is evident from 

the TGA curve, where complete degradation occurred at a higher temperature for untreated 

organosolv lignin (~650°C) than for pretreated lignin (~600°C). The DTG curve also shows that 

the temperature for the fastest degradation was higher for untreated organosolv lignin (~600°C) 

than for pretreated lignin (~550°C). Also, for the untreated organosolv lignin, a peak indicating 

another higher value for degradation rate was seen at 350°C, which was absent in pretreated lignin, 

suggesting a more uniform lignin degradation. Previously, lignin degradation has been reported to 

occur in a wide temperature range, specifically between 100–900°C (Yang et al., 2007; Zhou et 

al., 2015a).  In the present study, solvent liquefaction was used for lignin depolymerization, which 

enabled the thermal degradation of lignin to be performed at a lower temperature (300°C) than in 

the TGA analysis. However, the trend seen in the TGA results can also be extended to the range 
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temperatures (0°C to 300°C) experienced by lignin during the liquefaction process. Overall, the 

pretreatment resulted in lignin more susceptible to rapid thermal degradation. 

 

Figure 4.4 (a) Thermogravimetric analysis, TGA and (b) derivative thermogravimetry, 

DTG analysis of raw and pretreated organosolv lignin 

 

 Gel Permeation Chromatography (GPC) 

Table 4.2 shows the molecular weights of untreated and pretreated lignin, as well as that of the 

bio-oil. The molecular weight (Mw) of organosolv lignin increased from 2420 g mol-1 to 3581 g 

mol-1, respectively, after the pretreatment. However, the bio-oil from pretreated lignin had similar 

molecular weights (1158 and 734 g mol-1, Mw and Mn) compared to the bio-oil from untreated 

lignin (1174 and 714 g mol-1, Mw and Mn). Similarly, even though the polydispersity index (PDI) 
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of pretreated lignin was higher (2.6) than that of untreated lignin (2.3), the PDI of resulting bio-oil 

from both lignins was equal (1.6). The molecular weight (Mw) values for organosolv lignin 

observed here are lower than those reported for milled wood lignin (~20,000 g mol-1) or Kraft 

lignin (~3,300-6,500 g mol-1) as expected (Asikkala et al., 2012). Overall, the molecular weight 

data suggests two main effects. First, the pretreatment with phenol is mild enough to prevent any 

lignin depolymerization occurring during the pretreatment stage itself. Second, the high Mw and 

Mn for bio-oils indicate that the depolymerization product consists of long-chain oligomers in 

addition to phenolic monomers. 

Table 4.2 The weight-average (Mw) and number-average (Mn) molecular weights, and 

polydispersity index (PDI) of lignins and products measured with gel permeation 

chromatography (GPC) 

 
Mw (g mol-1) Mn (g mol-1) Polydispersity 

index (PDI) 

Untreated organosolv lignin 2420.0 ± 8.0 1045.5 ± 1.5 2.3 ± 0.0 

Pretreated organosolv lignin 3580.5 ± 92.5 1353 ± 11.0 2.7 ± 0.1 

Untreated organosolv lignin bio-oil  1173.5 ± 33.5 714 ± 22.0 1.6 ± 0.0 

Pretreated organosolv lignin bio-oil 1157.5 ± 13.5 734 ± 3.0 1.6 ± 0.0 

 

 

 NMR spectroscopy 

4.3.5.1 2D-HSQC NMR 

 1H-13C 2D-HSQC NMR spectrum of untreated organosolv lignin is shown in Figure 4.5. 

The spectrum shows the presence of typical features of lignin reported in the literature (Nishimura 

et al., 2018; Tarmadi et al., 2018b). These include monolignol units such as syringyl and guaiacyl 

units, as well as inter-unit linkages such as β-β, β-5, and β-O-4.  
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Figure 4.5 Structural features of poplar organosolv lignin detected with 1H-13C 2D-HSQC 

NMR spectrum 

Quantification of various functional groups seen in the lignin structure was compared to 

literature values and is shown in Table 4.3. Overall, the β-O-4 linkage in lignin was more abundant 

than other linkages and might be responsible for giving rise to phenolics seen in lignin 

depolymerization products.  S/G ratio calculated for lignin in this study was 1.9, which was slightly 

higher than that from literature (Cheng et al., 2020). However, this factor did not prevent 

monomeric product formation, supporting the conclusion of a recent study that contended the 

correlation of monomer yields with the S/G ratio of poplar lignin in the feed (Anderson et al., 

2019). 

Table 4.3 Linkage ratio of lignins calculated using 2D HSQC-NMR 
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 Linkage ratio (%) 

Linkage  δH/δC  
(ppm) 

Poplar lignin 
(this study) 

Poplar lignin (from 
(Cheng et al., 2020)) 

β-5 3.0-4.0/ 50.0-
55.0 

<1 ~2 

β-O-4 3.1-4.2/ 55.0-
65.0 

97 82 

β-β 3.8-4.6/ 70.0-
75.0 

2 16 

S-type 
structures 

6.2-7.0/ 100.0-
110.0 

65 62 

G-type 
structures 

6.5-7.3/ 110.0-
120.0 

35 38 

S/G ratio  1.8 1.6 

 

 2D-HSQC spectra of untreated and pretreated lignin, as well as that of depolymerization 

product, are compared in Figure 4.6. It can be seen from the spectra that the typical organosolv 

extraction method itself results in a relatively condensed lignin structure, affecting the availability 

of cleavable linkages during subsequent depolymerization. This is evident from the absence of α-

signals for β-O-4 linkages and the lower intensity of HSQC signals. For a better understanding of 

lignin β-O-4 linkages, γ signals are also considered in addition to the α-signals. A higher intensity 

of signals was seen from distinct functional groups (δC/δH: 90-60/2.5-6.5 ppm) in depolymerization 

products. This result indicates that pretreated lignin effectively prevented itself from undergoing 

recondensation. Also, newly introduced phenoxyl groups (δC/δH: 128-134/7.1-8.0 ppm) were a 

result of oligomerization of lignin, as hypothesized from proposed reaction chemistry from 

literature (Gan and Pan, 2019). However, C4 attack seems to have stopped during the pretreatment 

step after attaching the phenoxyl group to lignin, rather than proceeding for subsequent bond-

cleavage due to the mild conditions. This result was verified by analyzing the filtrate from the 

pretreatment, which had only residual phenol, rather than any other lignin-derived products. . It 

can be hypothesized that after the phenolation step, guaiacyl groups in lignin might have been 

transformed into catechoyl-like structures having two -OH functionalities through a radical 

decomposition (Schuler et al., 2019). This result can also be attributed to the different 

functionalities made available in pretreated lignin formed by the redistribution mechanism (Saito 

et al., 2003).  Signals at δC/δH: 59.9/ 3.22–3.57 ppm indicate  Cγ-Hγ1, Hγ2 moiety of lignin 
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(Nishimura et al., 2018). These signals were seen to be reduced in pretreated lignin compared to 

untreated organosolv lignin, indicating capping of certain sites due to biaryl formation.  

 The way phenol modifies lignin structure can be understood by focusing on reasons for 

selecting reagents for this particular pretreatment. Introducing more phenolic structures in lignin 

can make it more susceptible to thermochemical degradation. This approach was previously seen 

in the thermal degradation of specific polymers but was not attempted for lignin. The use of 2,6-

dimethylphenol (DMP) to depolymerize PPO through a radical-based mechanism was possible 

with Cu/pyridine catalyst (Saito et al., 2003). However, this process could only give oligomers, 

and getting monomers was still challenging. Using ethylenediamine-N,N,N′,N′-tetraacetic acid 

(EDTA) as a catalyst helped apply this strategy for lignin depolymerization (Nanayakkara et al., 

2014c).  Using 4-tert-butyl-2,6-dimethyl-phenol (TBDMP) instead of phenol was shown to be 

better for this purpose due to a blocked para position (Nanayakkara et al., 2014a). Although 

molecular weight (Mw) of lignin was observed to decrease with this approach from 8500 g mol-1 

to 4700 g mol-1 by changing the solvent to an ionic liquid,  the product was still in an oligomeric 

form (Nanayakkara et al., 2014c). To enable phenolic monomer formation, the phenol-

pretreatment approach with a relatively higher temperature (160°C in place of 80°C) was used 

(Gan and Pan, 2019; Nanayakkara et al., 2014c). This strategy led to phenolic monomers, but the 

amount of phenol used was 3-times the weight of lignin (Gan and Pan, 2019).  The current study 

reiterates a lower pretreatment temperature of 80°C that enables grafting of phenoxyl groups at 

selective sites without breaking lignin inter-unit linkages. Also, phenol recovery with water and 

diethyl ether washing could enable phenol recycling.  
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Figure 4.6 Lignin transformation tracked through pretreatment and subsequent 

depolymerization using 1H-13C 2D-HSQC NMR spectra. 

 

4.3.5.2 31P NMR  
31P-NMR results of untreated organosolv and pretreated organosolv lignin are shown in 

Table 4.4. After the pretreatment, lignin was first washed only with excess water, and total 

hydroxyl group concentration increased from 7.6 mmol g-1-lignin to 18.7 mmol g-1 lignin. In the 

final stage, pretreated lignin was washed with excess diethyl ether (DEE) to remove phenol 

attached with weak forces, reducing the total hydroxyl group content to 10.8 mmol g-1 lignin. This 

value was greater than the total hydroxyl group concentration of the original lignin.  Hydroxyl 

concentration increased in the pretreated lignin, but aliphatic were decreased after the 

pretreatment, indicating biaryl formation on aliphatic groups. Additionally, after the 

depolymerization, total hydroxyl group concentration increased to 15.7 mmol g-1 bio-oil.    

 

Table 4.4 Changes in hydroxyl group concentration of lignin after the pretreatment and 

subsequent depolymerization 
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  Untreated 
lignin 

Pretreated 
lignin washed 
only with water 

Pretreated 
lignin washed 
with water and 
DEE 

Depolymerized 
lignin  

  OH concentration (mmol g-1 lignin) 

Aliphatic 4.6 5.2 3.7 6.2 

Phenolic  2.9 3.7 3.8 7.1 

Carboxylic 0.1 9.9 3.3 2.4 

Total 7.6 18.7 10.8 15.7 

 

 GC-MS/FID characterization 

The GC-MS/FID characterization of the liquid product from lignin depolymerization revealed 

several monomeric products, including aliphatic and aromatic compounds. The GC-MS spectra 

obtained from depolymerization of untreated organosolv lignin and pretreated organosolv lignin 

are shown in Figure 4.7. Only the 20 peaks with the largest peak areas are labeled, whereas more 

peaks were considered for the analysis. The control experiment is compared with the CTH of 

pretreated lignin to assess the pretreatment effect. The spectra revealed that the untreated and 

pretreated organosolv lignin result in a different set of compounds on depolymerization. Pretreated 

lignin produced a higher number of depolymerization products than untreated organosolv lignin, 

as seen from the higher number of peaks representing distinct compounds in the spectrum. Also, 

the formation of an aromatic dimer, also known as biaryl, was possible only from the pretreated 

lignin. But its peak is not indicated in the spectrum, as it was much smaller compared to the other 

peaks. Phenolic monomers, one-ring aromatics, and aromatic dimers were the result of lignin ether 

bond cleavage. Whereas, aliphatic compounds such as esters, linear alkanes, cycloalkanes, and 

alkenes were also present in the liquid products, which were the residual modified wood 

extractives. The blank experiment was used to identify the products that might be generated with 

the degradation of residual phenol or the solvent.  From the blank experiment, it was found that 

phenol (70.6 wt%), benzene, ethoxy- (9.3 wt%), phenol, 2-ethyl- (8.3 wt%), and 4-propyl-1,1'-

diphenyl (<0.1 wt%) were the 4 main phenol-derived products. The blank study helped to confirm 
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that the newly seen products with pretreated lignin were not the results of any residual phenol in 

the system but were indeed lignin-derived compounds. Also, the gases produced in the reaction 

mainly consisted of nitrogen (from the initial pressurization of the reactor), ~8 wt% H2 and a small 

quantity of n-butane (<3%).  

