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RÉSUMÉ

La transition vers une économie circulaire repose sur l'utilisation e�cace des ressources renou-

velables et la valorisation des sous-produits industriels. La demande croissante de matériaux

et de produits chimiques durables a ravivé l'intérêt pour la lignin, un biopolymère abon-

dant mais sous-exploité issu de l'industrie papetière. Bien qu'elle présente un fort potentiel

comme matière première pour des produits à haute valeur ajoutée, sa structure complexe

et hétérogène limite sa solubilité et la sélectivité des processus de dépolymérisation et de

fonctionnalisation. Cette recherche doctorale visait à développer des procédés assistés par

ultrasons en une étape a�n de convertir la lignine en produits à valeur ajoutée, répondant

ainsi au besoin de méthodes e�caces et respectueuses de l'environnement pour sa valori-

sation. Plus précisément, ce projet a exploré la dépolymérisation et la fonctionnalisation

simultanées par ultrasons pour obtenir de la lignine carboxyalkylée et estéri�ée. La car-

boxyméthylation introduit des groupes carboxyméthyles, augmentant la densité de charge

anionique, la solubilité dans l'eau et la capacité dispersante, ce qui en fait un candidat in-

téressant pour les biodispersants et modi�cateurs rhéologiques. L'estéri�cation, quant à elle,

gre�e des groupes hydrophobes sur la lignine, améliorant sa compatibilité avec les matrices

non polaires et sa stabilité thermique, élargissant ainsi ses applications potentielles dans les

composites polymères, les revêtements et les lubri�ants. La thèse est divisée en quatre par-

ties, chacune correspondant à des objectifs spéci�ques et donnant lieu à quatre publications.

Chaque section s'appuie sur la précédente, assurant une progression cohérente vers l'objectif

principal. La première partie présente une analyse approfondie visant à identi�er le procédé

de déligni�cation optimal ainsi que les traitements synergiques permettant d'améliorer la

solubilisation et la dépolymérisation de la lignine. Étant donné sa hétérogénéitée, aucune

méthode d'extraction universelle n'existe. Une analyse comparative des techniques a permis

d'identi�er la lignine LignoForce (faible teneur en soufre, moin de2 %, et faible poids molécu-

laire, moin de 10 kDa) comme substrat optimal pour cette étude doctorale. Cette analyse

a également sélectionné les solvants les plus adaptés pour la dissolution et la dépolymérisa-

tion catalytique de la lignine (eau alcaline et liquides ioniques à base de méthylimidazole et

de pyrrolidine) et a établi les conditions initiales d'opération par ultrasons (fréquence entre

20 kHz-100 kHzet intensité de la puissance supérieure à5 W cm� 2). La deuxième partie a ex-

aminé la carboxyméthylation assistée par ultrasons de la lignine en milieu aqueux alcalin. Une

intensité de15 W cm� 2 a permis de réduire le poids moléculaire de la lignine d'au moins50 %

et de raccourcir le processus de carboxyméthylation de huit fois. Comparé à un chau�age con-

ventionnel, ce procédé par ultrasons est30 % mon énergivore. La lignine carboxyméthylée
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obtenue a présenté des propriétés dispersantes comparables à celles du sel de sodium de

dioctyl sulfosuccinate, un dispersant dérivé du petrole. Les troisième et quatrième parties

ont porté sur l'estéri�cation de la lignine via l'estéri�cation de Fischer et l'O-acylation. Ces

réactions n'étant pas compatibles avec l'eau, des liquides ioniques ont été sélectionnés comme

solvants. Bien que les procédés sonochimiques soient largement étudiés en milieu aqueux, peu

de recherches existent sur leur application aux liquides ioniques. Ainsi, la troisième partie a

exploré la cavitation acoustique par simulation dans 12 liquides ioniques à l'aide d'une sonde

de type cornet. Les résultats ont montré que les liquides ioniques nécessitent une intensité

ultrasonore plus élevée que l'eau pour activer la cavitation. Les liquides ioniques à base

d'alkyl-méthylimidazolium ont généré des zones de cavitation 3.5 fois plus grandes et des jets

acoustiques 10 fois plus rapides que ceux à base de pyrrolidinium et de méthylimidazolium

sulfuré. En�n, la dernière partie a étudié la dépolymérisation et l'estéri�cation/O-acylation

de la lignine dans l'acétate et le chlorure de 1-butyl-3-méthylimidazolium avec trois agents

estéri�ants (acides carboxyliques) et trois agents d'acylation (chlorures d'acide). La sonica-

tion à 20 kHz et 20 W cm� 2 à 40°C pendant une heure a brisé30 %des liaisons éther aryle,

réduisant le poids moléculaire de85 %. Les agents éstéri�ants chlorés ont produit des taux

d'estéri�cation 1.6 à 3.4 fois supérieurs et des dérivés de lignine plus stables thermiquement

que ceux obtenus avec les acides organiques. Cette recherche doctorale démontre que la val-

orisation de la lignine assistée par ultrasons est une stratégie prometteuse et énergétiquement

e�cace pour les applications de biora�nerie durable.



viii

ABSTRACT

The transition to a circular economy requires the e�cient utilization of renewable resources

and the valorization of industrial byproducts. The growing global demand for sustainable

materials and chemicals has renewed interest in lignin�an abundant yet underutilized biopoly-

mer and byproduct of the pulp and paper industry. Despite its potential as a feedstock for

high-value chemicals and materials, conventional lignin valorization strategies are hindered

by its complex and heterogeneous structure, limiting solubility and selectivity in depoly-

merization and functionalization processes. This doctoral research aimed to develop one-pot

processes to depolymerize and functionalize lignin, with the purpose of e�ciently and sustain-

ably converting this substrate into value-added products. To intensify lignin simultaneous

depolymerization and functionalization, we opted for ultrasound, an emerging process in-

tensi�cation technology that exploits acoustic cavitation to accelerate reactions and enhance

mass transfer. Speci�cally, ultrasound-assisted processes for simultaneous depolymerization

and functionalization were explored to obtain carboxyalkylated and esteri�ed lignin. Car-

boxymethylation introduces carboxymethyl groups onto lignin, enhancing its anionic charge

density, water solubility, and dispersing ability for applications such as biodispersants and

rheology modi�ers. Esteri�cation grafts hydrophobic functional groups onto lignin, improv-

ing its compatibility with non-polar matrices and enhancing its thermal stability, broadening

its potential use in polymer composites, coatings, and lubricants. The thesis comprises

four parts, each corresponding to speci�c sub-objectives, culminating in four peer-reviewed

publications. Each section builds upon the previous one, ensuring coherence and logical pro-

gression toward the main research objective. The �rst part presents a comprehensive review

identifying the optimal deligni�cation process and synergistic treatments to enhance lignin

solubilization and depolymerization. Due to lignin's heterogeneity, no universal extraction

method exists. A comparative analysis of techniques highlighted LignoForce lignin (sulfur

content <2 %, and low molecular weight <10 kDa) as the optimal substrate for this study.

The review also identi�ed suitable solvents for lignin dissolution and catalytic depolymer-

ization (alkaline water and methylimidazolium- and pyrrolidinium-based ionic liquids) and

established initial ultrasound operating conditions (20 kHz to 100 kHzand above5 W cm� 2).

The second part investigated the ultrasound-assisted carboxymethylation of lignin in alkaline

aqueous media. Ultrasound at15 W cm� 2 reduced the molecular weight of LignoForce lignin

by at least 50 % and shortened the carboxymethylation process by a factor of eight. Com-

pared to conventional heating, this ultrasound-assisted process consumed30 % less energy.

The resulting carboxymethylated lignin exhibited dispersing abilities comparable to dioctyl
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sulfosuccinate sodium salt, a petroleum-derived dispersant benchmark. The third and fourth

parts focused on the esteri�cation of lignin via Fischer esteri�cation and O-acylation. Given

the limitations of aqueous systems for these reactions, ionic liquids were selected as solvents.

While sonoprocessing is well-studied in aqueous media, little research exists on its applica-

tion in ionic liquids. Thus, the third part involved a computational investigation of acoustic

cavitation in 12 ionic liquids using a horn-type probe. Simulations revealed that ionic liq-

uids require higher ultrasound power intensities than water to achieve active cavitation and

enhance aryl ether bond cleavage and esteri�cation. The volume of active cavitation zones

and acoustic streaming magnitude increased with ultrasound power and decreased with vis-

cosity. 1-Alkyl-3-methylimidazolium-based ionic liquids produced cavitation zones 3.5 times

larger and acoustic jets 10 times faster than pyrrolidinium- and S-methylimidazolium-based

counterparts. The fourth and last part investigated the ultrasound-assisted depolymerization

and esteri�cation/O-acylation of LignoForce lignin in 1-butyl-3-methylimidazolium acetate

and chloride with three esterifying agents (carboxylic acids) and three acylation agents (acid

chlorides). Ultrasound at 20 kHz and 20 W cm� 2 and 40°C for 1 h cleaved 30 % of aryl

ether bonds, with molecular weight reductions up to85 %. Chloride-based esterifying agents

achieved esteri�cation rates 1.6 to 3.4 times higher and yielded lignin derivatives with greater

thermal stability than those obtained with organic acids. Butyryl chloride produced the high-

est ester content, with the ultrasound-assisted process generating 2.5 times more ester than

conventional heating at150°C over 48 h. Additionally, the ionic liquid was reusable for three

cycles before esteri�cation e�ciency declined by45 %, highlighting the need for further opti-

mization of the recycling process. This doctoral work establishes ultrasound-assisted lignin

valorization as a promising and energy-e�cient strategy for sustainable biore�nery applica-

tions. By demonstrating a scalable approach for lignin conversion, the �ndings contribute

to the advancement of circular economy principles and the reduction of reliance on fossil-

derived chemicals. Future work should focus on process scale-up, techno-economic analysis,

and further exploration of multifunctional lignin-derived products.
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CHAPTER 1 INTRODUCTION

1.1 Background and problem identi�cation

In an era where resource e�ciency and sustainable practices are paramount, the principles

of circular economy have emerged as a guiding framework for reimagining our industrial

processes. At the heart of this paradigm shift lies the challenge of repurposing waste streams

into valuable resources, thereby closing the loop on material cycles. With an annual global

production in the order of140 Gt [1], waste biomass represents a vast, untapped resource with

signi�cant chemical potential. Lignocellulosic biomass primarily consists of three polymers:

cellulose (40 % to 50 %), hemicellulose (25 % to 35 %), and lignin (15 % to 20 %) [2]. These

polymers interconnect during the formation of secondary cell walls in plant cells, creating

a complex and stable structure [3]. When lignocellulosic biomass undergoes fractionation

and appropriate processing, it generates a wide range of products utilized across various

industries. The market for lignocellulose is highly diverse, extending from energy production

to material commodities (Figure 1.1).

Lignocellulosic 
biomass

Bioenergy 
production

Bioproducts

Materials 
and 

Composites

Animal feed 
and 

Bedding

Soil 
amendment 

and 
Erosion 
control
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Figure (1.1) Market segmentation by application of lignocellulosic biomass. [4, 5, 6, 7]
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The pulp and paper industry holds a dominant position, accounting for50 % to 60 % of

the market share. In 2022, the Food and Agriculture Organization of the United Nations

estimated a global wood pulp production in of almost 160 million metric tonnes [8], which

corresponds to about 40 million tonnes of lignin (from pulping operations). In North America

there are 468 companies (76 in Canada) and 937 mills (126 in Canada), which produce

about 15 million tonnes per year [6, 7, 8]. In the pulping process, cellulose is separated

from lignin and hemicellulose. Cellulose is then used to manufacture paper, cardboard,

packaging materials, textile �bers like rayon and viscose, and biofuels through fermentation.

Hemicellulose is also fermented or digested to produce biofuels and �ne chemicals such as

xylitol and furfural. Lignin, on the other hand, is predominantly combusted within paper

mills to power the pulping process, with about97 % being burned [9]. Only around3 % is

utilized to produce niche aromatic chemicals. As a phenolic-rich biopolymer with high carbon

and oxygen content, lignin holds promise as a renewable feedstock for various chemical and

material applications. However, despite its abundance and potential, lignin remains largely

underutilized. The main issues hindering lignin valorization and its limited usage for value-

added chemical production stems from several challenges:

� Complex structure: Lignin's complex three-dimensional structure, composed of phenyl-

propanoid units linked by various types of carbon-carbon and ether bonds [10], requires

signi�cant energy input to break down into smaller, more manageable components.