 

Figure 4.7 GC-MS spectra of depolymerization products from 'untreated organosolv' 

lignin and 'pretreated organosolv' lignin (depolymerization at 300ºC, Ru/C, ethanol) 

 

 The pretreatment is responsible for biaryl formation through phenol attachment on lignin 

through the coupling of phenol with phenolic structure of lignin (Baran and Sargin, 2020; Yang et 

al., 2014). Later, the some of the attached phenol molecules getting released from lignin could 

have also attacked the carbon near the C4 position on the lignin aromatic ring (Saito et al., 2003). 

This could have cleaved the lignin interunit linkages, resulting in a decreased chain length. 

Subsequent iterations of this reaction could produce monomer or dimers, but the primary reaction 

responsible for the depolymerization of lignin in this study was catalytic transfer hydrogenolysis. 

During this process, the ether linkages in lignin were effectively cleaved to form unstable 

structures with unsaturated bonds on the lignin side chain, which on rearrangement result in stable 

monomeric compounds (Roberts et al., 2011).  
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A comparison of product yields from the depolymerization of untreated organosolv and 

pretreated organosolv lignin is shown in Figure 4.8. The net result was an increase of ~ 14 % in 

phenolic monomers (excluding phenol) from pretreated lignin depolymerization compared to the 

untreated organosolv lignin depolymerization. The pretreatment resulted in ~ 27% lower average 

amount of char compared to the depolymerization of untreated lignin. It was seen that the bio-oil 

yield based on dry lignin increased from 26.5 wt% to 50.9 wt% after the pretreatment. However, 

during the pretreated lignin depolymerization, the oligomeric fraction in bio-oil could have been 

even higher. The amount of 'residual' phenol (wt% based on initial dry lignin) and the phenol 

produced from lignin was subtracted from the liquid bio-oil yield. 

 

Figure 4.8 Product yields from the depolymerization of untreated and pretreated 

organosolv lignin 

A comparison of individual compound yields common in both the untreated and pretreated 

lignin depolymerization products is shown in Table 4.5. Some of the product yields were increased, 

whereas that of others decreased, suggesting altered reaction pathways. Phenol has been known to 

act as a stabilization agent for the reactive fragments produced from lignin (Toledano et al., 2014). 

The product yields suggested that the stabilization reaction occurred with a similar effect using 

pretreated lignin compared with that reported in other strategies (Kim and Kim, 2018; Shuai and 

Saha, 2017). Pretreated lignin resulted in a different route for the release of phenol moiety, which 

ended up in phenolic dimers, rather than the single phenol molecule, as evidenced from the first 

row of Table 4.5. The phenolic monomer yield based on dry lignin excluding phenol was higher 
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with pretreated lignin (12.4 wt%) than untreated lignin (10.9 wt%). Pretreated lignin curbed the 

aliphatics formation, shifting the product yields towards phenolics and aromatics. Bio-oil and char 

yields alone could not explain the entire mass balance, and hence the formation of gases and 

oligomers needs to be studied more closely. Prior studies suggested that the lignin-derived bio-oil 

had 50 – 70% oligomers (Anderson et al., 2019).  

 

Table 4.5 Total yields of compounds obtained from the depolymerization of raw and 

pretreated organosolv lignin 

 
wt% of lignin  

    Raw 

organosolv 

Pretreated 

organosolv 

(under air) 

  

  
Avg SD Avg SD Increase (%) 

Total monomers 
 

19.2 0.7 13.2 1.2 - 

Phenol  
 

4.8 1.9 0.7 0.2 - 

Total monomers (excluding phenol) 14.4 2.6 12.5 1.0 - 

Phenolic monomers (excluding 

phenol) 

10.9 1.2 12.4 1.0 14 

Bio-oil yield  26.4 1.3 50.9 0.2 92 

Char yield  
 

7.6 2.2 5.5 0.1 -27 

[Yields of individual compounds are given in the supplementary information] 

 

 Compositional analysis   

Lignin content measurement and compositional analysis of untreated and pretreated 

organosolv lignins were performed to confirm the role of carbohydrate impurities.  Acid-soluble 

and insoluble lignin contents of untreated organosolv and pretreated organosolv lignin are listed 

in Table 4.7. It was seen that organosolv lignin samples could contain about 10–12 wt% of 
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impurities, which are retained even after ethanol washing after the organosolv process, and 

water/diethyl ether washing after pretreatment.  

 

Table 4.6 Lignin content measurement of samples 

 Sampl

e AIL, 

wt 

% 

UVab

s 

M.C., 

wt% 

ODW,  

mg 

ASL, 

wt% 

Extractive

s, wt % 

Total 

lignin

, 

wt.% 

Total 

lignin, 

wt.% 

(Averag

e)  

Total 

lignin

, 

wt.% 

(S.D.) 

OL1 91.7 0.4 1.2 296.4 4.1 0.1 95.7 
95.1 0.6 

OL2 91.2 0.3 1.2 296.4 3.4 0.1 94.5 
          
POL 1 92.7 0.2 3.0 291.0 2.2 0.1 94.8 

95.4 0.6 
POL 2  93.5 0.2 3.0 291.0 2.6 0.1 96.0 
          
P1  22.4 0.7 2.0 293.9 7.7 0.1 30.1 

28.7 1.4 
P2 22.6 0.4 2.0 293.9 4.8 0.1 27.3 

[OL 1: Organosolv lignin_replica 1; OL 2: organosolv lignin_replica 2; POL 1: pretreated 

organosolv lignin_replica 1; POL 2: pretreated organosolv lignin_replica 2; P1: raw 

poplar_replica 1; P2: raw poplar_replica 2; AIL: acid insoluble lignin; M.C.: moisture content, 

wet basis; ODW: oven dry weight, ASL: acid soluble lignin] 

Residual carbohydrates in lignin were quantified as per the NREL method (Sluiter et al., 

2008b). The results are shown in Table 4.8. It was found that the untreated organosolv lignin had 

2.9 wt% total sugars on a dry basis. Whereas the pretreated organosolv lignin had 7.2 wt% total 

sugars on a dry basis. The pretreated lignin produced a lower amount of total aliphatics (<0.1 wt%) 

compared to that from untreated organosolv lignin (0.7 wt%). This is even though the pretreated 

lignin had a higher amount of sugar impurities. It suggests that pretreatment suppressed the 

tendency of lignin to produce any additional aliphatic compounds from sugars other than those 

produced from residual wood extractives.  
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There was a shift in product selectivity as a result of the pretreatment. Even though some 

standard deviation was seen in the yields of individual compounds from lignin (as previously seen 

from Table 4.5), the combined yields of total monomers and phenolic monomers had a low 

standard deviation. This indicated that pretreatment was altering the depolymerization routes. The 

products reported here surely include extractives-derived carbohydrate compounds. The 

organosolv lignin was washed with deionized water to remove the water-soluble impurities. 

However, some of the impurities remained in lignin, resulting in overall lower yield values of other 

desired products reported based on the initial lignin amount. Calculating the yields based on 

Klason lignin content in the future can help overcome the challenges in accurate quantification of 

monomer yields (Phongpreecha et al., 2017).  

 

Table 4.7 Sugar analysis in raw and pretreated organosolv lignin samples 

Sample Amount, wt% based on dry weight of lignin 

  Glucose   Galactose   Arabinose   Mannose      Total   

  Avg S.D. Avg S.D. Avg S.D. Avg S.D.  Avg S.D. 

OL1 0.2 0.2 1.4 0.1 1.2 0.3 0.0 0.0  
2.9 0.1 

OL2 0.5 <0.1 1.4 <0.1 1.1 0.2 0.0 0.0  

POL 1 0.0 0.0 4.4 0.2 2.9 0.1 0.0 0.0  
7.2 0.2 

POL 2 0.0 0.0 4.4 <0.1 2.7 0.4 0.0 0.0  

[Avg: average of two measurements; S.D.: standard deviations; OL 1: Organosolv lignin 1; OL 

2: Organosolv lignin 2; POL 1: Pretreated Organosolv lignin 1; POL 2: Pretreated Organosolv 

lignin 2; P1: Raw poplar 1; P2: Raw poplar 2] 

 

 Exclusive products from pretreated lignin  

There were several compounds produced exclusively with the depolymerization of 

pretreated lignin, as shown in Figure 4.9.  Previously, adding phenol to the lignin liquefaction 

medium was shown to produce phenolic dimers, anisolic dimers, and two-ring non-condensed 

aromatic dimers (Arturi et al., 2017). In the present study, two-ring, non-condensed aromatics such 

as 1-benzyl-4-ethylbenzene were detected from pretreated lignin depolymerization products, 
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which were the result of biaryl formation. Arturi et al. explained the fate of phenol added to the 

reaction medium with dimers of anisolic nature, such as 9H-xanthene (Arturi et al., 2017). 

However, no dimers of anisolic nature were observed in the current study. This could prevent the 

reaction of free phenol with the lignin depolymerization products that lead to toxic compounds by 

using phenol in the pretreatment step.  Multiple compounds detected with mass spectrometry had 

sulfur in them, which can be due to the impurities in pretreated lignin. However, the verification 

of these compounds was not possible due to the unavailability of pure compounds with these pure 

compounds in the market. 

 

Figure 4.9 Unique products from the depolymerization of pretreated lignin (a) phenolics 

(b) aromatics 

 Some of the compounds produced from the depolymerization of pretreated lignin were 

found to have several applications, which are summarized in Table 4.9. It is yet another feature of 
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the pretreatment applied for lignin depolymerization that the final products are more likely to be 

free of toxic contamination of free phenol. In contrast with the scheme where phenol is directly 

added to the lignin liquefaction medium, the lignin pretreated with phenol can result in uniquely 

substituted phenolic groups in the lignin moiety, eliminating the chances of residual phenol in the 

final product.  

 

Table 4.8 Applications of compounds produced from the depolymerization of lignin 

pretreated with phenol 

Compound Uses Yield 
(wt% of 
dry 
pretreated 
lignin) 

Reference 

 Phenolics 
Phenol, 4-methyl- Flavoring Agent 2.1 ± 0.4 (“PubChem 

Database. P-Cresol, 
CID=2879,” n.d.) 

Benzoic acid, 4-hydroxy-3-
methoxy- 

Flavoring Agent, 
Astringent, Vanilla, Drug, 
Human metabolite 

2.5 ± 0.0 (“PubChem 
Database. Vanillic 
acid, CID=8468,” 
n.d.) 

 Aromatics 
Benzoic acid, 4-methoxy- Flavoring Agent, Savory, 

Adjuvant 
0.1 ± 0.1 (“PubChem 

Database. 4-
Methoxybenzoic 
acid, CID=7478,” 
n.d.) 