Most available processes lack selectivity, resulting in a wide range of products that are

di�cult to separate and purify.

� Heterogeneity: The composition of lignin varies signi�cantly depending on genetic and

environmental factors during plant growth [2]. This heterogeneity leads to inconsis-

tent feedstocks, resulting in bio-oils with varying characteristics and complicating the

development of standardized conversion processes [11].

� Solubility : Lignin's hydrophobic nature renders it insoluble in water and most organic

protic solvents. Lignin's poor solubility [12, 13] hinders its processing, increasing costs

and safety concerns associated with the use of specialized solvents or high-temperature,

high-pressure conditions.

� Reactivity: The bio-oil produced from lignin depolymerization contains reactive monomers

and oligomers that, if left uncapped, tend to re-polymerize [14]. This reactivity com-

plicates downstream processing and reduces the yield of desired products.

While there are avenues to convert lignin into value-added products, most current methods

are energy-intensive and often economically unfavorable [14, 15]. To address these issues,
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process intensi�cation has emerged as a promising approach. Process intensi�cation aims to

develop new equipment and techniques that are substantially smaller, cleaner, safer, and more

energy e�cient than existing ones. This approach leads to cheaper, sustainable technologies

by combining multiple unit operations into fewer steps, reducing equipment size, improving

energy e�ciency, and enhancing product quality. One promising technique for process inten-

si�cation in lignin valorization is ultrasound processing. Ultrasound enhances mass transfer,

increases reaction rates, and improves selectivity in various chemical processes. When ap-

plied to lignin valorization, ultrasound has the potential to overcome its solubilization and

depolymerization, and to facilitate the production of value-added materials while combining

processing steps and reducing energy requirements. The integration of process intensi�cation

techniques like ultrasound plays a crucial role in overcoming the current obstacles in lignin

valorization, paving the way for more e�cient and economically viable biore�nery processes

and contributing to the transition towards a sustainable circular economy.

1.2 Objectives

The main objectiveof this doctoral project is to develop a one-pot process for depolymerizing

and functionalizing waste lignin to produce value-added chemicals as alternatives to fossil-fuel

based products.

Underlying assumption: Process intensi�cation (PI) techniques, such as ultrasound, harvest

lignin's building blocks. In PI, the energy density per unit of reaction (e.g. molecule) is

much higher than in a traditional process. The objective of PI is to maximize the e�ciency

of intra- and inter-molecular interactions. The energy density of a process determines the

course of a reaction and depends on the energy source. Ultrasound is superior to other forms

of energy as its energetic output is 10 to 30 times higher, and the energy consumption is45 %

to 65 %lower [16, 17, 18]. Electricity-driven PI technologies also o�er a unique opportunity

to dose the amount of energy conveyed to the reacting system

Main hypothesis: The power and the energy density of ultrasound radiation can be adjusted

to tailor the solubilization and selective rupture of aryl ether linkages, namely the� -O-4 and

� -O-4 ether bonds. Their cleavage generates phenolic compounds that are easily converted

into other molecules of industrial interest.

To achieve the main objective, the research was divided into four sub-objectives (SOs), each

driven by a speci�c hypothesis (SH). Each SO culminated in the publication or submission

of four articles to peer-reviewed journals, and the �ling of one provisional patent. The sub-

objectives, along with their respective hypotheses and milestones, are as follows:
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SO-1: Identify the current state of the art in deligni�cation techniques and determine which

processes yields the optimal substrate for the research objective. Identify synergis-

tic pretreatment processes that enhance solubilization and/or depolymerization of the

substrate. SH-1: The deligni�cation process dictates the structure of the resulting

technical lignin, and the presence of impurities hinder its reactivity.

Chapter 3 describes the results of SO-1, and Industrial & Engineering Chemistry Re-

search (IF 3.8) published them as a comprehensive review.

� Identi�cation the characteristics and physico-chemical properties of the substrate

obtained through various deligni�cation methods.

� Identi�cation and description of the chemical and biological deligni�cation pro-

cesses.

� Conception of a decisional algorithm to guide the selection of the most suitable

deligni�cation technique based on the characteristics of the lignocellulosic feed.

� Identi�cation of the strengths, weaknesses, opportunities, and threats for each

deligni�cation technique.

� Outline of the limitations and literature gaps for each deligni�cation process, and

suggest future investigations.

SO-2: Depolymerize and carboxyalkylate LignoForce lignin in a one-pot reaction under ultra-

sound irradiation to produce biodispersants with dispersing ability comparable to that

of a commercial benchmark petroleum-derived dispersant. SH-2: Ultrasound irradia-

tion at 20 kHz and 15 W cm� 2 in aqueous systems generates hot spots with su�cient

energy to cleave lignin aryl-ether linkages, while the resulting microjets enhance mass

transfer and increase the alkylation reaction rate.

Chapter 4 describes the results of SO-2, and Journal of Cleaner Production (IF 9.7)

published them as comprehensive scienti�c article.

� Synthesis and puri�cation of biodispersants.

� Characterization of the biodispersants' structure, molecular weight distribution

and thermal stability via FTIR, GPC, and TGA analyses.

� Characterization of the biodispersants' dispersion ability via photometric disper-

sion and charge density analysis.

SO-3: Identify ionic liquids (ILs) that dissolve lignin and catalyze lignin depolymerization and

esteri�cation. Determine which ILs yield the largest active volumes under ultrasound
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irradiation in a horn-type sonoreactor. SH-3: The thermodynamic properties of ILs

in�uence the intensity of the acoustic pressure �eld and determine the size of the ac-

tive cavitation region under ultrasound irradiation. Chapter 5 describes the results of

SO-3, andUltrasonics Sonochemistry (IF 8.7) published them as comprehensive

scienti�c article.

� Modelling of an ultrasonic horn-type sonoreactor in 12 ILs, accounting for bubbles'

attenuation and acoustic mismatch at interfaces.

� Statistical analysis of the simulation results and identi�cation of the most signi�-

cant predictors in�uencing the response variables.

� Development of non-linear equations to predict acoustic pressure, active region

volume, and acoustic streaming velocity as function of ILs' thermodynamic prop-

erties, US power, and reactor's geometric parameters.

� Validation of the model through sonochemiluminescence experiments.

SO-4: Depolymerize and esterify LignoForce lignin in a one-pot reaction under ultrasound

irradiation to produce fatty acid chained biolubricant additives in recyclable acidic

ionic liquids. SH-4: methylimidazolium-based ILs with Brønsted acid moieties dissolve

lignin and catalyze its depolymerization and esteri�cation or O-acylation. ILs can be

separated and re-used over multiple reaction cycles.

Chapter 6 describes the results of SO-4, which have been submitted toGreen Chem-

istry (IF 9.3) as comprehensive scienti�c article.

� Depolymerization of lignin in Brønsted acid ionic liquids.

� Synthesis and puri�cation of fatty acid lignin esters.

� Characterization of the structure, molecular weight distribution and thermal sta-

bility via FTIR, GPC, and TGA analyses of the lingin esters.

� Quanti�cation of the degree of aryl ether cleavage via NMR analysis.

� Solvent recovery and reusability tests.

1.3 Summary of contributions

The doctoral project described herein this document contributes to the research on lignin

valorization and process intensi�cation in the following ways:
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1. It provides a comprehensive review of the state of the art and a thorough analysis of

the operating conditions and factors in�uencing biomass deligni�cation, with partic-

ular focus on the characteristics of the lignin streams obtained through chemical and

biological extraction methods.

2. It o�ers a one-pot processing method for lignin depolymerization and carboxyalkylation

with an 8-fold decrease in reaction time and at least30 % less energy intensive than

traditional heating methods.

3. It advances the understanding of acoustic cavitation behaviour in ionic liquids though

modelling and experimental validation, and provides valuable insights for optimizing

ultrasound-assisted processes in these solvents.

4. It o�ers a one-pot processing method for lignin depolymerization and esteri�cation/O-

acylation in reusable ionic liquids, achieving lignin ester production 2.5 times higher

and 48 times faster than traditional heating methods.

Overall, this project o�ers the opportunity to (i) produce eco-friendly bioproducts with prop-

erties similar to those derived from petroleum, (ii) minimize waste and pollution resulting

from extraction and subsequent combustion of lignin, and (iii) elucidate ultrasound depoly-

merization mechanisms and gather information applicable in other sectors requiring energy

intensi�cation.

During my PhD program, I authored four papers related to my doctoral project, one patent

application, one book chapter, and six additional papers on various topics within my research

groups. The publications are:

� Schieppati, D., Patience, N.A., Galli, F., Dal, P., Seck, I., Patience, G.S., Fuoco, D.,

Banquy, X., Bo�to, D.C. (2023). Chemical and biological deligni�cation of biomass:

a review. Industrial & Engineering Chemistry Research, 62(33), 12757-12794.

� Schieppati, D., Dreux, A., Gao, W., Fatehi, P., Bo�to, D.C. (2022). Ultrasound-

assisted carboxymethylation of LignoForce Kraft lignin to produce biodispersants.Jour-

nal of Cleaner Production, 366, 132776.

� Schieppati, D., Mohan, M., Blais, B., Fattahi, K., Patience, G.S., Simmons, B.A., Singh

S., Bo�to, D.C. (2024). Characterization of the acoustic cavitation in ionic liquids in

a horn-type ultrasound reactor.Ultrasonics Sonochemistry, 102, 106721.
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� Schieppati, D., Aubert, D., Simmons, B.A., , Patience, G.S., Bo�to D.C. (2025). One-

pot ultrasound-assisted depolymerization and esteri�cation of LignoForce lignin in ionic

liquids. Submitted to Green Chemistry.

� Schieppati, D., Patience, N. A., Campisi, S., Patience, G. S. (2021). Experimental

methods in chemical engineering: High performance liquid chromatography�HPLC.

The Canadian Journal of Chemical Engineering, 99(8), 1663-1682.

� Patience, N. A., Schieppati, D., Bo�to, D. C. (2021). Continuous and pulsed ul-

trasound pectin extraction from navel orange peels.Ultrasonics Sonochemistry, 73,

105480.

� Laajimi, H., Galli, F., Patience, G. S., Schieppati, D. (2022). Experimental methods in

chemical engineering: Gas chromatography�GC.The Canadian Journal of Chemical

Engineering, 100(11), 3123-3144.

� Laajimi, H., Zorainy, M. Y., Schieppati, D., Bo�to, D.C. (2022). Sonocatalytic Biodiesel

Transesteri�cation to Produce a Lubricant. Industrial & Engineering Chemistry Re-

search, 62(1), 267-278.

� Rivera-Quintero, P., Patience, G. S., Patience, N. A., Bo�to, D. C., Banquy, X.,

Schieppati, D. (2024). Experimental methods in chemical engineering: Karl Fischer

titration. The Canadian Journal of Chemical Engineering, 102(9), 2980-2997.

� Schieppati, D., Fattahi, K., Blais, B., Bo�to, D.C., Denner, F. (2025). Acoustic wave

propagation in liquid medium and damping mechanisms: modeling and simulation. In

Modeling and Simulation of Sono-Processes (pp. 35-57). Elsevier.

� Schieppati, D., and Bo�to, D.C., Ultrasound-assisted carboxyalkylation of lignin. In-

ternational publication number WO 2023/115206 A1, Patent application no. US 18/722,097.

� Dal, P., Kring, J., Schieppati, D., Bo�to, D. C. Numerical Simulation of a Continuous

Sonoreactor for Biomass Residues Recovery. Submitted (under review) toUltrasonics

Sonochemistry, and available at SSRN 4981947.

1.4 Structure of the thesis and coherence of the articles

Chapter 2 covers the literature review: it details the origin, structure, and solubility of

lignin, it expands on its valorization pathways, and covers ultrasound-assisted processing.

Chapters 3 to 6are the papers published or submitted as a results of the sub-objectives listed
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in Paragraph 1.2. Speci�cally, Chapter 3presents chemical and biological deligni�cation �

i.e. extraction of lignin from biomass � methods to promote lignin valorization through ex-

traction, depolymerization, and fermentation and/or derivatization. Given the heterogeneity

of lignin, no universal extraction method exists; therefore, a range of techniques, each with

its own advantages and limitations, is discussed. This review provides valuable insights for

tailoring extraction methods to speci�c needs, optimizing lignin's structural characteristics

and purity for a given application or process, and promoting the sustainable utilization of

lignocellulosic biomass. Through this analysis, we identi�ed the optimal lignin for this doc-

toral project, determined which solvents dissolve the substrate while potentially catalyzing its

depolymerization and/or functionalization, and established the initial ultrasound operating

conditions. The �rst functionalization pursued in this work is a carboxyalkylation. Chapter 4

describes an intensi�ed process to simultaneously depolymerize and carboxyalkylate Ligno-

Force lignin in alkaline aqueous solution. The products act as dispersants with dispersing

ability comparable to that of dioctyl sulfosuccinate sodium salt, a petroleum-derived bench-

mark. The second and third functionalizations investigated are Fischer esteri�cation and

O-acylation, which cannot be conducted in water due to the nature of the reagents, stability

of the products, or reaction itself. Based on the information presented in Chapter 3, ionic liq-

uids were chosen as solvents for the synthesis of lignin esters. While sonoprocessing is widely

investigated in aqueous systems, there is little to no research on sonoprocessing in ionic liq-

uids. Therefore, Chapter 5introduces a model designed to simulate sonication in 12 ionic

liquids using a horn-type probe, incorporating the e�ects of ultrasound attenuation in multi-

bubble systems. This work determined which thermodynamic properties of the ionic liquids

and ultrasound operating parameters a�ect the total acoustic pressure and the volume of the

active regions, where active cavitation occurs. Chapter 6describes an intensi�ed process to

simultaneously depolymerize and esterify LignoForce lignin in a reusable methyl-imidazolium

ionic liquid. The same ultrasound setup geometry was adopted throughout the project, with

a 50 % reduction in reactor volume for the �nal sub-objective. This adjustment was made

to minimize ionic liquid consumption, as sourcing these solvents was di�cult during and

after the supply chain disruptions caused by the global COVID-19 pandemic. Chapter 7is

a general discussion of the work and a summary of the key �ndings presented in Chapters

3 to 6. Chapter 8summarizes the results of the project emphasizing its contributions and

advancement of knowledge, while presenting its limitations and suggesting future research.
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CHAPTER 2 LITERATURE REVIEW

2.1 Lignin

2.1.1 Origin and structure

Lignin is the most abundant biopolymer after cellulose and the predominant non-carbohydrate

cell wall component. Lignin content and molecular structure depend on species, taxa, physio-

logical, and environmental conditions at the time of ligni�cation [2, 19, 20]. Lignin formation

proceeds through enzymatic reactions. Phenylalanine originates in the cytoplasm of plant

cells, which is then converted into cinnamyl alcohols � monolignols � via deamination, hydrox-

ylation, reduction, and methylation reactions. Monolignols dehydrogenative polymerization

and hydrolyzation create a complex and highly heterogeneous polyphenolic macromolecule

[19]. Lignin makes up25 % to 35 % of gymnosperm wood (softwood) and18 % to 25 % of

angiosperm wood (hardwood). In hardwood, coniferyl and sinapyl alcohols co-polymerize

to form guaiacyl-syringyl units, whereas softwood has a predominant component of guaiacyl

units and a minor portion of p-hydroxyphenyl units. Grasses contain a variable amount of

p-coumaryl, coniferyl and sinapyl alcohols [19, 20, 21].

Table (2.1) Average content of monolignols in softwood, hardwood, and grass [2, 19]

.

Lignin source Sinapyl alcohol Coniferyl alcohol p-Coumaryl alcohol

Softwood 0 % � 95 % � 5 %
Hardwood 45 %to 75 % 25 %to 50 % 0 %to 8 %

Grass 20 %to 55 % 35 %to 80 % 5 %to 35 %

Monolignols connect via a wide variety of bonds. The most common linkages are the aryl

ether bonds (� -O-4 and� -O-4), biphenyl ether bonds (4-O-5' and 5-O-4'), and interunit C-C

bonds (� -1', � -5', � -� ', and 5-5'). Aryl ether linkages (� -O-4 and � -O-4) are weaker and

easier to cleave than C-C interlinkages [2, 19].

2.1.2 Native lignins and technical lignins

Lignins classify as native or technical. Native lignins are raw plant lignins containing two

thirds or more of aryl ether bonds, mainly� -O-4 type, and one third of C-C inter-unit bonds.

Native lignins cannot be isolated from plants without modifying their structure. Milled wood

lignin is the closest unmodi�ed macromolecule there is to native lignin [22]. Technical lignins
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are all the currently available lignins. They are the by-product of the pulp and paper industry.

Technical lignins are Kraft, soda, sulphite, hydrolysis, and Organosolv [23]. They all have

di�erent structure, and they often contain impurities according to the deligni�cation and

fractionation process they underwent. Technical lignins contain more C-C inter-unit linkages

than aryl ether bonds and hence, they are harder to depolymerize [24]. More speci�cally,

the pulp fractionation induces the condensation of molecules cleaved from native lignin with

residual oligomers, thereby originating C-C linkages that are stronger than those naturally

present in lignin [25]. In addition to the inconvenient elevated bond dissociation enthalpy,

most technical lignins contain sulphur, which poisons noble-based metal catalysts. For this

reason, Organosolv and soda lignins are the go-to choice for catalytic valorization pathways.

Nevertheless, sulphur is bene�cial for processes employing sulphided hydrodeoxygenation

catalysts [26]. In 2008, Ohman and co-workers implemented the traditional Kraft pulping

process by adding two acidi�cation steps prior to recovery. CO2 acidi�es the black liquor

until lignin suspends. Lignin is then �ltered, suspended again in aqueous H2SO4, �ltered

and dried. The process is patented under the name LignoBoost [27]. In 2014, FPInnovation

patented a similar process under the name of LignoForce. The process involves the oxidation

of the black liquor by O2 prior to the acidi�cation steps. Oxidation destroys the total

reduced sulfur released during Kraft pulping (hydrogen sul�de, methyl mercaptan, dimethyl

sul�de, and dimethyl disul�de released during Kraft pulping). The inventors reported no

structural change and no molecular weight reduction compared to traditional Kraft [28, 29].

LignoBoost and LignoForce yield purer lignins compared to conventional pulping and hence

more amenable to valorization.

2.1.3 Lignin solubility in water and organic solvents

Lignin solubility is one of the critical factors hindering its valorization. Like other lignin

properties, its solubility depends on the type of lignin and on the reagents used during the

deligni�cation process. Lignin is insoluble in water at pH 7. In alkaline aqueous solutions,

lignin solubility increases with the increase of the ratio of phenolic hydroxyl groups to phenyl-

propane units. For example, spruce wood requires at least 31 phenolic hydroxyl groups for

every 100 phenylpropane units to dissolve at pH above 8 [30]. When it comes to organic sol-

vents, no single solvent or speci�c solvent mixture stands out as superior. Most alcohols (e.g.

methanol, ethanol, propanol, butanol), esters (e.g. ethyl acetate or carbonate, proprylene

carbonate) and organochloride compounds (e.g. chloroform) dissolve less than1 wt% of lignin

[31]. Vermaas et al. quanti�ed the relationship between biopolymer extension and polarity

of the solvent at room temperature. Intermediate polarity comparable to that of dimethyl

sulfoxide (DMSO) attains the highest polymer expansion and solvation [12]. For some lignins,
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solvents slightly less o more polar than DMSO like acetone and ethanol, respectively, achieve

the same expansion as DMSO. The addition of water as cosolvent to acetone, dioxane, or

THF increases lignin solubility. However, the optimal solvent/co-solvent combiantion varies

with the composition of the macromolecule [32].

2.2 Lignin solubility and processing in ionic liquids

Ionic liquids (ILs) are salts that are liquid at ambient temperature. They have a plethora of

properties, the common one being ion conductivity. The cation is often organic whereas the

anion is organic or inorganic. One of the ions is also large and bears low symmetry [33]. ILs

are green solvents because of their non-�ammability, high thermal stability and inability to

emit volatile organic compounds (VOCs) [34]. ILs are designer solvents. In fact, changing

the speci�c ions constituting the ILs tunes their hydro-phobicity or -philicity, melting point,

density, and viscosity [35]. Several ILs solubilize lignin. Between the two ions making up

the IL, the anionic moiety in�uences solubility more than the cationic one [36, 37]. Anions

with strong hydrogen-bonding basicity and low steric hindrance (e.g. chlorine) disrupt the

hydrogen bonds that constitute the lignocellulosic network. Lignin solubility in ILs increase

as temperature increases [38]. Lee et al. observed that by increasing the temperature from

50°C to 130°C during the 90 min pretreatment of maple wood �our (250µm particle size,

0:5 wt% biomass loading) with [Etmim][Ac], the deligni�cation rate increased by70 %[39].

Protic ILs (PILs) are a subset of ILs that form through the proton transfer from a Brønsted

acid and a Brønsted base [40]. PILs have proton-donor and proton-acceptor sites, which are

particularly useful to establish hydrogen-bonding with the complex lignocellulosic network.

PILs are easier to synthesize and separate compared to their aprotic counterparts, as they

have lower boiling points [40, 41]. Common cations in PILs include primary, secondary, or

tertiary ammonium ions, guanidinium ions, mono- or di-substituted imidazolium ions, and

pyridinium and pyrrolidinium ions. The heterocycles in these compounds have substituents

on either carbon or nitrogen atoms, with at least one nitrogen maintaining the positive charge

and retaining a proton. [40]. Longer alkyl chains on the anionic component increase the elec-

tron cloud density, which enhances the interactions between the chain and lignin. Conversely,

the presence of� -hydroxyl groups in the alkyl chain of the anion promotes the formation of

hydrogen bonds within the PIL. As a result, there are fewer PIL-lignin interactions, leading

to a decrease in lignin solubility.[31]. For most cations, the larger the alkanolammonium

group the higher the solubility of lignin [31, 40]. Certain PILs dissociate into acid and amine

or degrade into amides at high temperatures (above150°C) or after extended use at moder-

ate temperatures (120°C). Increasing the number of substituents on the amine group creates
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steric hindrance, which reduces reactivity (lowering the energy state) and helps minimize

thermal degradation [35] The most delignifying ILs are amine-based. Imidazolium-based ILs

dissolve50 %to 90 %of lignin depending on the particle size and temperature of the treated

biomass. 1-Methyl- ([Mmim]), 1-ethyl- ([Emim]), and 1-butyl- methylimidazolium ([Bmim])

cations have been reported to have the highest solubilization rates [33, 36, 42]. [Etmim][Ac]

at 140°C for 2 h dissolved90 % of sugarcane bagasse lignin when the IL/feed mass ratio

was equal to 20 [42]. Penin et al. treated autohydrolyzedEucalyptus nitenswood with

[Bmim][HSO4] and triethylammonium hydrogen sulfate ([Tea][HSO4]). [Bmim][HSO4] has a

higher deligni�cation activity than [Tea][HSO4] with a lignin removal rate of91 %versus82 %

at 180°C when the ILs contain22 wt% and 10 wt% of water, respectively [43]. The pretreat-

ment of Eucalyptus Kraft pulp with [Bmim][HSO4] and [Tea][HSO4] overcame the damage of

cellulose and subsequent reduction of the pulp strength observed in oxygen-mediated delig-

ni�cation, and increased lignin removal. An IL mass loading of10 %and a pretreatment at

60°C for 1 h prior to the oxygen treatment eased lignin separation and strengthened the pulp

�bers. The single oxygen treatment (control) at0:5 MPa and 100°C for 1 h with 4 wt% of

Na2O deligni�ed only 56 % of the biomass feed. [Bmim][HSO4] and [Tea][HSO4] extracted