1,2,4-trimethoxybenzene 
 

Pesticide (biochemical, 
biocide)  

0.1 ± 0.1 (“PubChem 
Database. 1,2,4-
Trimethoxybenzene, 
CID=67284,” n.d.) 

 

Pretreated lignin could have undergone unique reactions due to the selective capping of 

particular sites on the lignin moiety. Pretreatment with phenol is expected to lead to biaryl 

formation, consuming phenol, and leading to modified lignin in the process (Baran and Sargin, 

2020; Han et al., 2009). Hence, reinventing the stabilization strategy is possible with lignin-derived 

phenol by using it as a pretreatment reagent. A clever blend of stabilization and alkaline aerobic 
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oxidation of lignin can be achieved with this pretreatment strategy (Belkheiri et al., 2018; Wouter 

Schutyser et al., 2018). Keeping the pretreatment and depolymerization steps separate can also 

enable the optimization of each stage individually and allows studying the effect of each step 

independent of the other. However, it is also important to note that there can be several positive or 

negative synergistic effects of combining the pretreatment and depolymerization steps, which 

could not be explored with the experimental strategy of this study. Additionally, organosolv lignin 

itself is known to be a condensed form of lignin due to the harsh acidic conditions used for its 

extraction. Hence, performing the pretreatment during the organosolv process itself can also be 

tried in the future studies. 

 

 Pretreatment with phenol under inert and oxidative conditions  

Pretreatment with phenol under air also resulted in increased oxygen content of lignin from 

27.5 wt% to 30.9 wt% (dry ash-free basis), as was previously seen from Table 4.1. Moreover, the 

conditions used for the pretreatment were also conducive to the alkaline aerobic oxidation of 

lignin, as previously reported in the literature (Schutyser et al., 2018). Hence, to examine the effect 

of a different atmosphere, the pretreatment was performed in either inert or oxidative conditions. 

Inert conditions led a further increase in the phenolic monomers to 16.2 wt% (based on dry lignin) 

from 12.4 wt%  (based on dry lignin), as shown from Table 4.10. Under oxidative  conditions, the 

yield was even higher, 27.3 wt% (based on dry lignin). However, the trend for the bio-oil yields 

was: pretreatment under air (50.9 wt%) > oxidative pretreatment (42.0 wt%) > inert pretreatment 

(31.6 wt%) > untreated (26.5 wt%), based on dry lignin. Pretreatment under air led to the highest 

bio-oil quantity among the reaction atmospheres tested, warranting an investigation of its 

oligomeric content. Whereas, the inert or oxidative conditions led to higher monomeric fractions.  

Char formation remained nearly identical between pretreatment under air (5.5 wt% based on 

dry lignin) or under an inert gas (~5.5 wt%). Whereas, char increased with oxidative pretreatment 

(~7.4 wt% based on dry lignin), pointing to repolymerization and recondensation. Aliphatic 

compound yields were higher with oxidative pretreatment, compared to the inert pretreatment. 

Whereas, pretreatment under air produced modified lignin that suppressed the aliphatics formation. 

Overall, it can be said that pretreatment under oxygen is potentially more effective than that under 

inert gas or air. This inference is based on the higher phenolic monomer yields, which came at the 
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cost of increased char formation. In other words, adding oxygen during pretreatment makes sense 

only if the focus is on increasing the phenolic monomer yields. Pretreatment under air or inert gas 

is still able to suppress the char formation. Whereas, during subsequent depolymerization, the 

oxidative conditions used for pretreatment counteract the preventive effect on char formation. 

 

Table 4.9 Total yields of compounds determined using GC-MS/FID for the 

depolymerization product of lignin pretreated under inert and oxidative conditions. 

    Pretreated under 

inert 

Pretreated 

under oxygen  

  
 

wt% of lignin  wt% of lignin  

Compound  
 

Averagea S.D. a Averagea S.D. a 

Total monomers 
 

21.1 2.3 31.1 3.1 

Phenol  
 

0.8 0.1 2.3 1.2 

Total GC-eluted monomers (excluding phenol) 20.3 - 28.8 - 

Phenolic monomers (excluding phenol) 18.4 - 27.3 - 

Bio-oil yield  
 

31.6 1.2 42.0 0.6 

Char yield  
 

5.5 - 7.4 - 

[a Calculated with two GC-MS/FID measurements]  

 

4.4 Conclusion 

Depolymerization of pretreated lignin resulted in a 14 % increase in the phenolic monomer 

yields (excluding phenol) than that from untreated lignin depolymerization. Phenolic monomer 

yield (excluding phenol) of 12.4 wt% with the pretreatment was comparable to directly adding 

phenol to the system as previously reported in the literature, which was 1.8–14.7 wt% (Arturi et 

al., 2017). Pretreatmentof lignin with phenol subsequently enabled effective depolymerization, as 

demonstrated with the yield values, which could have been a result of biaryl formation. 

Additionally, undesired lignin oligomerization was suppressed with the pretreatment, as seen from 

the 27% reduction in char yields. The formation of undesired anisolic dimers was prevented due 

to the absence of free phenol molecules in the system. In addition to one-ring aromatic compounds, 
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pretreatment enabled getting several exclusive two-ring aromatic and phenolic compounds. The 

overall fraction of phenolics was increased, and that of aliphatics was decreased due to the 

pretreatment. The remaining mass balance from lignin was attributed to gaseous products and 

handling losses. Biaryl formation through the coupling between phenol and the phenolic structure 

of lignin can potentially be a useful approach for stabilizing lignin during its depolymerization. 

Also, an inert or oxidative atmosphere during the pretreatment improved the phenolic monomer 

yield, which warrants further investigation. 
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5. Effect of Boric Acid Capping During Biomass Fractionation on Subsequent 

Depolymerization of Lignin 

 

 

 

Abstract  

Lignin valorization via its depolymerization is challenging due to the many secondary 

reactions that occur during this process. These secondary reactions can be prevented by selectively 

capping some of the reactive sites on lignin using certain chemical reagents. Boric acid was 

explored in this study as one such reagent that can form a protective structure on lignin. Lignin 

from poplar, a hardwood, was isolated using a mild fractionation involving 2-methyl-

tetrahydrofuran as a solvent. The addition of boric acid during lignin isolation led to modification 

of the lignin structure, which were investigated using 1H-13C 2D HSQC and 31P NMR, and FTIR 

spectroscopy, as well as elemental analysis. The relative abundance of Cγ-Hγ site in the β-O-4 

linkage increased by ~20% while that of Cα-Hα site decreased by 3% after stabilization, suggesting 

the formation of a new structure. Depolymerization at 300°C with Ru/C as a catalyst in ethanol 

revealed an increase in mass yields of monomers from 16% to 25% in the modified lignin, as 
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determined using GC-MS. This study builds on the previous knowledge of lignin stabilization 

during its isolation by investigating a reagent and a biomass fractionation solvent.  

Keywords: Lignin, Stabilization, Boric Acid, Depolymerization, Phenolic Monomers 

5.1 Introduction   

Lignocellulosic biomass can serve the need for producing renewable fuels and chemicals 

in the coming years, when the supply of fossil-fuels may not be reliable (Adhikari et al., 2020; 

Jahromi et al., 2020). Additionally, the use of non-food crops for supplying the demand for clean 

energy can also help mitigate the issues related to climate change and greenhouse gas emissions 

(Harun et al., 2020; Jahromi et al., 2021). In the United States, the waste lignin from second 

generation bioethanol industry is expected to reach a volume of about 225 million tons by 2030, 

whereas that from paper and pulp industry is already about 50 million tons per year (Patil et al., 

2020, 2018). The Cα-OH and Cγ-OH groups (Figure 1) in the phenylpropanoid structure of lignin 

are the reactive sites that often undergo undesired secondary reactions, such as oligomerization 

and char formation. Preservation of reactive groups of lignin during its isolation from biomass 

enables optimization of the isolation and depolymerization processes, and at the same time 

eliminates the need to choose between the yield and quality of isolated lignin (Renders et al., 2017). 

Temporarily capping these reactive sites can make the lignin structure stable at ambient or 

relatively mild conditions (Lan et al., 2018).  

 

Figure 5.1 A representative structure showing the reactive sites on lignin 

Boric acid (H3BO3, pKa=9.24) was shown to prevent condensation reactions by forming 

esters (e.g. -B(OR)4; R being an alkyl group) during depolymerization with the lignin-derived 

monomers, or capping aromatic OH’s in the products (Roberts et al., 2011; Toledano et al., 2014). 
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Previous studies have shown that the use of boric acid by adding it directly to lignin liquefaction 

medium along with other reagents, such as NaOH or phenol  improves the bio-oil yields up to 52 

wt.% based on starting lignin (Rietjens and Steenbergen, 2005; Roberts et al., 2011; Toledano et 

al., 2014). Boric acid could prevent unwanted product condensation when used in lignin: boric 

acid mass ratio of 1: 0.75, but also led to an increase in char while giving a smaller amount of 

residual lignin at the end of depolymerization reaction  (Toledano et al., 2014). Boric acid was also 

used as a homogeneous catalyst to aid the depolymerization of lignin along with another noble-

metal catalyst (Luo et al., 2020). Overall, boric acid has been used either as a catalyst or as a 

capping agent, but under basic conditions (Luo et al., 2020; Roberts et al., 2011). Addition of boric 

acid to the solvent choline chloride (pH= 4-6)  during the extraction of lignin from biomass has 

also been reported to form esters with lignin hydroxyl groups (Hiltunen et al., 2016). However, 

the same study did not investigate the subsequent depolymerization of the extracted lignin. Also, 

it was previously reported that boric acid, when added directly to the lignin liquefaction medium, 

is needed in about twice the amount of lignin to be effective (Toledano et al., 2014). Hence, the 

present study aims to examine if a better use of boric acid is for stabilization of lignin structure 

during its extraction from biomass under acidic conditions. The subsequent depolymerization is 

hypothesized to have a different product distribution compared to that without the stabilization. 

The study is aimed at investigating whether this altered pathway leads to higher monomer yield 

from lignin. A novel biomass-derived solvent, 2-methyl-tetrahydrofuran (2MeTHF), is also 

investigated for isolation of lignin from biomass. The structure of 2MeTHF and boric acid is shown 

in Figure 5.2.  

 

Figure 5.2 Structure of boric acid and 2-methyl tetrahydrofuran (2MeTHF) 
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5.2 Experimental  

 Materials 

The biomass used for lignin isolation was hammer-milled poplar wood chips with size between 

mesh 30-60 (Forest Concepts LLC, Washington, USA). Ruthenium on carbon (5 wt.% loading on 

carbon support matrix), chloroform-D, dimethyl sulfoxide-d₆, 2-chloro-4,4,5,5-tetramethyl-1,3,2-

dioxaphospholane (TMDP), and hydrochloric acid (HCl) were purchased from Millipore-Sigma 

(Burlington, Massachusetts, USA). Boric acid was purchased from Aldon (Avon, New York, 

USA). Pyridine was purchased from Alfa Aesar (Haverhill, Massachusetts, USA). Ethanol (95%), 

n-hydroxy-5-norbornene-2,3- dicarboximide (NHND), and dichloromethane (>99.5%) were 

purchased from VWR Chemicals BDH® (Suwanee, Georgia, USA). Ultra-high purity nitrogen 

(99.999%), ultra-high purity helium (99.999%) and ultra-zero grade air (total hydrocarbons < 0.1 

ppm) were purchased from Airgas, Inc. (Radnor, Pennsylvania, USA). 