5 % and 21 % more lignin compared to the control. Moreover, the authors reported an un-

usual reduction of pulp brightness, which ascribes to the formation of Hibbert's ketones and

quinonoids upon the cleavage of� -O-4 bonds during oxidative deligni�cation. Dissolved lignin

fragments migrated onto the �bers' surface thereby protecting their framework from oxida-

tive damage [44]. Pin et al. combined four carboxylic acids (acetic [Ac], formic [For], lactic

[Lac], and malonic [Mal]) with ethylenediamine [Etid] or ethanolamine [He] for the treatment

of raw sugarcane bagasse. [Etid]-based ILs solubilized from15 % to 36 % more lignin than

[He]-based ILs. The highest values were74 %and 66 %for [Etid][Ac] and [Etid][For], respec-

tively. While structural composition was similar for [He][Ac] and [He][Lac] lignins (5 kDa and

6 kDa, respectively), treatment with [Etid][Ac] and [Etid][Lac] PILs resulted in higher MW

polymers (31 kDa and 50 kDa, respectively). Malonate and formate PILs yielded9:4 kDa to

18:2 kDa fragments. The higher basicity of [Etid] (pKb of 4.11 vs 4.50 for [He]) promoted

C�C condensation reactions, thereby generating higher MW fragments. However, they do

not exclude the possibility that [Etid][Ac] and [Etid][Lac] preserve the integrity of� -linkages

for higher MW lignins, while [He]-based PILs cleave ether bonds more �ercely [45]. Achinivu

et al. developed protic ionic liquids (PILs) by reacting acetic acid with pyridine ([Py][Ac]), 1-

methyl imidazole ([Mim][Ac]) or pyrrolidine ([Pyrr][Ac]). Namely, [Pyrr][Ac] extracted more

than 70 % of lignin from corn stover at 90°C in 24 h, with little to no cellulose solubiliza-

tion [41]. Gel permeation chromatography revealed that PILs induced lignin fragmentation

during extraction. [Pyrr][Ac] depolymerized the substrate to a MW of900 Da, 50 %to 82 %
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lower compared to [Py][Ac] and [Mim][Ac] [46]. These PILs have a low boiling point (120°C

to 240°C), which favours their separation via distillation [35, 41, 46]. N-allylpyridinium chlo-

ride ([APy][Cl]) showed no change in structure and thermal stability after extracting98 %

of lignin from red pine wood in6 h at 100°C and atmospheric pressure [47]. Among all the

ILs currently under investigation and development, amine based PILs are the least expensive

and the most promising for lignin solubilization. They are easy to synthesize, and the tuning

of their acidity/basicity is simple, which make them versatile. Moreover, amine-based PILs

also depolymerize lignin to low MW oligomers which retained the properties and reactivity

of native lignin thereby expediting their valorization [39, 45, 48].

Brønsted acid ILs (BAILs) are another subset of ILs, which are either protic or aprotic de-

pending on whether a proton is available on the cation or the anion. Few authors have

reported BAILs to catalyze the depolymerization of technical lignins. Singh and Dhepe

catalyzed the liquefaction of lignin in presence of -SO3H functionalized imidazolium-based

BAILS and demonstrated that the amine moiety does not contribute to the catalytic ac-

tivity. Depolymerization occurred in autoclave at 120°C and 0:35 MPa and yielded 78 %

of THF soluble products with a molecular weight ranging from102 Da to 220 Da. The oil

unexpectedly containedp-cymene and butylated hydroxy-toluene oil, con�rming that the

BAILs also catalyzed the re-arrangement of monomeric lignin fractions [49].87 Zakaria et al.

added a sulfopropyl group on 1-methylimidazole ([C3SO3HMim]) and generated BAILs by

coupling them with acetic acid, hydrogen chloride, and sulfuric acid. [C3SO3HMim][Cl]

and [C3SO3HMim][Ac] solubilized 78 % and 53 % of rice husk lignin, respectively, while

[C3SO3HMim][HSO4] extracted 11 %of lignin after 6 h at 120°C. The structure of lignin re-

mained intact upon treatment. However, [C3SO3HMim][HSO4] depolymerized the extracted

and puri�ed lignin to a molecular weight of 137 Dato 291 Dain 1 h at 120°C [50]. Masri et

al. esteri�ed oleic acid with methanol in presence of -SO3H functionalized ammonium-based

BAILs. Compared to mineral acids, dicationic BAILs esteri�ed9 % to 20 %more oleic acid

while monocationic BAILs yielded about11 %less esters. Ultrasonic cavitation increased the

conversion rate by30 % to 106 %compared to mechanical stirring.89 [Bmim]-based BAILs

have also been reported to catalyze Fisher esteri�cation reactions with no signi�cant catalytic

activity loss upon recycling. [Bmim][PTSA] esteri�es100 %of acetic acid with benzyl alcohol

in 2 h, with 100 %selectivity towards monoesters [51].

2.3 Valorization pathways

As of September 2024,Web of Scienceindexed 4393 publications containing the words Lignin

and Valorization (all �elds), 3765 of which were articles, and 543 were reviews. VOSviewer
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generated a bibliographic map based on the text in the titles, abstracts, and keywords of

the publications with the minimum number of term occurrence set at 75. The dimension

of a node is directly proportional to the occurrence of the term in the dataset, while the

proximity of circles indicates how related the terms are. VosViewer identi�ed three clusters

(Figure 2.1).

water

bioethanol
saccharification

biorefinery

deep eutectic solvents

ionic liquid

adsorption

enzyme

catalyst

oil

kraft lignin
hydrogenation

fractionation

Figure (2.1) VoSviewer bibliometric co-citation map of keywords. The database includes
the top 40 keywords of the 4393 publications that mention (Lignin AND Valorization) as of
September 2024 [52]. The software assigns colours to terms that are related and positions
them in proximity. The size of the circles is directly proportional to the number of occurrences
of the term. With 17 terms, the green cluster is the largest one and it is centered on
depolymerization (850 occurrences). The second largest cluster with 14 terms is the red one,
centered on enzymatic hydrolysis (462 occurrences).The blue cluster counts 10 terms and
centers on degradation (380 occurrences).

The green cluster groups publications concerning lignin valorization through depolymeriza-

tion. The main techniques are hydrogenolysis, pyrolysis, hydrodeoxygentation. Kraft lignin

and Organosolv lignin are the most utilized for such processes. The red cluster groups articles

focusing on biological methods, with enzymatic hydrolysis, fermentation, and sacchari�cation

as the main techniques for biofuels synthesis, mainly bioethanol. The blue cluster mainly

gathers articles that discuss the antioxidant activity of lignin derivatives. This cluster also
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groups articles on lignin oxidation and oxidative depolymerization: the oxidation node links

directly to the depolymerization node in the green cluster.

To summarize the �ndings of the bibliometric search, lignin can be repurposed in four ways:

(1) as is in, mainly in materials as radical scavenger or to alter the thermal properties, (2)

functionalized to produce a molecule with desired characteristics, (3) depolymerized to obtain

monomers or small oligomers through oxidative or reductive catalytic depolymerization, and

(4) depolymerized and functionalized to monomers or small oligomers. All these strategies

leverage lignin's unique properties to create value-added products across various industries.

2.4 Depolymerization

Depolymerization is an essential step for lignin to be converted into pro�table commodi-

ties. Lignin depolymerization originates aromatics and functionalized aromatics that are the

base molecules for added-value �ne chemicals. Lignin depolymerization involves the break-

ing of C-O and C-C inter-unit linkages making up the macromolecule. Depolymerization is

either catalytic or non-catalytic. The literature reports six major strategies for lignin depoly-

merization: oxidation, hydrogenolysis, hydrolysis, pyrolysis, photocatalysis, and biocatalysis

(enzymes) [53]. Most of these techniques require the presence of a catalyst and they mostly

target aryl ether bonds. In fact, � -O-4 and � -O-4 linkages are more abundant and weaker

than C� -C� bonds. For example, in dibenzodioxocin (lignin model compound), the bond

dissociation enthalpies are69:3 k cal=mol to 72:9 k cal=mol vs 80:1 k cal=mol for aryl ether

and C-C bonds, respectively [54]. Despite the cleavage of both bond types (C-O and C-C)

are valid depolymerization pathways [55], the rupture of aryl ether bonds originate phenolic

compounds that are easier to transform into molecules of industrial interest [56, 57]: from

benzazepine derivatives for Alzheimer's disease and hypertension drugs [58], polyphenolic

superabsorbent lignin-based fertilizers for plant growth and immobilization of contaminated

soils [59, 60], to terephthalic acid for plastic production [61, 62] and aromatic aldehydes such

as vanillin [63].

As several depolymerization techniques are available, only the most important aspects of the

two main approaches will be discussed hereafter.

2.4.1 Oxidative depolymerization

Oxidative depolymerization (OD) is the most common depolymerization technique. It is

particularly e�ective in cleaving C-C inter-unit linkages as lignin is rich in hydroxyl groups

[53, 64]. OD yields oxygenated monomers with carboxylic and carbonyl functionalities.
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The cleavage of C� -C� results in the corresponding aromatic aldehyde or carboxylic acid,

C� -O and C� -H breaking originates ketones, and C� -CCphenyl rupture yields acrylaldehyde

and quinone derivatives [65, 66]. Common OD products are vanillin, syringaldehyde, and

p-hydroxybenzaldehyde [67]. Oxidants are hydrogen peroxide (H2O2) and molecular oxy-

gen. OD catalysts are noble metal oxides like methyltrioxorhenium (VII) [68], and dipi-

colinate [69] or oxyquinolinate [66] vanadium (V), noble metals supported on oxides or

carbon [70], and transition metal salts. The latter is often accompanied by a radical me-

diator like 2,2,6,6-tetramethyl-1-piperidin-1-yl-oxyl (TEMPO) [53, 71, 72]. Several research

groups have improved OD by combining metal-based catalyst with ionic liquids. Stärk and

co-workers depolymerized more than66 % of beech lignin with Mn(NO3)2 as catalyst in

1-ethyl-3-methylimidazolium tri�uoromethanesulfonate ([Emim][CF3SO3]). However, maxi-

mum conversion was achieved after24 h at 100°C and 8:4 MPa [73]. Over the last ten years,

recyclable vanadium polyoxometalates (POMs) have been developed for successful lignin val-

orization. POMs are inexpensive and easy to prepare, they feature low toxicity, and their

redox properties are �exible. Zhao et al. depolymerized more than65 wt% of pyrolytic lignin

and left less than9 wt% of solid residue with H5PMo10V2O40 [74]. Phosphomolybdic acid

(H3PMo12O40), catalyzed the fractionation, methoxylation and depolymerization of poplar

tree lignin in a one-pot reaction. This POM yielded74 wt% of monoaromatic chemicals after

treatment at 100°C to 140°C for 2 h in a 9:1 methanol/water mixture [75]. A few researchers

combined POM with imidazolium-based ionic liquids. While the ionic liquid depolymerized

lignin, POM oxidized monomers to platform chemicals. POMs are in fact acidic and promote

the reaction of carboxyl groups with alcohols to form esters. A10 wt% loading of vanadium-

based POM in butylimidazolium hydrogensulphate ([Hbim][HSO4]) originated the highest

vanillin yield ( 21 wt%) when H2O2 was the oxidant [67].

2.4.2 Reductive depolymerization

Unlike OD, reductive depolymerization (RD) techniques like hydrogenolysis mainly adopt

catalysts in heterogeneous phase. Lignin hydrocracking targets� -O-4 and Cphenyl -C� linkages

and yields alkanes, applicable in the fuel sector [76]. CoMo/Al2O3 hydrodeoxygenated lignin

model molecules (e.g. 2,2'-biphenol, coumaran, and vanillin) at300°C by breaking C� -

C5 and C� -O while leaving C5-C5' intact [77]. The aqueous-phase reforming of technical

lignins with Pt/Al 2O3 resulted in the formation of methylguiacol and guaiacol, con�rming

the cleavage of C5-C5' at temperatures below255°C [78]. Many supported metal catalysts

(Pd/C, Pt/C, Rh/C, Ru/C) cleave C � -O and C� -C1 linkages in supercritical water in absence

of H2 to form benzene and toluene from lignin model compounds [79]. When combined with

hydrosilanes, Brookhart's iridium (III) pincer complex and other Lewis acids selectively cleave
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Csp3-O in alkyl ethers and secondary silyl ethers and produce stable and isolable coniferyl

and sinapyl monoaromatics [80, 81]. Hydrogen-donor solvents slow down the recombination

of intermediate free radicals thereby reducing char formation and increase the monomeric

yield when coupled with H2 [76, 82].