 

 Lignin isolation and stabilization 

The protocol for reactive group-stabilized lignin fractionation was based on that reported 

in the literature (Talebi Amiri et al., 2019). Briefly, ~4.5 g dry poplar was added to ~25 mL 2-

methyltetrahudrofuran (2MeTHF), ~1.7 mL 37% HCl and ~4.1 g boric acid (or ~67 mmol of any 

other reagent) at 95°C for 3.5 h with stirring. As per the literature protocol for lignin isolation, the 

quantity of boric acid needed was determined to be ~4.1 g for ~4.5 g of dry biomass (Lan et al., 

2018). The solution was neutralized by adding 15.3 g sodium bicarbonate (NaHCO3) and filtered. 

Filtrate was concentrated with rotary evaporation, dissolved in 10 mL ethyl acetate, and 

precipitated by adding dropwise to 250 mL hexane. Lignin was washed with deionized water and 

diethyl ether and dried at 50°C for 48 hours. Stabilization was be performed with duplicates. A 

control study with duplicates was performed without adding the stabilization agent to the biomass 

fractionation mixture.  

 

 Depolymerization of lignin  

The stabilized and extracted lignin samples were depolymerized with a procedure based on 

that provided in the literature (Ghosh et al., 2016; Kim et al., 2019). Briefly, ~100 mg of dry lignin 
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and ~15 mg of Ru/C were added to 1.25 mL ethanol in a Swagelok 316SS reactor (total reactor 

volume of ~2.5 mL). Reactor was sealed tightly and shaken using a vortex mixer for 5 minutes. 

The reactor was heated in a sand bath (‘Techne IFB-51 Industrial Fluidized Sand Bath, 5 L’, Cole 

Parmer, Vernon Hills, Illinois, USA) at 300°C for 60 minutes. The reactor was quenched by 

placing them in -14°C freezer immediately after the reaction for ~60 minutes and later washed 

with ~10 mL dichloromethane to recover the products. The biochar was separated with 

centrifugation at 2400 rpm (g-force of 1095). One depolymerization experiment each performed 

for two samples each of the lignin isolated with and without stabilization.  

 

 Characterization of reactants and products 

5.2.4.1 GC-MS 
The depolymerization products dissolved in solvent ethanol and dichloromethane were 

used directly for the GC-MS analysis. An aliquot from this product mixture was filtered through 

0.2 µm nylon syringe filter for this purpose. The characterization was performed with Agilent 

7890A GC/5975C MS system equipped with DB-1701 column having dimensions of 30 m x 0.25 

mm i.d. x 0.25 mm film thickness (Agilent Technologies, Santa Clara, California, USA). The 

carrier gas used was ultra-high purity (99.999%) helium, supplied by Airgas Inc. (Charlotte, North 

Carolina, USA).  The oven temperature of GC was initially at 50°C for 2 minutes, increased at 4°C 

minute-1 to 280°C, and held at this temperature for 1 minute. Compound identification was 

performed using their retention times, referring to literature for the formation of similar 

compounds and comparing their mass spectra with those provided in the NIST library for various 

compounds. Calibration curves were made for 14 compounds using pure standards. Vanillin, 

which was already present in the sample, was used as an internal standard to predict the yields of 

other compounds using ‘effective carbon number’ method (Kim et al., 2014; Shuai et al., 2016; 

Szulejko et al., 2013). The equation used for this method is as follows: 

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠

𝑥𝑥 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠
𝑀𝑀𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠

𝑥𝑥 𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠
𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑥𝑥 𝑀𝑀𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  (Equation 5.1) 

Where,  

C monomer: Concentration of the monomer wt.% 

A monomer: The area under a monomer curve in a GC-MS spectrum  
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A std: The area under a standard compound curve in a GC-MS spectrum  

C std: Concentration of the standard, estimated using a calibration curve, wt.% 

MW std: Molecular weight of the standard  

ECN std:  Effective carbon number of the standard  

ECN monomer: Effective carbon number of a monomer 

MW monomer: Molecular weight of the monomer 

The yield of a compound was calculated in the following way:  

𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑥𝑥 𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑊𝑊𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
  (Equation 5.2) 

where,  

Y monomer: Mass yield of a monomer, based on dry lignin  

W product mixture: Mass of product mixture used to get an aliquot (free of char)  

W lignin: Initial mass of dry lignin   

𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝑌𝑌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝛴𝛴𝛴𝛴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝑥𝑥100 (Equation 5.3) 

Where,  

S monomer: Selectivity of a monomer 

ΣY monomer: Sum of mass yields of all monomers, based on dry lignin 

 

5.2.4.2 Ultimate analysis 
About 2 mg lignin samples were analyzed using sulfanilamide as a standard in 'Vario 

MICRO cube' elemental analyzer (Elemental Americas Inc., New York, USA). The values were 

calculated on moisture and ash-free basis, with hydrogen content of samples accounted for the 

hydrogen coming from moisture.  
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5.2.4.3 Thermogravimetric analysis 
The moisture and ash contents of lignin samples were measured with thermogravimetric 

analysis using TGA-50 (Shimadzu Scientific Instruments Inc., Maryland, USA). Briefly, the 

samples were placed in alumina crucibles and air was supplied to the chamber. The temperature 

was ramped at 15°C minute-1 to 900°C, holding it for 1 minute at this temperature.  The weight 

loss up to 105°C and the weight remaining in the end were taken as approximate values of moisture 

and ash contents, respectively.  

 

5.2.4.4 FTIR spectroscopy 
Lignin samples were characterized with Fourier Transform Infrared (FTIR) using Thermo-

Nicolet iS10 instruments (Thermo Scientific, Massachusetts, USA). Total 32 scans were 

performed on samples between wavenumbers 400 to 4000 cm-1.  

 

5.2.4.5 1H-13C 2D-HSQC NMR spectroscopy 
Lignin isolated from poplar with and without stabilization was characterized with 1H-13C 

2D Heteronuclear Single Quantum Coherence- Nuclear Magnetic Resonance (HSQC-NMR) 

spectroscopy as per the literature protocol (Nishimura et al., 2018; Tarmadi et al., 2018). The 

dissolution of lignin was improved by using acetylation (Sameni et al., 2017). Briefly, about 100 

mg of dry lignin was dissolved in 4 mL of pyridine-acetic anhydride (1:1 v/v) mixture and left to 

react with agitation for 24 hours. Lignin was precipitated in an HCl solution (pH=1), filtered under 

vacuum, washed with deionized water, and dried. About 1 mL dimethyl sulfoxide (DMSO-d6) was 

used to dissolve ~20-25 mg acetylated lignin. After using ‘vortex’ to mix the sample for 5 minutes, 

the solution was filtered through 0.2 µm nylon syringe filter and added to the NMR tube. The 

spectra were acquired using Bruker Avance 500 MHz spectrometer equipped with a z-gradient 

triple resonance cryo-probe (Bruker BioSpin Corporation, Billerica, Massachusetts, USA). The 

Bruker standard pulse sequence ‘hsqcetgp’ was used for recording the spectra. The acquisition was 

carried out for 13.57 minutes at 298.1 K with 16 scans for 1H, 32 scans for 13C, additional 2 scans 

for HSQC, and 16 dummy scans to ensure a steady state of the instrument. Bruker Topspin 4.0.6 

software was used to analyze the spectra. It is important to note that even after acetylation, some 

mass of lignin (~10%) may remain insoluble in the deuterated solvent. This was avoided to as 
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much extent as possible by making sure that the mixture in deuterated solvent was free of any 

suspended particles.  

 

5.2.4.6 31P NMR spectroscopy 
The hydroxyl group concentration of lignin was determined by phosphorylating the lignin 

samples and subsequently using 31P NMR spectroscopy to characterize it. Briefly, a stock solution 

was made by mixing deuterated chloroform with pyridine in a ratio of 1:1.6 (v/v). About 40 mg of 

NHND and Cr(III)acetylacetonate each were added as the internal standard and the relaxation 

agent, respectively. The mixture was vortexed for 2 minutes. About 20-25 mg acetylated lignin 

was added to ~1 mL stock solution and vortexed for 2 minutes. About 100 µL phosphorylating 

agent (2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, or TMDP) was added to each sample 

and vortexed for 2 minutes to make sure that phosphorylation is complete. The mixture was filtered 

with 0.2 µm nylon syringe filter and transferred to an NMR tube. The spectra were acquired on 

Bruker Avance 500 MHz spectrometer with 32 scans, 405 ppm spectral width, and 0.4 s acquisition 

time (Bruker BioSpin Corporation, Billerica, Massachusetts, USA). Bruker Topspin 4.0.6 software 

was used to process the spectra.  

 

5.3 Results and discussion   

 GC-MS 

The GC-MS characterization of lignin depolymerization product revealed the presence of 

commonly encountered phenolic and aromatic compounds from this process. The yield and 

selectivity of lignin-derived compounds are given in Table 5.1. Whereas the abbreviations used 

for denoting compound names are provided in the supplementary information. Only the guaiacyl-

type compounds were detected from the depolymerization of lignin isolated using 2MeTHF. This 

suggests that partial demethoxylation of some syringyl-type compounds might have occurred 

during the process.  The total yield of lignin-derived monomers increased from 16 wt.% to 25 wt.% 

(based on dry lignin) as an effect of lignin stabilization with boric acid. Majority of the monomers 

were phenolics, although the lignin stabilized with boric acid had 2 wt.% of aromatics. Previously, 

it was reported that in presence of boric acid, lignin produced mainly dimers on its 

depolymerization (Toledano et al., 2014). However, the results of present study show that using 
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boric acid during lignin isolation instead of depolymerization can also enable the formation of 

monomers. Also, it was reported earlier that presence of boric acid in lignin depolymerization 

medium increased the bio-oil yield from 6 wt% to 15 wt% from lignin (Roberts et al., 2011). The 

present study resulted in a similar observation, while also exhibiting overall higher yields 

compared to the previous studies due to the use of a 2MeTHF-based mild fractionation of biomass 

while isolating lignin.  

The selectivity of lignin-derived monomers can be compared with and without boric acid 

stabilization from Table 5.1. Selectivity may not directly correspond to the mass-yields. However, 

the changes in selectivity of products can be considered as an indicator to infer how the reaction 

pathways change as a result of stabilization. Although, the compounds observed from lignin 

stabilized with boric acid were slightly modified than those from lignin without stabilization, there 

was little gain in the molecular weight of compounds. This can be approximated as the overall 

average molecular weight of the monomeric fraction being more or less the same even with boric 

acid stabilization. This is promising as it shows that any re-polymerization of lignin-derived 

products is avoided, which was a possible side reaction previously reported from the use of boric 

acid directly in depolymerization medium (Roberts et al., 2011). The possible reason for the 

peculiar observation in the present study can be that any residual boric acid-derived group does 

not act as an acid, but its effect is limited to stabilization of reactive groups. This prevents the 

additional internal hydrogen bonding that would have been induced in presence of any loose boric 

acid in the system, which in turn would have led to oligomerization. The biochar yield did not 

considerably change as a result of boric acid stabilization and was ~25 wt% based on dry lignin. 

 

Table 5.1 Chemical compounds present in lignin depolymerization products, as detected 

from GC-MS characterization (major compounds) 

 
Without 
stabilization  

Without 
stabilization  

With 
stabilization  

With 
stabilization   

Yield, wt% (based 
on dry lignin) 

Selectivity (wt% 
of lignin-derived 
compounds) 

Yield, wt% 
(based on dry 
lignin) 

Selectivity 
(wt% of lignin-
derived 
compounds) 
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Compound 
code 

avg SD 
 

avg SD 
 

Phenolics 
     

PH2 1.1 1.1 6.6 3.4 <0.1 13.4 
PH3 0.8 0.8 5.1 <0.1 <0.1 <0.1 
PH6 <0.1 <0.1 <0.1 4.4 2.5 17.6 
PH7 3.8 0.4 23.6 4.3 1.5 17.3 
PH8 0.2 0.2 1.0 <0.1 <0.1 <0.1 
PH9 <0.1 <0.1 <0.1 0.5 0.5 2.1 
PH15 <0.1 <0.1 <0.1 1.0 1.0 3.8 
PH16 1.1 0.3 6.8 0.1 0.1 0.3 
PH18 4.6 2.7 28.5 <0.1 <0.1 <0.1 
PH19 <0.1 <0.1 <0.1 1.7 1.7 6.7 
PH22 <0.1 <0.1 <0.1 4.1 4.1 16.4 
PH23 1.9 1.9 11.8 <0.1 <0.1 <0.1 
PH24 
Other 

1.4 
0.6 

1.3 8.9 
3.4 

3.1 
0.3 

0.4 12.2 
1.8 

Total 
phenolics 

15.5 
 

95.7 22.9 
 

91.3 

Aromatics 
     

AR6 0.2 0.2 1.1 <0.1 <0.1 <0.1 
AR7 <0.1 <0.1 <0.1 0.5 0.5 1.8 
AR9 <0.1 <0.1 <0.1 1.1 1.1 4.3 
AR11 
Other 

<0.1 
0.5 

<0.1 <0.1 
3.2 

0.6 
<0.1 

0.6 2.5 
0.1 

Total 
aromatics 

0.7 <0.1 4.3 2.2 <0.1 8.7 

Total 
Biochar 

16.2 
24.4 

 
2.2 

100.0 25.1 
25.2 

 
1.7 

100.0 

[*avg: Average; **SD: Standard deviation; compound names provided in supplementary 

information]   

 Ultimate analysis 

The ultimate analysis of lignin isolated with and without boric acid capping are given in Table 

5.2. It was seen that the boric acid stabilization did not have an effect on the elemental composition 

of isolated lignin. Whereas the small amounts of N and S seen in lignin without stabilization were 

lowered in the stabilized lignin. The molar ratios of H/C and O/C were equal with and without 

using boric acid. Hence, it can be said that stabilization did not considerably reduce or oxidize 

lignin in the process. The lignin produced this was free of ash. The absence of ash can be a result 

of using HCl as an acid catalyst for biomass fractionation, which has previously been reported to 
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result in a lignin that had ~99.6% purity (Jääskeläinen et al., 2003). Even with the use of a different 

solvent for biomass fractionation, such as ethanol or acetone in combination with HCl as a catalyst, 

negligible ash (~0.1%) was seen in lignin (Bauer et al., 2012). It was previously reported that the 

2MeTHF/H2O-based isolation of lignin does not result in any considerable change in its aromatic 

structure (Xue et al., 2018). Hence, the effect of boric acid stabilization could not be seen from the 

ultimate analysis in the present study, as the overall aromatic structure of lignin seems to have 

remained intact. Additionally, the present study did not use water, but only 2MeTHF as a solvent 

for lignin isolation. This would be beneficial to the economic feasibility of the overall process as 

the recovery of water in the end of a typical organosolv process is considerably energy-intensive 

(Viell et al., 2013). Future studies may be needed to elucidate the reaction mechanism of lignin 

isolation through 2MeTHF as a solvent to understand this process better.  The nitrogen content of 

lignin isolated using HCl, which comes from the protein residues, was reported to be zero in a 

previous study (Jääskeläinen et al., 2003). This corroborates with the findings of the present study 

where negligible nitrogen was seen in lignin. 

Table 5.2 Ultimate analysis of lignin isolated with and without boric acid stabilization 

Elemental composition, dry 

ash-free basis 

Lignin isolated without 

stabilization 

Lignin isolated with boric 

acid stabilization 

C 63.9 ± 0.4 63.9 ± 1.5 

H 5.5 ± 0.2 5.4 ± 0.5 

N 0.1 ± 0.0 0.0 ± 0.0 

S 0.4 ± 0.1 0.2 ± 0.0 

O (by difference) 30.2 ± 0.4 30.4 ± 1.7 

H/C (molar) 1.0 1.0 

O/C (molar) 0.4 0.4 

Moisture content (wt.%, based 

on wet lignin) 

2.1 4.9 

Ash content (wt.%, based on 

dry lignin) 

0 0 
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  Thermogravimetric analysis 

The thermogravimetric analysis of lignin isolated with and without stabilization is summarized 

in Figure 5.3. It was seen that the rate of thermal degradation of lignin peaks at a higher temperature 

(534°C vs 511°C), as a result of stabilization. The other regions of maximum degradation between 

150-300°C can also be seen to have shifted towards higher temperatures as a result of stabilization. 

This observation supports the initial hypothesis that boric acid temporarily stabilizes lignin against 

unwanted secondary reactions at lower temperatures. This might be an indication that at 

temperatures below 300°C, lignin is more resistant to thermal degradation as a result of 

stabilization. Such a shift in property can ensure that secondary reactions of lignin at relatively 

lower temperatures will occur to a smaller extent. At ~100°C for the stabilized lignin, the 

degradation of lighter components, such as volatiles, might be getting over and that of heavier 

components, such as those from fixed-carbon might have started. This transition can be a reason 

for a possible ‘pause’ in the degradation and a sudden drop in the thermal degradation rate. The 

melting point of any residual boric acid is 171°C, but it is expected to turn into a liquid above 

200°C, affecting the rate of thermal degradation (Luo et al., 2020). Hence its effect would be seen 

after ~200°C, as evident from the TGA curve.  
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Figure 5.3 Thermogravimetric analysis (TGA) and differential thermogravimetric (DTG) 

curve of lignin isolated in 2-methyltetrahydrofuran with and without boric acid 

stabilization 

 

 FTIR spectroscopy  

The FTIR spectra of lignin isolated in 2MeTHF with and without boric acid stabilization are 

shown in Figure 5.4. There was a slight increase in the C-H stretching or vibrations of methyl or 

methoxyl groups at 2934 cm-1 in stabilized lignin. This may be an indication that the self-

condensation between structural units at methoxy groups might have been prevented to some 
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extent in this lignin. Signals of aromatic skeletal vibrations from C=C stretching at 1596 cm-1and 

1512 cm-1 decreased in stabilized lignin. This might suggest a slight shielding of aromatic rings in 

lignin due to a structure formed by boric acid. Whereas there was not much change in the signals 

at 1463 cm-1 and 1419 cm-1, which are also from the aromatic rings. Only the signals from 

deformation of aromatic rings at 1035 cm-1 increased slightly, suggesting that some changes occur 

there. However, the difference between the spectra of lignin isolated with and without stabilization 

could not be clearly seen from the FTIR characterization. Hence, other more powerful 

spectroscopy techniques have been reported in the next sections. Not many residual solvent peaks 

were seen in the FTIR spectra of these lignins. This affirms the theoretical estimate reported by a 

previous study that stated that a solvent recovery of about 99.99 wt% is possible when using 

2MeTHF for such a process (Viell et al., 2013). A previous study applied additional CO2 pressure 

to maintain a liquid phase in the reactor (vom Stein et al., 2011). In the present study, 2MeTHF 

vapors were condensed back to the biomass fractionation mixture, which served the same purpose. 

The degradation of solvent 2MeTHF can indeed occur due to the presence of HCl, but the extent 

of this reaction has been reported to be very low (Aycock, 2007). 

 

Figure 5.4 Functional groups in lignin isolated from poplar with and without boric acid 

stabilization as detected from FTIR spectroscopy 
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 2D-HSQC and 1H NMR spectroscopy  

The 1H-13C 2D-HSQC NMR spectra of lignin isolated with and without boric acid stabilization 

is shown in Figure 5.5. The biomass used for isolating lignin in this study was poplar, which was 

a hardwood. As a result, the lignin had both guaiacyl (G) and syringyl (S) type structures (Hu et 

al., 2014). The newly formed bonds due to the presence of boric acid that lead to stabilization of 

lignin can either be covalent or hydrogen bonds (Hiltunen et al., 2016). Hence, the structural 

changes occurring in lignin can be seen in more than one way, as observed from the changes in 

relative abundance of multiple structural locations. For example, the relative abundance of Cγ-Hγ 

site in the β-O-4 linkage of lignin increased from 18% to 35%. This might be an indication that 

that any interunit linkages that might have been blocking this position in lignin without 

stabilization were absent when boric acid was added to the biomass fractionation mixture. The 

relative abundance of Cα-Hα site in the β-O-4 linkage of lignin decreased from 11% to 8%, which 

might be indicating that boric acid forms a protective structure at this location in lignin, temporarily 

blocking these groups. Some β-5 (6% relative abundance) and β-β (3% relative abundance) 

structures were also observed in the lignin isolated without stabilization. However, these groups 

were capped in lignin isolated with boric acid stabilization and hence did not show signals. 

Previously, the presence of similar linkages (β-O-4, β-5 and β-β) was reported in the lignin isolated 

in presence of boric acid (Hiltunen et al., 2016). This might not be an indication of condensation 

of lignin with this type of stabilization, as such blocking of group is hypothesized to be only 

temporary in nature (Lan et al., 2018). The extent to which lignin condensation might occur due 

to the presence of HCl in the biomass fractionation mixture might be higher in the present case 

compared to a previously reported study where 2MeTHF-H2O mixture was used (Aycock, 2007). 

The reason can be that all of the HCl remains dissolved in the same organic phase as that of lignin, 

instead being taken away by water phase, as was observed in a previous study (Aycock, 2007). 