As most of OD and RD strategies occur at high temperature and pressure, autoclaves are

often necessary. Bonds between aromatic units cleave between200°C and 400°C [57]. Above

320°C, depolymerization increases in complexity as secondary reactions and C-centered rad-

icals recombine to form C-C inter-unit linkages. Even at short residence times �2 min � coke

and tar form and gas evolve from the cooking liquor [14].

2.5 Lignin functionalization

Lingin's phenylpropanoid structure contains aliphatic and phenolic hydroxyl groups, cyclic

and non-cyclic ethers, carbonyl groups, aromatic rings, and double bonds. All lignin's groups

are amenable to fuctionalization through various reactive pathways, including alkylation,

sulfo- and oxy-alkylation, O-acylation and esteri�cation, epoxidation, phenolation, amina-

tion, nitration, sulfonation, phosphorylation (Figure 2.2) [83, 84].

Figure (2.2) Main lignin functionalization pathways. From Suota et al. [83].
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Carbonyl and hydroxyl moieties stand out as the most reactive groups in lignin, often serving

as primary targets for functionalization. The the hydroxyl moieties are the most reactive ones,

with the aliphatic OH being more reactive than the phenolic OH due to the resonance of the

aromatic rings [85]. Alkylations, carboxyalkylations, O-acylation, and esteri�cation are the

most e�ective methods to functionalize these groups.

2.5.1 Lignin carboxyalkylation

Carboxyalkylation is a two-steps etheri�cation reaction. First, an alcohol deprotonates in

the presence of a base to form an alkoxide group, which then reacts with an alkylating

agent through a SN2 reaction. Carboxyalkylation reactions are particularly useful to increase

the molecular weight, steric hindrance, and ionic charge of molecules. Carboxyalkylation

improves lignin's water solubility and modi�es its surface properties. Adjusting the length

of the alkyl side chain grants precise customization of its properties for speci�c applications,

transforming lignin from an inert waste biopolymer into a versatile material with dispersant

properties. Lignin carboxyalkylation expands lignin's use across various �elds, particularly

where particle suspension, emulsi�cation, chelation, and oxidation prevention are desired.

The coal industry uses carboxyalkylated lignin to suspend coal particles in water slurries,

which allow for higher concentration of coal in the slurry while maintaining or enhancing it's

pumpability. Qulatein et al. [86] carboxyalkylated acid-washed unmodi�ed softwood kraft

lignin with sodium chloroacetate (SCA), 5-chlorovaleric acid (CVA), and 11-bromoundecanoic

acid (BUA) at 80°C for over 2 h in 2-propanol/water mixtures. NaOH catalyzed the reac-

tion. Although all carboxyalkylated lignin dispersed coal in water slurries, the stability of

the suspension decreased with the increase of the alkyl chain length. The increased steric

hindrance of CVA and BUA hindered the adsorption of the carboxyalkylated lignin on the

coal particle surface, thereby reducing the electrostatic repulsion between suspended par-

ticles. Konduri et al. [87] carboxymethylated mixed hardwood Kraft lignin with SCA and

investigated the e�ects of NaOH concentration, lignin loading, and SCA/lignin molar ratio on

the �nal product's (CML) ability to disperse water-clay slurries. The CML with the highest

charge density (1:8 meq=g) and carboxylate group concentration (1:7 mmol g� 1) was obtained

upon treatment at 40°C for 4 h, in 1.5 M acqueous solution (pH 12). Fatehi's research group

has developed various methods to carboxyalkylate and produce nanoparticles for the sta-

bilization of oil-water pickering emulsion [88], microgels for heavy metals adsorption [89],

chelating agents for wastewater treatment [90, 91]. Carboxypropylated lignin (C3) adsorbs

33 %more heavy metals and10 %more ethyl violet dye than carboxypentylated lignin (C5),

while C1 and C2 chains yield products with2 % to 16 %higher dispersing ability than C5+
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chains.

2.5.2 Lignin esteri�cation and O-acylation

Esteri�ed lignin �nds application in several formulations as anti-oxidant, binder, or functional

additive to improve hydrophobicity and durability, or enhance mechanical and thermal prop-

erties of materials. Lignin esters are obtained through Fisher esteri�cation or via O-acylation.

In the case of Fisher esteri�cation, alcohols combine with carboxylic acids in the presence of

an acid catalyst to form an ester and release water. Unlike carboxyalkylation, Fisher ester-

i�cation cannot be conducted in aqueous media: water is a by-product of esteri�cation and

because it is an equilibrium reaction, the higher the concentration of water, the more the

equilibrium is shifted towards the reactants and fewer esters form. Esteri�cation reactions

are generally slow and require several hours and temperature above60°C. A valid alternative

to Fisher esteri�cation, is O-acylation reaction, where an acyl chloride or anhydride react

with an alcohol via nucleophilic substitution to form an ester. Carboxylic acids are at least

104 times less reactive than acyl chlorides and anhydrides, due to resonance stabilization

of the carbonyl group and poor leaving ability of the hydrixide ion. In contrast, the strong

electrophilicity of acyl chlorides and anhydrides makes lignin esteri�cation signi�cantly easier

to achieve compared to using carboxylic acids.

Nadji et al. [92] esteri�ed soda lignin with stearic anhydride in presence of 1-methyl imida-

zole as catalyst and in 1,4-dioxane in24 h at 50°C. The product improved the lubrication

of LLDPE by 7 % when applied as lubricant the the manufacture of thermoplastic. Lewis

and Brauns [93] and Glasser and Jain [94] esteri�ed lignin with saturated and unsaturated

acyl chlorides or anhydrides in pyridine. Acylation required between4 h to 48 h. Acid chlo-

rides were twice as reactive as the the corresponding anhydrides. The chain length of the

acylating agent signi�cantly in�uenced the properties of the resulting product. For mold-

ing applications, acylating agents with chain lengths of 12 or fewer carbon atoms produced

esters that strati�ed and adhered between the mold and the molded piece. In contrast,

agents with longer chains produced esters with improved lubricating properties, minimal ad-

hesion between the mold and molded piece, and no evidence of strati�cation [93]. Guo and

colleagues [95] acylated Kraft lignin and lignin model compounds sebacoyl or terephthaloyl

chlorides. N,N-dimethylacetamide or N-methyl-2-pyrrolidone was the solvent, and triethy-

lamine or pyridine the catalyst. For lignin model compounds, pyridine predominantly facili-

tated the acylation of aliphatic hydroxyl groups, while triethylamine favored the acylation of

phenolic hydroxyl groups. However, the reactivity of the hydroxyl groups in Kraft lignin was

not investigated. Jedrzejczyk et al. [96] palmitolated wheat straw soda lignin with plamitoyl
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chloride in dichloromethane at room temperature for24 h. The product was then evaluated

in castor oil-based lubricants to assess its antioxidant activity and determine its potential

as a replacement for butylated hydroxytoluene, a widely used petroleum-based antioxidant.

Formulations with esteri�ed lignin had longer oxidation induction time, as well as similar or

improved rheological and tribological properties compared to castor oil alone. Koivu et al.

[97] esteri�ed softwood LignoBoost lignin in THF-DMF-pyridine using fatty acid chlorides at

65°C for 48 h. Acylating agents with a chain length of two carbon atoms (C2) reacted with

all available OH, while C8-C16 agents reacted preferentially with aliphatic hydroxyl groups.

Trejo-Cáceres et al. [98] esteri�ed Kraft lingin in pyridine with acetic anhydride for1 h to

72 h at 60°C. The esteri�ed lignin were then tested as lubricant additive in castor-oil based

formulations. Despite all reaction times resulted in the same degree of substitution,1 h to

12 h reactions yielded gel-like formulations, while lignins esteri�ed for24 h to 72 h were more

�uid as the molecular network becomes weaker. Lignins esteri�ed for1 h to 12 h are suitable

as thickener agents for application in semisolid lubricant formulations. Unlike reactions in

pyridine, which require hours or even days, acylation in 1-methyl imidazole proceeds signif-

icantly faster, with reactions times of minutes to a few hours [99]. This increased e�ciency

is attributed to the reaction between the anhydride and 1-methyl imidazole to form a N-

alkyl-N'-methylimidazolium ion. This intermediate then reacts irreversibly with the alcohol

group, with 1-methyl imidazole acting as proton scavenger. For example, Thielemans and

Wool [100] esteri�ed both hardwood and softwood lignin with various anhydrides in 1-methyl

imidazole at 50°C in 2 h. Husson et al. [101] esteri�ed softwood and harwood lignin (Kraft

and Organosolv) in 1-butyl-3-methyl imidazolium hydrogen sulfate with maleic anhydride.

After 4 h at 75°C, 30 %to 52 %of the hydroxyl groups were esteri�ed, with a preference for

the aliphatic hydroxyl groups.

2.6 Ultrasound

Ultrasound (US) is a sound wave that occurs above the human hearing threshold of20 kHz

[102]. When applying US to liquids, a piezoelectric or magnetostrictive transducer imparts

mechanical vibrations consisting of a cyclic succession of compression and expansion phases.

Compression exerts positive pressure and pushes the liquid molecules together, while expan-

sion exerts negative pressure and pulls molecules apart. When the pressure amplitude exceeds

the tensile strength of the liquid in the rarefaction regions, small vapour-�lled voids called

cavitation bubbles form [103, 104]. Generally, pure liquids possess great tensile strength and

the ultrasonic generators available are not able to cause cavitation. However, most of the

liquids are usually impure and the presence of small particles reduces their tensile strength.
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Once a bubble forms, two di�erent cavitation phenomena can occur [102, 103, 104]:

� Stable cavitation (low acoustic intensity): the size of bubbles oscillates in phase with

expansion and compression cycles and bubbles grow slowly over many acoustic cycles.

Due to the small variation of bubbles' size, this process is of little signi�cance in terms

of chemical e�ects.

� Transient cavitation (high acoustic intensity): cavitation bubbles grow and become

unstable after several cycles and collapse during the compression cycle of an ultrasonic

wave. The size of a bubble drastically increases from tens to hundreds of times the

equilibrium radius before it collapses violently in less than a microsecond.

US elicits chemical and physical e�ects, and it is therefore exploited in a wide variety of �elds

where these changes are desired: extraction [105], emulsi�cation [106], dispersion, degassing

[107], and many more [108, 109]. Ultrasound �nds application in a plethora of sonochemical

reactions due to its ability to expedite the reaction rate.99�101 The collapse of cavitation

bubbles generates micro-jets and localized hot spots of high temperature (up to5000°C) and

pressure (up to500 atm) [104, 110]. The US amplitude and the energy density delivered to

the reacting system can be tuned to tailor lignin solubilization and the selective cleavage of

speci�c bonds [16, 17, 102, 111].