This indicates the need to involve yet another strategy to minimize the effect of HCl in isolated 

lignin after it has already catalyzed the biomass fractionation process. 
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Figure 5.5 Structural features of lignin detected from 1H-13C 2D-HSQC NMR spectra 

(numbers indicate relative abundance of signals from a particular structure) 

 

Boric acid does not contain carbon atoms and hence it cannot be detected in a 2D-HSQC 

spectrum. However, with 1H NMR of lignin isolated with boric acid stabilization, a unique peak 

at 7.35-7.45 ppm was seen, which was also seen from 1H NMR a representative compound, 

phenylboronic acid (Figure 5.6). This peak, however, was not present in boric acid, and instead, it 

represents the protons on aromatic rings. It suggests that in the structure formed on lignin, an 

aromatic ring might be attached to boron instead of a hydroxyl group. Note that the 1H NMR only 

detects proton, and not boron. It was seen that there were many other 1H peaks indicating a variety 

of functional groups in lignin isolated with 2MeTHF. This is in agreement with a previous study 

that reported similar observations by comparing lignin isolated using 2MeTHF/H2O with that 

using organosolv process (vom Stein et al., 2011). 
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Figure 5.6 Structural changes in lignin isolated with boric acid stabilization observed using 
1H NMR spectroscopy 

 

 31P NMR spectroscopy  

The hydroxyl group concentration of lignin measured using quantitative 31P NMR 

spectroscopy is given in Figure 5.7. From the literature, it has been reported that boric acid can 

form esters with hydroxyl groups of lignin, making them stable in the process (Hiltunen et al., 

2016; Roberts et al., 2011). The same phenomena can be predicted to have happened in this case, 

as the hydroxyl group concentration went down in lignin isolated with boric acid stabilization. For 
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example, the aliphatic hydroxyl group concentration decreased from 4.8 to 3.5 mmol g-1 lignin, 

whereas that of phenolic hydroxyl groups decreased from 4.1 to 2.9 mmol g-1 lignin. These 

hydroxyl groups correspond to the most reactive sites in lignin, and the changes in their 

concentration suggests their selective capping. It was previously reported that the presence of a 

large amount of hydroxyl groups in the solution can hinder the stabilization of lignin that would 

have occurred via boric acid-induced ester-formation (Roberts et al., 2011). However, the solvent 

used for lignin isolation in the present case being 2MeTHF, it did not introduce any further 

hydroxyl groups to the system, preventing any adverse effect such as this. Also, the need to use a 

higher temperature for phase-separation due to the presence of water was avoided in the present 

study by using only 2MeTHF for the lignin isolation (Aycock, 2007). This is an advancement that 

can reinforce the use of 2MeTHF while using boric acid stabilization instead of conventional 

solvents such as ethanol or water that are typically used for organosolv-type lignin isolation 

processes (Pan et al., 2006). 

 

 

Figure 5.7 31P NMR spectra and hydroxyl group concentrations of lignin isolated with 

and without stabilization 
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  Insight in boric acid stabilization  

About 70% boric acid was recovered in the holocellulose residue at the end of biomass 

fractionation process. Boric acid itself is a very weak acid and hence did not change the pH of 

solution, which was also confirmed during the experiments. However, the addition of boric acid 

to the biomass fractionation mixture could have created a buffer solution that was resistant to 

changes in the pH. This is in agreement with the weak acidic nature of boric acid. Hence, the 

amount of NaHCO3 needed to neutralize the acidic mixture during biomass fractionation in 

presence of boric acid was double that needed without stabilization (~260 mg mL-1 vs ~130 mg 

mL-1). This is likely due to boric acid being a Lewis acid, and its tendency to accept electron pairs, 

which might occur during the fractionation (Hiltunen et al., 2016). The difference between major 

compounds obtained from depolymerization of lignin isolated using 2MeTHF with and without 

boric acid stabilization can be seen from Figure 5.8. Briefly, with stabilization, products without 

methoxy groups were slightly less abundant, as seen from the chemical structure of compounds 

produced. This corresponds to a slight decrease in relative abundance of methoxy groups after 

boric acid stabilization (from 38% to 37%) that was seen from 2D-HSQC NMR characterization. 

The reason for such observation can be hypothesized to be the catalytic activity of boric acid and 

the groups formed from it towards the cleavage of methoxy groups (Luo et al., 2020). Also, as an 

effect of stabilization, the products were more saturated. For example, phenol, 2-methoxy-4-

propyl- (5 wt.%) was seen in lignin-derived monomers after boric acid stabilization, as compared 

to phenol, 2-methoxy-4-(1-propenyl)- (2 wt.%) seen without stabilization. The sidechains attached 

to the aromatic ring were longer in depolymerization products from stabilized lignin. For example, 

2,4'-Dihydroxy-3'-methoxyacetophenone (4 wt.%) was seen from stabilized lignin instead of 

vanillic acid (2 wt.%).  

Previously, adding boric acid directly to the lignin depolymerization medium was seen to 

result in an overall increase in the molecular weight of products (Roberts et al., 2011). However, 

from the present study, such increase in molecular weight was prevented by using boric acid in the 

lignin isolation step. This can be a beneficial improvement in the strategy of boric acid 

stabilization, as typical lower-molecular weight monomers are more valuable as commodity-

chemicals. It was earlier reported that the effectiveness of boric acid capping on lignin increases 

by using it in a certain combination with a solvent mixture (Hiltunen et al., 2016). However, the 
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solvent suggested in that study was an ionic liquid, the high cost of which might be a limitation in 

its use for large scale conversion of lignin. In the present study, 2MeTHF was used as the solvent, 

which serves the purpose of enabling effective interaction between boric acid and lignin, as well 

as provides the benefit of being derivable from biomass (Aycock, 2007). Although the amount of 

boric acid needed to stabilize lignin was quite high, a previous study came up with a similar 

conclusion in this regard that almost twice the amount of boric acid is required for capping of a 

certain amount of lignin (Roberts et al., 2011).  

 

Figure 5.8 Major compounds produced from depolymerization of lignin isolated in 

2MeTHF with and without boric acid stabilization 

There are also certain side-reactions expected due to the presence of boric acid, such as the 

formation of dimers, polymeric phenols and coordinated complexes with lignin (Rietjens and 

Steenbergen, 2005; Toledano et al., 2014). However, these side reactions have been reported to 

occur when boric acid is present in the reaction medium under harsh conditions (>250°C). The 

reaction of boric acid has previously been reported to occur with free crosslink sites (OH groups) 

of a biopolymer (guaran) under basic conditions (Rietjens and Steenbergen, 2005). Such reaction 

may not be directly applicable to the specific sites found in lignin.  The extent of side reactions 
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might be lower when boric acid is present only during the mild conditions of biomass fractionation 

(100°C) and the excess boric acid is washed with water before the depolymerization step. 

Compounds similar to boric acid, such as phenylboronic acid have been shown to achieve capping 

of lignin during its isolation from biomass (Lan et al., 2019b, 2018). Here, formation of a cyclic 

boronate had been reported to occur at the Cα-OH and Cγ-OH sites of lignin (Lan et al., 2018). 

Boric acid can be a cheaper substitute to achieve lignin stabilization instead of phenylboronic acid. 

Boric acid has also been reported to be useful for capping the Cα-OH and Cγ-OH sites of lignin 

model compounds, but in presence of an ionic liquid, choline chloride (Hiltunen et al., 2016). 

However, the high cost of ionic liquids can be a hindrance to scalability of the process. Instead, 

using a biomass-derived solvent such as 2MeTHF used in the present study can provide a low-cost 

route to achieve boric-acid assisted stabilization of lignin. The use of 2MeTHF was also helpful in 

effective recover of lignin at the end of isolation, as this solvent prevents the formation of any rag 

layers or emulsion (Aycock, 2007). Keeping the initial pH of the biomass fractionation mixture at 

1 was found to be useful, because at pH of 4-12, formation of polyboronate could have hindered 

the desired capping reaction (Toledano et al., 2014). Hence, the more acidic pH of the mixture 

used for lignin isolation in this study is justified this way for preventing the unwanted reactions of 

the capping agent.  

 

5.4 Conclusion 

The boric acid stabilization of lignin during its isolation from poplar in 2MeTHF could 

produce compounds that were slightly more saturated, had longer sidechains and had lesser 

abundance of methoxy groups. Overall, the monomer yield increased from 16 wt.% to 25 wt.% 

with the stabilization. This strategy to stabilize lignin during its isolation can be helpful in 

preventing the unwanted secondary reactions such as condensation and oligomerization. The 

process of boric acid stabilization did not oxidize lignin, but instead led to blocking of certain 

locations, including the phenylpropanoid chain and the aromatic ring. Using the lignin stabilized 

with boric acid directly can be a better alternative to adding boric acid during the depolymerization 

step, since an uncondensed lignin can lead to selective depolymerization, producing a higher yield 

of monomers. Also, the use of HCl as an acid catalyst for biomass fractionation resulted in lignin 

that was free of ash and proteins to a great extent. Additionally, the use of solvent 2MeTHF for 
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lignin isolation was not previously investigated. In the present study, the use of 2MeTHF instead 

of its combination with water was found to beneficial in terms of solvent recovery but also led to 

increased degradation due to the presence of HCl. As 2MeTHF can be a byproduct of biorefinery 

processes, its use in lignin isolation can be a promising area to further investigate in the future. For 

mild biomass fractionation processes, 2MeTHF can also be a safer substitute for dioxane, which 

was a toxic solvent previously reported for this type of processes.  
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6. Summary and Future Direction 

 

 

6.1 Summary  

This research aimed at finding effective ways for lignin depolymerization and valorization 

by making use of pyrolysis and solvent liquefaction as thermochemical conversion techniques. 

The focus of experiments performed was to assess whether various strategies used at different 

stages of lignin valorization were able to effectively stabilize the structure of lignin and compounds 

derived from it. Based on quantitative and qualitative analysis of the products derived from lignin 

depolymerization, it can be concluded that hydrogen from plastics or donor solvents can stabilize 

the reactive fragments from lignin. Also, pretreatment of lignin with phenol can stabilize its 

structure, leading to an increased selectivity of phenolics over aliphatics, although consuming 

phenol in the process. Boric acid stabilization of lignin during its isolation from biomass led to an 

increase in monomeric yields after its depolymerization. The results indicate that instead of using 

lignin directly from waste streams of industrial processes, it would be more useful to attempt 

modifying its structure before depolymerization. Also, the use of chemical reagents for lignin 

stabilization is possible and can be further optimized to increase the product yields. This approach 

eliminates the need to reduce the harshness of lignin depolymerization or isolation processes, 

making sure that the efficiency of the conversion of feedstock is not negatively affected. It is 

generally known in the research area of lignin valorization that isolation from biomass is the most 

effective step to introduce stabilization strategies. But this research provided a comprehensive 

overview for this knowledge by investigating stabilization strategies at various stages of lignin 

valorization, such as after depolymerization (chapter 2), during depolymerization (chapter 3), 

during a pretreatment (chapter 4), or during the isolation from biomass (chapter 5). Stabilization 

during a pretreatment led to a 14% increase in phenolic monomer yields, whereas that during lignin 

isolation led to a 56% increase in the monomer yield.  

By investigating stabilization strategies and making use of biomass-derived solvents for 

lignin depolymerization, this dissertation has shown how lignin stabilization using protective-

groups is still an interesting area of research. Solvents such as 2-methyl tetrahydrofuran and 

reagents such as phenol and tetralin can be derived from biomass and can be available in a 
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biorefinery. Their use in lignin valorization can help to bring down the cost of valorization of this 

novel feedstock and can help biorefineries be independent in terms of their resource use in the 

future. The identification and quantification of lignin-derived compounds is an important 

component in the studies on lignin depolymerization. This dissertation made effective use of 

techniques such as GC-MS/FID equipped with a ‘methanizer’ to understand how the yields of 

lignin-derived compounds changed during the various improvements proposed for lignin 

valorization in different chapters.  Additionally, the structure of lignin being one of the most 

important factors that decide the product yields on its depolymerization, this dissertation used 

state-of-the-art techniques such as 1H-13C 2D HSQC and 31P NMR to elucidate the structure of 

lignin and incorporate its importance in the discussion about its reactivity in the depolymerization 

processes investigated here. The side-reactions leading to products that were not the primary focus 

of this research, such as aliphatics and di-aromatics were also discussed in this dissertation from 

place to place wherever they were observed. This ensured the discussion of lignin 

depolymerization reaction that occurred in the experiments was nuanced and multiple factors 

affecting the process were taken into consideration.  

 

6.2 Limitations of this dissertation and future direction  

This research investigated the effect of various stabilization strategies for aiding lignin 

depolymerization. The effect of adding chemical stabilization agents before, during, and after 

lignin depolymerization was revealed. Catalysts ranging from natural red clay to a commercial 

Ru/C were used for lignin depolymerization. At the same time, chemical stabilization agents such 

as plastics, tetralin, phenol, and boric acid were investigated with the help of lab-scale experiments. 

Changes in the structure of lignin were studied with novel NMR techniques and those were 

correlated with the products of lignin depolymerization. The selectivity of bond cleavage in lignin 

to form phenolic monomers, as well as the qualitative and quantitative changes in the monomeric 

products as a result of the stabilization strategies were discussed. However, there were several 

limitations to this research arising from the types of lignin used, impurities in them, the reactor 

configurations, and the experimental setup. These limitations can also be looked at as future 

questions for an investigation that can be explored for the advancement of this research area. These 

limitations and the future direction of research stemming from them are presented here:  
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• Use a single solvent instead of a combination of those  

Even though it is attractive to use a mixture of solvents for the solvent liquefaction process, it 

may not be the best way to utilize their solvation properties. Different solvents can help aid lignin 

depolymerization in different ways, such as providing in situ hydrogen, dissolving lignin, or 

stabilizing the fragments derived from. But equally difficult is their separation from the product 

mixture at the end of the process. Hence, the use of these solvents in pretreatment or during lignin 

isolation might be preferable, so that unique strategies for their separation from the mixture, such 

as precipitation, extraction, or phase separation can be used.  

• Explore the reaction mechanism between feedstocks  

For the study with co-pyrolysis of lignin with plastics, although a synergistic effect between 

the feedstock was observed, the reaction mechanism leading to it remained unknown. However, it 

might be possible with certain experimental setup and modeling techniques to explore how these 

two feedstocks or the pyrolysis vapors derived from those react with one another, affecting the 

formation of depolymerization products.  

• Develop pretreatment strategies accounting for biomass and lignin variability 

The structure of lignin also depends on the biomass from which it is isolated. Hence, any 

variability in biomass can affect the structure of lignin, and subsequently, its depolymerization. In 

this dissertation, the lignin type and its properties have been majorly categorized based on the 

lignin isolation technique. Yet, it would still be valuable to study different types of biomass to 

isolate lignin with the given methods to investigate how the source affects the structure and 

properties of lignin. This not only determines the resulting products on depolymerization of lignin 

but also needs to be considered as an important factor in designing the thermochemical conversion 

process. Moreover, having a process with easily tunable reaction parameters can be helpful in 

ensuring that a variable feedstock is effectively handled in a processing facility or an experimental 

setup.  

• Remove the impurities from technical lignins before depolymerization  
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The technical lignin purchased from suppliers (Chapter 2 and Chapter 3) had the presence of 

many impurities in the form of salts, surfactants, and minerals, as suggested by its solvation in 

water. These impurities certainly affect lignin depolymerization, most probably leading to an 

adverse effect on the selectivity of the phenolic monomers getting formed from lignin. However, 

this research did not take into consideration the effect of these impurities, which is indeed 

important to have a complete understanding of the process. Hence, future research studies should 

either try to remove these impurities from lignin before its depolymerization or investigate their 

effect using techniques such as ICP-MS.  

• Study the solvent liquefaction in a continuous reactor  

The industrial processes for large-scale conversion of biomass or production of commodity 

chemicals are often operated in a continuous mode. Therefore, the batch-type reactors used in this 

research may not give an accurate idea for reactivity and conversion of feedstock. Moreover, the 

bench-scale experiments performed here have limited ability to predict the behavior of lignin in 

pilot-scale reactors. A continuous reactor-setup can mitigate the limitations stemming from scale 

of the process to some extent by making available a more useful real-life replica of a pilot-scale 

conversion unit. Also, continuously feeding the reactor in the form of a slurry is necessary and its 

feasibility can be examined in a holistic way with the use of a continuous reactor. This type of 

reactor setup can also pave the way for rapid assessment of different types of feedstocks, catalysts, 

and solvents used for the solvent liquefaction process.  
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7. Supplementary Information 

  

 

7.1 Chapter 2 

 GC-FID-Polyarc® system calibration 

For calibrating the FID system to quantify the GC-detected compounds, five different 

standards of guaiacol (purchased from Sigma Aldrich) were prepared in dichloromethane as 

solvent. The GC-MS/FID analysis was carried out with the same GC parameters as that used for 

the analysis of fast pyrolysis products. The calibration curves are shown in Figure S 7.1. 

 

Figure S 7.1 Calibration curves for standard compounds (a) guaiacol (b) ethylbenzene (c) 

creosol (d) indene (e) 1-methylnaphthalene (f) indane (g) n-dodecane [Density of DCM= 

1.330 g/mL; sample injected in GC= 1 µL]  
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 Catalyst characterization 

7.1.2.1 XRF analysis 

The XRF spectra of red clay catalyst is shown in Figure S 7.2 

 

Figure S 7.2 XRF analysis of calcined red clay catalyst 

7.1.2.2 XRD analysis  

The XRD spectra of red clay catalyst is shown in Figure S 7.3.  
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Figure S 7.3 XRD analysis of fresh and calcined red clay catalyst samples 

7.2 Chapter 4 

 

Some of the compounds that were exclusively produced from the phenolated lignin were 

also found to be commercially valuable. The mass spectra of these compounds were used to 

confirm their identity in addition to the elution time in gas chromatography, and are shown in 

Figure S 7.4. 
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Figure S 7.4 Mass Spectra of commercially useful unique compounds from pretreated 

lignin as mentioned in the study 

The quantification of compounds mentioned in the research article was carried out with 

Polyarc method (“Quantification with the Polyarc ®,” n.d.). The concentration of creosol (Phenol, 

2-methoxy-4-methyl-) was used as an ‘internal standard concentration’ required for the 

calculations. This was done for the vast majority of compounds for which pure compound 

standards were not available. The slopes of calibration curves for compounds whose 

concentrations were calculated using the external calibration are given in Table S 7.1. 

Table S 7.1 Calibration equation parameters used for estimating the compound yields 
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Compound  m (slope) R2 (regression coefficient) 

Phenol, 2-methoxy- 5.38E+09 0.841 

Benzoic acid, ethyl ester 1.41E+10 0.99 

n-Decane 2.84E+10 0.959 

n-Pentadecane 1.33E+10 0.985 

Phenol, 4-ethyl-2-methoxy- 7.12E+09 0.956 

Phenol, 2-methoxy-4-methyl- 5.86E+09 0.998 

Vanillin 2.62E+09 0.944 

Phenol, 2,6-dimethoxy- 2.84E+09 0.794 

Phenol 1.91E+10 0.99 

Phenol, 2-methoxy-4-(1-propenyl)-, (E)- 3.81E+10 0.9 

Ethylparaben 6.88E+09 0.99 

Benzene, methoxy- 2.24E+10 1 

y=mx (y: methanizer-FID area, x: concentration, wt%) 

 

Table S 7.2 Yields of individual compounds obtained from the depolymerization of raw and 
pretreated organosolv lignin 

 
wt% of lignin  

    Raw organosolv Pretreated 
organosolv 
(under air) 

  

Compound  Code Avg SD Avg SD Increas
e (%)   

        
 

Phenolics             
Phenol PH1 4.8 1.9 0.7 0.2 -85 
Phenol, 2-methoxy- PH2 2.4 0.8 3.0 1.0 22 
Benzoic acid, ethyl ester PH3 0.4 0.1 0.0 0.0 -100 
Phenol, 2-methoxy-4-methyl- PH4 1.2 0.2 1.2 <0.1 -7 
Phenol, 4-ethyl-2-methoxy- PH5 0.8 0.2 0.6 <0.1 -15 
Phenol, 2-methoxy-4-propyl- PH6 1.5 0.2 1.0 0.1 -32 
Phenol, 2,6-dimethoxy- PH7 1.3 0.2 1.5 <0.1 16 
Benzoic acid, 4-methoxy-, ethyl 
ester 

PH8 0.3 0.1 0.0 0.0 -100 
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Phenol, 2-methoxy-4-(1-propenyl)-, 
(E)- 

PH9 0.8 0.6 1.4 0.1 76 

4-Propyl-1,1'-diphenyl PH10 0.0 0.0 0.9 0.1 100 
Ethylparaben PH11 0.3 <0.1 0.1 <0.1 -78 
Phenol, 2,6-dimethoxy-4-(2-
propenyl)- 

PH12 0.3 <0.1 0.1 <0.1 -64 

2-Pentanone, 1-(2,4,6-
trihydroxyphenyl) 

PH13 0.1 <0.1 0.0 0.0 -100 

Total 
 

14.2 
 

10.5 
  

       

Phenol, 4-methyl- PH14 0.0 0.0 0.4 0.2 100 
Phenol, 5-methoxy-2,3-dimethyl- PH15 0.0 0.0 0.2 0.2 100 
1-Benzenol,2-methoxy-4-[[[2-(4-
hydroxyphenyl)ethyl]amino]methyl]
- 

PH16 0.0 0.0 0.1 0.1 100 

Benzoic acid, 4-hydroxy-3-
methoxy- 

PH17 0.0 0.0 0.9 <0.1 100 

5-tert-Butylpyrogallol PH18 0.0 0.0 0.5 <0.1 100 
p-Ethyldiphenylmethane PH19 0.0 0.0 <0.1 <0.1 100 
1-Propanone, 3-hydroxy-1-(4-
hydroxy-3-methoxyphenyl)- 

PH20 0.0 0.0 <0.1 <0.1 100 

Total 
 

0.0 
 

2.1 
  

       

Aromatics             
Pyrimidine, 4,5,6-
tris(dimethylamino)- 

ARO1 0.1 0.1 0.0 0.0 -100 

3-Methyl-benzo(b)thiophene-1,1-
dioxide 

ARO2 0.0 0.0 <0.1 <0.1 100 

Benzoic acid, 4-methoxy- ARO3 0.0 0.0 0.1 0.1 100 
1,2,4-Trimethoxybenzene ARO4 0.0 0.0 0.1 0.1 100 
Pyrazine, 2-methoxy-3-(1-
methylpropyl)- 

ARO5 0.0 0.0 <0.1 <0.1 100 

1,2-Dimethoxy-4-(2-
methoxyethenyl)benzene 

ARO6 0.0 0.0 <0.1 <0.1 100 

2,3,4-Trimethoxyphenylacetic acid ARO7 0.0 0.0 <0.1 <0.1 100 
Total 

 
0.1 

 
0.3 

  
       

Aliphatics (impurities derived from 
residual wood extractives) 

  
  

 
  

 

Butanedioic acid, diethyl ester AL1 0.3 0.1 0.0 0.0 -100 
Heptadecane AL2 0.2 <0.1 0.0 0.0 -100 
Tetradecanoic acid, ethyl ester AL3 0.2 0.0 0.0 0.0 -100 
Pentadecanoic acid, ethyl ester AL4 0.1 <0.1 0.0 0.0 -100 
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Hexadecanoic acid, methyl ester AL5 0.2 0.0 0.0 0.0 -100 
E-11-Hexadecenoic acid, ethyl ester AL6 0.7 0.1 0.0 0.0 -100 
Heptadecanoic acid, ethyl ester AL7 <0.1 <0.1 0.0 0.0 -100 
Ethyl Oleate AL8 0.1 <0.1 0.0 0.0 -100 
Octadecanoic acid, ethyl ester AL9 0.1 0.0 0.0 0.0 -100 
Heptadecanoic acid, 15-methyl-, 
ethyl ester 