2.6.1 US-assisted depolymerization

In 1949, Weissler determined that ultrasonic cavitation induces macromolecules depolymer-

ization and proved that dissolved oxygen or nitrogen are not responsible for their degradation

[111]. After the publication of his �ndings on polystyrene in toluene and hydroxymethyl cel-

lulose in water, several researchers started applying US to reduce or control the molecular

weight of polymers. While the mechanisms by which depolymerization occurs is still under

investigation for several substrates, the e�ect of US on macromolecules is well known. The

prolonged exposure of macromolecules solutions to high-power US results in the cleavage

of the linkages making up the polymer. As a consequence, the viscosity of the solution

decreases, and the molecular weight distribution narrows [112]. Depending on the energy

provided to the system, only the most labile bonds rupture. Nevertheless, US initiates poly-

merization when in the reacting medium there is dissolved su�cient gas to form bubbles that

undergo stable cavitation [113]. In absence of dissolved gas, transient cavitation develops

and depolymerization ensues at an US input power that exceeds the cavitation threshold

[102, 113]. Provided that this condition is satis�ed, depolymerization occurs preferentially

at low frequency than at high (e.g.20 kHz vs 900 kHz) [102, 114]. In the case of polymers
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like polyvinyl alcohol, the depolymerization rate was the highest at a frequency as low as

23 kHz and at power density of15:5 W2 cm� 1 [114]. However, in the case of water soluble

polymers, high frequencies give similar results as the chemical e�ects of cavitation are domi-

nant [115]. US at525 kHzselectively depolymerized cellulose to glucose upon the cleavage of

glycosidic bonds by the action of H and OH radicals arising from water sonolysis [116]. The

concentration and the molecular weight of the substrate in the mixture undergoing ultra-

sonic cavitation also a�ect the depolymerization rate [115]. Concentrations below5 wt=v%

yielded the highest depolymerization rates and the most signi�cant viscosity reductions. For

most polymers, 1 wt=v% to 2 wt=v% [117, 118, 119]. Transient cavitation elicits physical

and chemical e�ects on biomass. Cavitation cleaves phenyl ether� -O-4 and � -O-4 link-

ages while concurrently originating radicals that hydroxylate and oxidate aromatic moieties

and promote side chain elimination. These unique mechanisms render US a great tool for

lignin depolymerization. Deligni�cation and depolymerization under ultrasonic cavitation

takes place at room temperature and requires a lower amount of solvent, delignifying agents

and catalysts [120, 121, 122, 123]. US enhanced the deligni�cation and depolymerization of

Parthenium hysterophorus by two folds compared to treatment under mechanical agitation

at the same operative conditions. Optimal biomass loading and NaOH concentration were

2 wt% and 1:5 wt%, respectively [123]. An ultrasound bath operating at35 kHz enhanced

Miscanthus x giganteuslignin depolymerization in presence of Nickel-based catalysts. For

Ni nanosheets catalysts and in presence of methanol, the conversion reached90 %[124]. Ul-

trasound at 90 W for 6 h at a temperature of 250°C depolymerized Organosolv lignin and

yielded 57 wt% of bio-oil. The products had a low molecular weight and a narrow molec-

ular weight distribution. US selectively cleaved ether linkages to generate mostly phenols

like 2-(1-methylethyl)-phenol, and methoxylated benzenes such as 1,2,3-trimethoxy-5-methyl

benzene. At higher US power (150 Wand 210 W) the bio-oil yield decreased to25 wt% due to

the occurrence of condensation reactions [125]. US intensi�ed the photodegradation of lignin

and increased the depolymerization rate by almost170 % under optimal conditions. The

augmentation of the US frequency from58 kHz to 132 kHz increased the depolymerization

rate by four folds and93 %of lignin depolymerized in just180 min. The oil recovered mostly

contained 3,4-dihydroxy benzaldehyde, cinnamyl alcohol, 4-methyl-3-hexanone and succinic

acid [126].

2.6.2 US-assisted carboxymethylation

Not many authors report the US-assisted carboxymethylation of hydroxyl groups. Kholkina

et al. carboxymethylated cinnamyl alcohol with dimethyl carbonate in presence of steel slag

under US irradiation. A power of50 W and 80 W increased the conversion rate by58 %and
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100 %[127]. Wang et al. carboxymethylated� -(1-3)-D-glucan isolated from Poria cocos to

carboxymethyl-pachyman (CMP).300 W US assisted the reaction. Within the temperature

range investigated, namely35°C to 55°C, 45°C yielded the highest substitution degree of 0.91

in just 1 h . However, the authors do not report any information on the contribution of US to

the advancement of the reaction [128]. Cravotto et al. reported that250 Wat 18:5 kHz inten-

si�ed several chemical modi�cation reactions of chitosan, including O-carboxymethylation.

Carboxymethylation under US occurred over0:5 h instead of6 h under conventional heating.

The authors reported a decrease in viscosity and associated it with US promoting depoly-

merization. However, the authors did not corroborate the result with neither gel permeation

chromatography nor nuclear magnetic resonance or any type of spectroscopy. From this work,

it only appears that US shortens the reaction time but no mechanistic investigation has been

conducted [129]. Finally, Ou et al. synthesized carboxylated surfactants by grafting allyl

glycidyl ether and 3-chloroproprionic acid onto lignin-based alcohols. In this case, US did

not assist the carboxylation reaction but it reduced the molecular weight and polydisper-

sity of the alkaline lignin substrate prior to functionalization. US pretreatment resulted in

increased surface activity (29:1 mN m� 1 vs 60 mN m� 1 to 70 mN m� 1 before treatment) and

emulsifying ability (micelle concentration of3:1 g L� 1) [130].

2.6.3 US-assisted esteri�cation

US promotes hydrolysis, esteri�cation, and transesteri�cation during organic synthesis and re-

duces the reaction time by50 %to 80 %. It also lowers reaction temperature and decrease the

amount of solvent and catalyst required in comparison to unsonicated systems [131]. There is

plentiful evidence in literature that US intensi�es the esteri�cation of oils to biodiesel and bi-

olubricants. An ultrasonic horn operating at20 kHzesteri�ed oleic acid with 1,3-propanediol

in presence of Amberlist 15 (sulfonic acid-functionalized styrene-divinylbenzene resin). A

nominal power of 500 W increased the reaction rate by 2-folds, while a nominal power of

750 W increased it by 1.5-folds [132]. US at60 W and 40 kHz increased the production of

methyl esters fromOreochromis niloticusoil and MeOH in presence of H2SO4 by 15 %. Son-

ication at 30°C for 1:5 h, at a MeOH/oil molar ratio of 9, and a catalyst concentration of

2 w% esteri�ed more than 98 % of the substrate [133]. US at120 W and 20 kHz yielded es-

teri�ed 77 % of karanja oil free fatty acids (FFA) in MeOH and H2SO4.The reaction time

shortened by40 % with respect to conventional stirring. At the same MeOH/oil ratio and

catalyst loading of 1:5 w%, a 1500 W US and 20 kHz continuous �ow cell esteri�ed 74 % of

FFA and reduced the reaction time by70 %compared to conventional stirring [134]. One of

the major issues of FFA esteri�cation to fatty acid methyl esters (biodiesel) is the formation

of a biphasic system � oil and alcohol. When the concentration MeOH exceeds8 w%, FFA
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dissolve in the alcohol phase thereby slowing down the esteri�cation rate. This poses impor-

tant mass transfer limitations. Bo�to and coworkers increased the mass transfer in raw oils

during esteri�cation at temperature below40°C by coupling40 kW2 cm� 1 ultrasound irradia-

tion with a Rosett cell reactor. The combination of cavitation and turbulence transesteri�ed

90 %of the feedstock in5 min, 94 %faster than in a conventional batch reactor [135]. Galli

et al. deacidi�ed 95 % of sun�ower oil-MeOH monophasic system in a packed bed reactor

�lled with the ion exchange resin Amberlyst 46, which remained active even after600 h of

work [136]. Wen et al. esteri�ed palmitic acid with vitamin C in presence of H2SO4. The

application of 100 W US at 25 kHz yielded 16 % more L-ascorbyl 6-palmitate and reduced

the reaction time from 36 h to 2 h [137]. US at240 W and 20 kHz with a 70 % duty cycle

(7 s on and 3 s o�) intensi�ed the synthesis of tricaprylin from caprylic acid and glycerin in

presence of lipase enzymes (Rhizomucor mieheiand Candida antartctica). Lipases-catalyzed

esteri�cations normally take few days to complete. US irradiation yielded almost95 % tri-

caprylin in 7 h and the enzymes maintained their activity for 10 cycles [138]. Abedi et al.

developed a dual frequency US device for the esteri�cation of wheat starch with acetic acid.

The simultaneous application of two transducers operating at di�erent frequencies (25 kHz

and 40 kHz) resulted in a degree of substitution of 1.37,34 % and 12 % higher than single

transducer irradiation [139].
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Abstract

Lignin is a highly abundant biopolymer with a complex polyphenolic structure, making it a

potential source for aromatic precursors, polymers, and energy. However, its thermal stability

limits its economic potential, with less than3 wt% of waste lignin transformed into commodity

products. This review focuses on the chemical and biological extraction methods for lignin

to promote its valorization, which involves extraction, depolymerization, and fermentation

or derivatization. As there is no universal method for extraction due to the heterogeneity

of lignin, a range of methods each with their advantages and disadvantages are discussed,

including sul�te pulping, Kraft, Organosolv, ozonolysis, steam-explosion, ionic-liquids and

supercritical CO2 extraction, and microwave- and ultrasound-assisted extraction. Biological

methods such as bacterial, fungal, and enzymatic deligni�cation are also explored. The review

aims to provide insights to tailor extraction methods to individual needs, and promote the

sustainable utilization of lignocellulosic biomass.

Keywords: Deligni�cation, Lignin, Separation, Extraction, Organosolv, Biomass, Waste
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3.1 Introduction

In 1980, the Energy Security Act de�ned the term biomass to indicate organic matter with

energetic potential that is available on a renewable basis [140]. Biomass includes agricultural

crops, waste and residues, wood and derived waste and residues, animal and municipal waste,

and aquatic plants. Biomass is a promising starting material to synthesize biofuels and other

biochemicals as it lacks nitrogen while being rich in carbon, oxygen, and hydrogen [141]. Over

the past four decades, biomass has received momentous attention as a renewable feedstock

to reduce the reliance on fossil fuels to produce added-value chemicals, alternative fuels,

and bioproducts [142, 143, 144]. Even so, the use of agricultural lignocellulosic material

poses major concerns as it impacts food production. However, the wood industry produces

more than 100 million tonnes per year of ligneous residue with no edible utility [145]. As a

result, it is treated as waste and burned to sustain pulping and papermaking operations. The

most abundant wood-derived waste is lignin. The pulp and paper industry separates lignin

from cellulose during the manufacture of paper as it yellows in air and weakens the �nal

product. In 2021, the Food and Agriculture Organization of the United Nations estimated

that the global wood pulp production was 163 million tonnes [8], which corresponds to 41

million tonnes of lignin. North America has 468 companies (328 US, 76 CA, 64 MX) and

937 mills (450 US, 126 CA, 361 MX) [6, 7, 146, 147], and produced about 14 million tonnes

in 2021, while South America generated 8 million tonnes [8]. The European Pulp and Paper

industry counts 664 companies and a total of 861 mills [148], which attained a technical

lignin production of more than 9.2 million tonnes in 2021 [8]. Asia produced almost 9 million

tonnes. The production of technical lignin in Africa and Oceania is signi�cantly lower than

the other continents, with quantities of 0.5 and 0.4 million tonnes respectively [8]. The main

producers of technical lignin are Borregaard LignoTech (NO, FR, UK, DE, CZ, PL, US, BR,

CN, IN, SG) and Rayonier Advanced Materials (FR, US, and CA), which provide about

50 % of the worldwide supply, mostly lignosulfonates [149]. The Russian companies OAO

Kondopoga and Vyborgskaya Cellulose produce10 %of the total technical lignin (160 kt y� 1)

[149, 150]. Domsjo Fabriker (SE) and Nippon Paper Chemicals (JP) accounts for7 %and 6 %

of the worldwide production of lignosulfonates, respectively. Ingevity (US) and Stora Enso

(FI) are the main producers of Kraft lignin, and cover about5 % of the total technical lignin

manufacture. In Brazil, Suzano and Klabin deliver20 kt y� 1 and 1 kt y � 1 of Kraft lignin,

respectively [149, 151]. In 2018, the commercial production of technical lignin included79 %

lignosulfonates,16 % Kraft, 5 % enzymatic hydrolysis and soda lignin [149]. Organosolv,

steam explosion, and other deligni�cation techniques are still small and not reported nor

quanti�ed by the industry. Resolute (CA), in collaboration with FPInnovations, built a
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pilot-plant to manufacture hydrolysis lignin with a capacity of 100 kt y� 1 [149, 152]. In 2018,

Avantium (NL) opened a pilot biore�nery that applied DAWN technology. The company

is now building the commercial scale plant that will have a capacity of350 kt y� 1 of dry

matter, which will result in about 85 kt y� 1 of hydrolysis lignin. The largest Organosolv lignin

suppliers are CIMV (FR), Fibria/Lignol (CA), and Fortum/Chempolis (FI). DuPont (US) is

the largest company with steam explosion plants, with an annual lignin production capacity

of 110 kt y� 1 [151]. Forecasts for 2025 anticipate the production of1550 kt of lignosulfonates

and 250 kt of Kraft lignin, while biore�nery lignin will attain 600 kt y� 1 [150].

One of the key impediments to the e�cient and cost-e�ective production of high-grade bio-

fuels and biochemicals from lignocellulose is its recalcitrance to both chemical and biological

transformation [153]. Biomass recalcitrance is the opposition of plants to release carbohy-

drates for further conversion [154] and arises from the strong and rigid macro-molecular

assembly that lignin forms with wood polysaccharides, cellulose, and hemicellulose [48]. For

example, lignin hinders the enzymatic accessibility of carbohydrates for sugar fermentation

to bioethanol [154].

The production of added-value chemicals from lignocellulose requires: (1) a preliminary ex-

traction step to separate cellulose, hemicellulose, and lignin as they are covalently bonded

and cross-linked (deligni�cation), (2) depolymerization, and (3) fermentation or derivatiza-

tion [155]. The deligni�cation of lignocellulosic biomass makes cellulose, hemicellulose, and

lignin responsive to transformation into several commodities including fuels, �ne, and niche

chemicals [48]. Because of the heterogenicity of lignin and the wide variety of plant species,

there is no universal method to extract and isolate it. Research on lignocellulosic biomass

deligni�cation aims at developing strategies able to convert this renewable feedstock into

in-demand commodities [48]. Most treatments involve energy-intensive processing, and often

culminate in the degradation of key components of lignocellulose, thereby depleting a valuable

feedstock and increasing emissions. The design of economic and sustainable pre-treatment

strategies that are able to break and open the complex heterogeneous structure of plant ma-

terial and facilitate its access is paramount to produce commodities that are cost-e�ective

and pro�table [39]. Over the past 20 years, a few disruptive deligni�cation technologies have

emerged. Disruptive innovation refers to the development, improvement, and/or implemen-

tation of technologies that convert expensive and non-scalable operations into processes that

are sustainable, and include process intensi�cation strategies like ultrasound and microwaves,

which often face challenges in terms of scalability.

While the vast majority of articles discuss carbohydrates and lignin liquefaction to bio-oil, as

well as its puri�cation, partitioning, and valorization, little attention is given to the deligni-
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�cation process alone. We queried the Web of Science database collection with the keywods

(deligni�cation) OR (lignin AND separation) OR (biomass AND pretreatment). We re�ned

the thousands of documents found by selecting only research articles published in the period

2017-2021 (last 5 years). This yielded 9997 documents. These articles were most published

in: Energy Fuels (3368), Biotechnology Applied Microbiology (2488), Engineering Chemical

(1992), Agricultural Engineering (1707), and Environmental Sciences (1245).Bioresource

Technology published 11:6 % of these articles, followed byIndustrial Crops and Products

(4:3 %) and ACS Sustainable Chemistry & Engineering(3:5 %) [156].
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Figure (3.1) VoSviewer bibliometric co-citation map of keywords. The data base comprises
the top 167 keywords of 9997 articles that mention(deligni�cation) OR (lignin AND separa-
tion) OR (biomass AND pretreatment)from 2017 to 2021 [156]. The software assigns colours
to keywords that are related and positions them in close proximity. The size of the circles is
directly proportional to the number of occurrences of the keyword. With 57 keywords, the
red cluster is the largest one and it is centered on algae (597 occurrences) and inhibitors (351
occurrences). The second largest cluster with 29 keywords is the green one, centered on ionic
liquids (IL, 727 occurrences) and extraction (710 occurrences). The yellow cluster counts
22 keywords and it centers on fractionation (672 occurrences). The magenta and turqiouse
clusters group 18 keywords each. The former centers on corn stover (899 occurrences) and
enzymatic hydrolysis (826 occurrences), while the second centers on deligni�cation (864oc-
currences) and Kraft (796 occurrences). The orange, teal, and blue clusters are the smallest
ones, grouping 9, 8, and 5 keywords, respectively. The orange cluster is centered on empty
fruit bunch (120 occurrences), the teal cluster on butanol (BuOH, 121 occurrences), and the
blue one on husk (150 occurrences). AFEX=ammonia explosion, [Ch][Cl]=choline chloride,
DES=deep eutectic solvents, [Emim][Ac]=1-ethyl-3-methylimidazolium acetate EG=ethylene
glycol, GVL= 
 -valerolactone, IL=ionic liquids,PEG=polyethylene glycol, red'n=reduction,
US=ultrasound

VosViewer generated a bibliographic map based on the text in the titles and the abstracts of

the documents found (binary counting, minimum number of occurrence of a term = 12, 167
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terms selected). The dimension of a word circle is proportional to the number of times the

speci�c word was present in the sample while the proximity of two speci�c word indicates

how related the two subjects are. VosViewer identi�ed eight clusters (Figure 3.1)

Several authors have published comprehensive reviews on biomass deligni�cation. However,

these reviews focus on (i) one speci�c pretreatment or class of pretreatments (mechanical,

chemical, or biological), (ii) all classes of pretreatments but only a brief description of each

technique is provided, (iii) one speci�c agricultural residue, and on (iv) the deligni�cation

for biofuels production from carbohydrate-rich fractions (Table 3.1).
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Table (3.1) Some of the reviews on biomass deligni�cation published over the last 10 years,
from 2012 to 2022.

Year Ref. Topic of review

2012 [157] Deligni�cation of wheat straw assisted by cavitation.
2013 [158] Chemical pretreatments of sugarcane bagasse.

2014 [159]
Chemical pretreatments for biomass bioconversion. Focus on the formation
of inhibitors. Advantages and disadvantages at industrial scale.

2014 [123]
Concise and general description of physical, chemical, and biological biomass
pretreatments focused on bioethanol production from carbohydrates.

2015 [160]
Brief description of various pretreatment techniques. Focus on the alteration
of lignocellulose crystallinity to improve cellulose hydrolysis and
fermentation, and enhance inhibitor detoxi�cation.

2015 [161]
Application of fungi and enzymes to delignify lignocellulosic material for
bioethanol production.

2016 [162]
Simultaneous extraction and dissolution of lignin from biomass through
solvent and co-solvent lignin deligni�cation methods.

2016 [163] Alcohol and organic acid deligni�cation.

2017 [164]
Biomass fractionation using microwaves radiation. Energy consumption and
reactor design.

2019 [165]
Comparison of various pretreatments for biomethane production from crop
residues in terms of hydrolysis rate, e�ectiveness, energy consumption and
cost.

2020 [166]
Comparison of various pretreatments technologies for the production of
biofuels. General description of each technique and focus on bioethanol and
sugars yields.

2020 [167]
Ionic liquids processing for the pretreatment of lignocellulosic biomass for
enhanced bioconversion. Modelling and technoeconomic assessment of
commercial-scale pretreatment.

2020 [168] Comparison of alkaline and acid deligni�cation. Recent advances.

2020 [169]
Brief overview of chemical, physical, and biological pretreatment techniques
aimed at enhancing the bioconversion of biomass into sugars and biofuels.

2021 [170]
General overview of chemical deligni�cation to reduce biomass recalcitrance
to sacchari�cation.

2021 [171]
Pretreatment strategies for agricultural waste to enhance hydrolysis and
biogas production.

2021 [172]
Thermochemical and mechanical deligni�cation techniques for energy
appplications.

2021 [173]
Brief and general description of various physical, chemical, and biological
pretreatments for biomass deligni�cation. Focus on bioethanol production
from carbohydrate-rich fractions.

2021 [174]
Deligni�cation mediated by deep eutectic solvents for the enhancement of
carbohydrates sacchari�cation.

2022 [175]
Organosolv pretreatment of softwood. Focus on cellulose enzymatic
hydrolysis.



32

To the best of our knowledge, a review focusing on the deligni�cation of various biomass

sources, including disruptive innovative technologies, with the aim of recovering lignin for

the further production of value-added chemicals from lignin has not yet been published.

This review provides a collection of chemical extraction methods as well as biological pre-

treatments for lignin isolation from various lignocellulosic feedstocks. To better understand

the challenges of lignin separation, we brie�y discuss the complexity of the biopolymer struc-

ture, its solubility and thermal properties along with its limitations. We then review the

available literature on the chemical and biological extraction of lignin and the most innova-

tive deligni�cation methodologies and process intensi�cation tools, including ionic liquids as

green and recyclable solvents, ultrasound, and microwaves. To conclude this work, we pro-

pose a decisional alogirithm to help the reader choose the most appropriate deligni�cation

technique depending on the characteristics of the lignocellulosic feed of interest, and on the

purpose of the deligni�cation treatment (lignin vs. cellulose recovery).

3.2 Lignin structure and properties

3.2.1 Structure and composition

Lignin is the most abundant biopolymer after cellulose and the largest non-carbohydrate

cell wall component (Table 3.2) [176]. Lignin content in plants depends on genetic factors �

species and taxa � and environmental conditions such as the nutrient content in soil [177].

Lignin formation starts in the cytoplasm of plant cells with the Shikimate and Cinnamate

reactions, which originate phenylalanine [178, 179, 180, 181]. The enzymatic pathways con-

vert this amino acid into cinnamyl alcohols � p-coumaryl, coniferyl, and sinapyl alcohols, also

called monolignols (Figure 3.2) � via deamination, hydroxylation, reduction and methylation

reactions [2, 181].

Figure (3.2) Molecular structure of conventional monolignols and corresponding units.

The dehydrogenative polymerization and hydrolyzation of monolignols originate a complex
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Table (3.2) Chemical composition of various lignocellulosic feedstocks. [48, 182, 183, 184, 185]

Feedstock Lignin (wt%) Cellulose (wt%) Hemicellulose (wt%)

Softwood 25 � 35 45 � 50 25 � 35
Hardwood 18 � 25 40 � 55 24 � 40
Wheat straw 15 � 20 33 � 40 20 � 25
Rice straw 12 � 14 28 � 36 23 � 28
Sugarcane straw 19 � 32 33 � 40 21 � 32
Sugarcane bagasse 19 � 32 36 � 45 25 � 35
Grasses 1 � 10 25 � 45 30 � 50

and heterogeneous macromolecule, lignin, whose composition varies from species to species

[10]. In angiosperms wood (hardwood), coniferyl and sinapyl alcohols co-polymerize to

form guaiacyl-syringyl lignin, whereas gymnosperm wood (softwood) has a predominant

component of guaiacyl units and a minor portion of p-hydroxyphenyl units (Table 3.3)

[180, 181, 186]. The presence of methoxylated syringyl units makes hardwood lignin more

prone to hydrolysis during pulping [187]. Grasses contain a variable amount of p-coumaryl,

coniferyl and sinapyl alcohols [188]. Warm-season grasses, especially tropical grasses, con-

tain more lignin and less ash than cool-season grasses. For this reason, cool season grasses

tend to delignify more easily and, hence, are more amenable to carbohydrate fermentation

to biofuels.

Table (3.3) Content of monolignols in the three types of lignin [2, 19]

Lignin type p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol

Hardwood 0 % to 8 % 25 %to 50 % 45 %to 75 %
Softwood < 5 % > 95 % 0 %
Grasses 5 % to 35 % 35 %to 80 % 20 %to 55 %

The most common linkages that connect the monolignol units are the aryl ether bonds (� -

O-4' and � -O-4'), biphenyl ether bonds (4-O-5' and 5-O-4'), and carbon-carbon bonds (� -5',

� -� ', 5-5') (Table 3.4). Less common are the ester or ether linkages of p-hydroxycinnamates

[189], ferulic acid and p-coumaric acid [188] to monolignols (Figure 3.3).
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Figure (3.3) Phenylpropane linkages in lignin.

Table (3.4) Average linkage content in hardwood and softwood lignins [20, 21, 190], their
types and dissociation energies [191]. The mass percentages vary within plant genus and
species.