AL11 0.0 0.0 <0.1 <0.1 100 

Hexadecanoic acid, ethyl ester AL10 0.0 0.0 <0.1 <0.1 100 
Total 

 
1.9 

 
0.0 

 
 
 
         

TOTAL 
 

19.2 0.7 13.2 1.2 
 

Phenol  
 

4.8 1.9 0.7 0.2 
 

Total monomers (excluding phenol) 14.4 2.6 12.5 1.0 
 

Phenolic monomers (excluding phenol) 10.9 1.2 12.4 1.0 14 
Bio-oil yield  26.4 1.3 50.9 0.2 92 
Char yield  

 
7.6 2.2 5.5 0.1 -27 

 

Table S 7.3 Individual compound yields determined using GC-MS/FID for the 
depolymerization product of lignin pretreated under inert and oxidative conditions 

    Pretreated under 

inert 

Pretreated 

under oxygen  

  
 

wt% of lignin  wt% of lignin  

Compound  Code Averagea S.D. a Averagea S.D. a 

Phenolics 
     

Phenol PH1 0.8 0.1 2.3 1.2 

Phenol, 2-methoxy- PH2 4.3 0.8 8.6 0.0 

Phenol, 4-methyl- PH14 0.6 0.3 1.2 0.0 

Phenol, 2-methoxy-4-methyl- PH4 2.6 0.5 3.0 0.1 

Phenol, 4-ethyl-2-methoxy- PH5 1.4 0.3 2.1 0.0 

Phenol, 2-methoxy-4-propyl- PH6 1.9 0.2 3.1 0.0 

Phenol, 2,6-dimethoxy- PH7 3.8 1.8 3.9 3.3 

3-Methyl-benzo(b)thiophene-1,1-dioxide PH24 0.2 0.2 0.0 0.0 

Phenol, 2-methoxy-4-(1-propenyl)-, (E)- PH9 0.1 0.0 0.1 0.1 

Benzoic acid, 4-hydroxy-3-methoxy- PH18 1.0 1.0 2.5 0.0 
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4-Propyl-1,1'-diphenyl PH10 0.6 0.5 0.3 0.3 

1-Propanone, 3-hydroxy-1-(4-hydroxy-3-

methoxyphenyl)- 

PH25 0.2 0.2 0.0 0.0 

Phenol, 2,6-dimethoxy-4-(2-propenyl)- PH12 0.4 0.0 0.5 0.0 

1-Benzenol,2-methoxy-4-[[[2-(4-

hydroxyphenyl)ethyl]amino]methyl]- 

PH16 0.1 0.1 0.6 0.6 

5-tert-Butylpyrogallol PH19 0.3 0.3 1.0 1.0 

2-Pentanone, 1-(2,4,6-trihydroxyphenyl) PH13 0.0 0.0 0.1 0.1 

Benzoic acid, 4-methoxy-, ethyl ester PH8 0.0 0.0 0.3 0.3 

Phenol, 2-methyl- PH22 0.3 0.3 0.0 0.0 

2',4'-Dihydroxypropiophenone PH23 0.3 0.3 0.0 0.0 

Benzoic acid, 3-methoxy-, methyl ester PH26 0.1 0.1 0.0 0.0 

p-Ethyldiphenylmethane PH20 0.1 0.1 0.0 0.0 

Phenylacetylformic acid, 4-hydroxy-3-methoxy- PH27 0.1 0.1 0.0 0.0 

Sum (phenolics) 
 

19.2 
 

29.6 0.0 
      

Aliphatics (impurities derived from residual 

wood extractives) 

     

Hexadecanoic acid, methyl ester AL5 0.1 0.0 0.4 0.0 

Hexadecanoic acid, ethyl ester AL10 0.2 0.0 0.5 0.0 

Octadecanoic acid, ethyl ester AL9 0.0 0.0 0.1 0.0 

Sum (aliphatics) 
 

0.3 
 

1.0 
 

      

Aromatics 
     

1,2,4-Trimethoxybenzene ARO4 0.7 0.7 0.4 0.4 

1,4-Benzenediol, 2,3,5-trimethyl- ARO9 0.1 0.1 0.0 0.0 

Durohydroquinone ARO10 0.2 0.2 0.0 0.0 

4-[n-Propylamino]-2,5-dimethoxyaniline ARO11 0.2 0.2 0.0 0.0 

Benzene, 1,2,3-trimethoxy-5-methyl- ARO12 0.2 0.2 0.0 0.0 

Naphthalene, 2,3-dimethoxy- ARO13 0.0 0.0 0.0 0.0 

Sum (aromatics) 
 

1.5 
 

0.4 
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TOTAL 
 

21.1 2.3 31.1 3.1 

Phenol  
 

0.8 0.1 2.3 1.2 

Total GC-eluted monomers (excluding phenol) 20.3 - 28.8 - 

Phenolic monomers (excluding phenol) 18.4 - 27.3 - 

Bio-oil yield  
 

31.6 1.2 42.0 0.6 

Char yield  
 

5.5 - 7.4 - 

 

 

7.3 Chapter 5 

Table S 7.4 Chemical compounds present in lignin depolymerization products, as detected 
from GC-MS characterization (all compounds) 

 
Without 
stabilization  

Without 
stabilization  

With 
stabilization  

With 
stabilization   

Yield, wt% 
(based on dry 
lignin) 

Selectivity (wt% 
of lignin-derived 
compounds) 

Yield, wt% 
(based on dry 
lignin) 

Selectivity (wt% 
of lignin-derived 
compounds) 

Compound 
code 

avg SD 
 

avg SD 
 

Phenolics 
     

PH1 0.1 0.1 0.9 <0.1 <0.1 <0.1 
PH2 1.1 1.1 6.6 3.4 <0.1 13.4 
PH3 0.8 0.8 5.1 <0.1 <0.1 <0.1 
PH4 <0.1 <0.1 0.2 <0.1 <0.1 <0.1 
PH5 <0.1 <0.1 0.1 <0.1 <0.1 0.1 
PH6 <0.1 <0.1 <0.1 4.4 2.5 17.6 
PH7 3.8 0.4 23.6 4.3 1.5 17.3 
PH8 0.2 0.2 1.0 <0.1 <0.1 <0.1 
PH9 <0.1 <0.1 <0.1 0.5 0.5 2.1 
PH10 <0.1 <0.1 0.1 0.1 0.1 0.5 
PH11 <0.1 <0.1 <0.1 0.1 0.1 0.3 
PH12 <0.1 <0.1 0.3 <0.1 <0.1 <0.1 
PH13 <0.1 <0.1 0.3 <0.1 <0.1 <0.1 
PH14 0.1 0.1 0.6 <0.1 <0.1 <0.1 
PH15 <0.1 <0.1 <0.1 1.0 1.0 3.8 
PH16 1.1 0.3 6.8 0.1 0.1 0.3 
PH17 0.1 0.1 0.8 <0.1 <0.1 <0.1 
PH18 4.6 2.7 28.5 <0.1 <0.1 <0.1 
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PH19 <0.1 <0.1 <0.1 1.7 1.7 6.7 
PH20 <0.1 <0.1 <0.1 0.1 0.1 0.5 
PH21 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 
PH22 <0.1 <0.1 <0.1 4.1 4.1 16.4 
PH23 1.9 1.9 11.8 <0.1 <0.1 <0.1 
PH24 1.4 1.3 8.9 3.1 0.4 12.2 
Total 
phenolics 

15.5 
 

95.7 22.9 
 

91.3 

Aromatics 
     

AR1 0.1 0.1 0.4 <0.1 <0.1 <0.1 
AR2 0.1 0.1 0.8 <0.1 <0.1 <0.1 
AR3 0.1 0.1 0.4 <0.1 <0.1 <0.1 
AR4 <0.1 <0.1 0.2 <0.1 <0.1 <0.1 
AR5 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 
AR6 0.2 0.2 1.1 <0.1 <0.1 <0.1 
AR7 <0.1 <0.1 <0.1 0.5 0.5 1.8 
AR8 0.1 0.1 0.8 <0.1 <0.1 <0.1 
  AR9 <0.1 <0.1 <0.1 1.1 1.1 4.3 
AR10 0.1 0.1 0.3 <0.1 <0.1 <0.1 
AR11 <0.1 <0.1 <0.1 0.6 0.6 2.5 
AR12 0.1 <0.1 0.3 <0.1 <0.1 <0.1 
Total 
aromatics 

0.7 
 

4.3 2.2 
 

8.7 

Total 16.2 
 

100.0 25.1 
 

100.0 
*avg: Average  

**SD: Standard deviation  

Table S 7.5 Abbreviations used for the names of lignin-derived compounds 

Compound  Compound code 
Phenolics  
.beta.-(4-Hydroxy-3-methoxyphenyl)propionic acid PH1 
1-(2,6-Dihydroxy-4-methoxy-3-methylphenyl)-1-butanone PH2 
1-Butanone, 1-(2,4,6-trihydroxy-3-methylphenyl)- PH3 
1-Pentanone, 1-(2,4,6-trihydroxy-3-methylphenyl)- PH4 
2-(Acetoxymethyl)-3-(methoxycarbonyl)biphenylene PH5 
2,4'-Dihydroxy-3'-methoxyacetophenone PH6 
3-Hydroxy-4-methoxyacetophenone PH7 
4-Hydroxy-2-methoxybenaldehyde PH8 
4-n-Propylbiphenyl PH9 
Anthracene PH10 
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Benzaldehyde, 2-hydroxy-4-methoxy- PH11 
Benzaldehyde, 3-hydroxy-4-methoxy- PH12 
Benzaldehyde, 4-hydroxy- PH13 
Benzeneacetic acid, .alpha.-hydroxy-.alpha.-methyl-, (R)- PH14 
Benzeneethanol, 4-hydroxy-3-methoxy- PH15 
Butylated Hydroxytoluene PH16 
Phenol, 2,6-dimethyl- PH17 
Phenol, 2-methoxy-4-(1-propenyl)- PH18 
Phenol, 2-methoxy-4-propyl- PH19 
Phenol, 4-methoxy-3-(methoxymethyl)- PH20 
Phenol, 5-methyl-2-(1-methylethyl)- PH21 
Phenol, 3,5-dimethyl- PH22 
Vanillic acid PH23 
Vanillin PH24 
Aromatics 

 

1,2-Dimethoxy-4-(1,2,3-trimethoxypropyl)benzene AR1 
1,4-Benzenedimethanol, .alpha.,.alpha.'-dimethyl- AR2 
3-Ethoxy-4-methoxybenzyl alcohol AR3 
Anthracene, 2-ethyl- AR4 
Benzene AR5 
Benzene, 1,1'-methylenebis- AR6 
Benzenemethanol, 3,4,5-trimethoxy- AR7 
Benzenemethanol, 3,4-dimethoxy- AR8 
Benzofuran, 2-propyl- AR9 
Benzoic acid, methyl ester AR10 
Dibenzofuran, 4-methyl- AR11 
Naphthalene, 1-methyl- AR12 
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