Hardwood Softwood Linkage Dissociation energy
% % (kJ mol� 1)

50 � 65 40 � 50 � -O-4'
C� �O 159.0 to 273.2

C� �C � 217.7 to 309.4
<1 5 � 8 � -O-4' C� �O 164.0 to 210.1
2 � 5 � 10 4-O-5' O �C5 300.7 to 334.1

and
C4 �O 281.1 to 286.0
C� �O 164.0 to 210.1

6 � 8 4 � 6 5-O-4' C� �C � 181.5 to 297.6
4 � 9 20 � 25 5-5' C5 �C 5 479.6 to 485.5
1 � 7 7 � 10 � -1' C� �C 1 297.0 to 363.1
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Cellulose micro�brils, hemicellulose and pectins in the cell-wall template the deposition of

lignin, thereby determining the shape and the size of the macromolecule [192]. Abreu et

al. investigated the relationship between the structural organization of lignin and wood

properties and found that the higher the content of� -O-4', the more �exible the wood is

and the easier it is to delignify it [193]. For hardwood and softwood lignins, the percentage

ranges between 40 and 60, respectively (Table 3.4). For some hardwood species including

Aspidosperma macrocarpon, Lophanthera lactesens, Gallesia gorazema, Peltogyne paniculata,

and Aspidosperma polyneuron, the content of � -O-4' alkyl aryl ether bonds surpasses60 %.

Deligni�cation is also a�ected by the type of polysaccharides making up the feedstock. Hard-

wood and grasses' hemicellulose contains14 % to 30 % of xylan and only 1 % to 4 % of glu-

comannan. On the contrary, softwood's hemicellulose contains more glucomannan (12 % to

20 %) than xylan (5 % to 11 %) [11]. The fraction of glucomannans in stover, straw and stalk

is usually twice that of xylans [194, 195], while for bagasse, the opposite trend is observed

[196]. Because glucomannan is more stable under acidic conditions and xylan is more sta-

ble in basic environments, the pH of the deligni�cation method determines the pulp yield

depending on the feedstock.

3.2.2 Solubility

Biomass deligni�cation is essentially a process of lignin functionalization followed by its dis-

solution. Native lignin undergoes structural changes during deligni�cation and its chemical

reactivity, molecular weight, and linkages distribution mutate throughout the process. Func-

tionalization proceeds until it reaches a su�cient extent for lignin dissolution at the processing

conditions. Therefore, lignin solubility signi�cantly a�ects the entire deligni�cation process.

According to Schuerch, the higher the hydrogen-bonding capacity of the solvent and the

closer its Hildebrand solubility parameter is to 11, the higher is the ability of the solvent to

dissolve isolated lignin [197]. However, this method applies to organic solvents and provides

only a qualitative estimate of solubility (soluble, partially soluble, or insoluble). Hansen

and Björkman implemented Hansen's theory by considering non-polar interactions, hydro-

gen bonds, and dipole-dipole interactions. Nevertheless, solubility parameters alone cannot

describe the interactions of solvents with wood polymers � cellulose, hemicellulose, and lignin

[198]. Lignin solubility, as other lignin properties, depends on the type of lignin and on the

solvents and reagents employed during the deligni�cation process. For example, Kraft pulp-

ing targets the weakest bonds that link lignin to cellulose and hemicellulose. The rupture

of these linkages generates free hydroxyl groups that increases the hydrophilicity of lignin

in the aqueous processing medium. In fact, in aqueous alkali solutions, the higher the ratio
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of phenolic hydroxyl groups to phenylpropane units (PPU) the more soluble the lignin. For

example, spruce wood requires at least 31 phenolic hydroxyl groups for every 100 PPU to

dissolve in an alkaline environment [30]. In terms of organic solvents, there is neither a single

solvent nor a unique solvent mixture that is superior to others. Most alcohols (e.g. methanol,

ethanol, 1- or 2-propanol, butanol), esters (e.g. ethyl acetate or carbonate, proprylene car-

bonate) and organochloride compounds (e.g. chloroform) solubilize less than1 wt% of lignin

[31]. However, low steric hindrance alcohols like methanol and ethanol easily di�use through

wood, and hence they are quite popular solvents for deligni�cation purposes [199]. Vermaas

et al. quanti�ed the relationship between biopolymer extension and polarity of the solvent at

room temperature. Intermediate polarity comparable to that of dimethyl sulfoxide (DMSO)

attains the highest polymer expansion and solvation [12]. DMSO is less prone to recovery via

distillation as it has a higher boiling point and enthalpy of vaporization than most common

organic solvents. For some lignins, solvents somewhat less polar than DMSO (e.g. acetone)

and solvents slightly more polar than DMSO (e.g. ethanol) achieve the same expansion as

DMSO. The addition of water as cosolvent to acetone, dioxane, or tetrahydrofuran increases

lignin solubility. The optimal solvent/co-solvent ratio varies with the composition of the

macromolecule (Section 3.3.3) [32].

Ionic liquids are more e�cient and greener to solubilize lignin. De�nition and further de-

scription of the solvation capacity of ionic liquids for lignocellulosic biomass solubilization

and processing is provided in Paragraph 3.3.7.

3.2.3 Thermal properties

Lignin's aromatic backbone renders it fairly stable at elevated temperature but sensitive to

ultraviolet radiation [200]. For instance, soda lignin is stable up to448 K [201]. Accordin to

thermogravimetric analyses (TGA), Kraft lignin loses40 % of its mass when heated under

nitrogen from 473 K to 873 K, with the highest mass loss registered around673 K [202].

Softwood Kraft lignin degrades between423 K to 573 K and the mass loss is tied to the

degradation of phenylpropane side chains as a result of eliminating formic acid, formaldehyde,

CO2, SO2, and moisture [203]. Nonetheless, an oxidative pre-treatment of0:5 h to 1 h at

473 K to 573 K before TGA increases lignin thermal stability. When heated in air, lignin

incorporates oxygen as carbonyl groups and counterbalances the loss of volatile molecules.

Below 573 K, the mass loss is lower than10 %[202, 204].

Lignin's chemical structure prompts intra- and inter- hydrogen bonding, which bestows lignin

with thermoplastic properties [205]. However, lignin features feeble �ow properties and it

requires blending or co-polymerization with other polymers in order to be applied in the
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thermoplastics sector [205, 206]. Lignin also has thermosetting properties. Softwood Kraft

lignin, for example, cross-links at high temperature through a radical mechanism, which sub-

stantially increases its molecular weight (MW). Cui et al. found that heating softwood lignin

293 K above its glass transition temperature (T g) in nitrogen increases its MW to the point

where it cross-links into a complex 3D structure and becomes insoluble in organic solvents

such as acetone, THF, and DMSO [207]. Di�erential scanning calorimetry (DSC) con�rmed

that lignin (from steam-exploded straw) self-polymerize into a cross-linked structure. The

�rst heating cycle (from 333 K to 393 K at 25 K min� 1) identi�ed an endotherm at 434 K,

which corresponds to theT g of the polymer. The second heating cycle (up to473 K) did not

�nd any endotherm due to the formation of a 3D network [204].

3.3 Chemical and physico-chemical deligni�cation methods

The e�ciency and e�ectiveness of a pretreatment are dictated by how much lignin each tech-

nique removes, their energy consumption, if inhibitors form during the process, how much

hemicellulose is lost, and how much cellulose degrades. Each extraction process in�uences

the structure (e.g. MW, polydispersity), properties (e.g. solubility) and purity of lignin,

thus limiting speci�c extraction processes to target applications (Table 3.5). To date, the

most common lignin extraction methods apply chemicals � organic solvents (Organosolv,

Section 3.3.3), acids (Sul�te, Section 3.3.1), bases (Kraft, Section 3.3.2), oxidants (Ozone,

Section 3.3.4), and salts (Ionic liquids, Section 3.3.7). Volatile organic compounds (VOCs)

free solvents have gained popularity to decrease atmospheric pollution and green-house-gas

e�ects. Physical methods often complement chemical techniques to enhance deligni�cation

and reduce costs. For example, supercritical carbon dioxide explosion (Section 3.3.6) and

steam explosion (Section 3.3.5) swell and expand the rigid lignocellulosic structure thereby

facilitating the di�usion of solvents. Process intensi�cation technologies like ultrasound (Sec-

tion 3.3.9) and microwaves (Section3.3.8) have been proven valuable in one way or another,

and researchers continue to explore these techniques despite challenges related to scalability.
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Table (3.5) Chemical and physico-chemical deligni�cation techniques and corresponding
applications.[41, 46, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 218]

Deligni�cation process Application

Sul�te pulping
Dispersants, stabilizers, binders, surfactants, pharmaceuticals,
adhesives, wound dressing hydrogels, additives for cement,
batteries and supercapacitors

Kraft pulping
Binders, resins, fertilizers and pesticides carriers, polymer
blends, hydroxylated aromatics, vanillin, activated carbon,
pharmaceuticals

Organosolv
Additives, resins, polymer blends, pharmaceuticals, �ne
chemicals

Ozonolysis Biofuels, lubricants
Steam explosion Pharmaceuticals, biofuels
Supercritical CO2

extraction
Pharmaceuticals, phenols, resin �llers

Ionic liquids Fine chemicals, pharmaceuticals, polymer blends
Microwaves and
Ultrasound

Fine chemicals, pharmaceuticals, biomaterials

3.3.1 Sul�te pulping process

Lignosulfonates (LSs) represent90 wt% of the total commercial lignin available with a world-

wide annual production of 2 million tonnes [219]. LSs are applicable as stabilizers [220, 221],

binders [222], dispersants [223], adhesives [224], and plasticizers [225]. LSs derive from the

sul�te pulping process (Figure 3.4), which produces cellulose �bers � pulp � by extracting

lignin from wood chips with sulfurous acid salts (sodium, magnesium, calcium, and ammo-

nium sul�tes) [11]. The main unit of operation is a pressurized vessel � the digester � that

cooks the feed at400 K to 440 K. After digestion for 4 h to 14 h, �lters separate the spent

liquor (brown liquor) from the cellulosic pulp. Evaporators then concentrate the brown liquor

(Figure 3.4).
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Figure (3.4) Main unit operations of the sul�te process. (a) Feedstock, wood chips bin; (b)
reservoir of cooking liquor containing sulfurous acid salts; (c) impregnation vessel; (d) reactor
(digester) operating at400 K to 440 K ; (e) blow tank and �ltration system separating the
cellulosic pulp from the brown liquor containing lignin; (f) pulp bleaching station; (g) pulp
drier; (h) evaporators to concentrate lignin. Adapted from [226].

Studies on calcium sul�te pulping revealed that deligni�cation involves a very rapid sul-

fonation, and a slower acid hydrolysis. Both reactions follow �rst-order kinetics and the

rate of the hydrolytic step controls the overall deligni�cation rate, which is a function of

initial lignin content and temperature (Arrhenius relationship), as well as pulping liquor con-

centration [227]. Deligni�cation proceeds through pH-dependent equilibrium reactions that

are contingent on the ratio of sulfur dioxide to magnesium. Acid magnesium bisul�te and

magne�te are the most common pulping salt solutions as they are stable up to a pH of 6

[228]. These salts introduce charged groups and increase the solubility of the macromolecule

through sulfonation. At acidic pH, sulfonation occurs on non-phenolic structures and the

electric charges on lignin's lateral chains break the lignin-carbohydrate complexes (LCCs).

Although lignin depolymerization plays a minor role,� -O-4 ethers slowly hydrolyze (Fig-

ure 3.5) [228]. At higher pH, LCCs are still pulled apart, but sulfonation involves phenolic

groups. In this case, depolymerization follows the mechanisms of alkaline pulping. Because

glucomannan polysaccharides are the major component of softwood's hemicellulose and they
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are more stable at acidic pH, the sul�te pulping of softwood yields more pulp than Kraft

pulping. For hardwood, Kraft pulping is better as the substrate contains more xylans than

glucomannans (Paragraph 3.2.1) [11, 228].
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Figure (3.5) Mechanisms of lignin sulfonation during sul�te pulping. The reaction is activated
by (a) an acid and it involves the breakage of lignin-carbohydrate complexes (LCCs) or (b)
sulfur dioxide.

During sul�te pulping, side reactions involving both polysaccharides and lignin take place.

Polysaccharides hydrolyze to some extent. The lower the pH the greater the yield loss

of hemicellulose and the lower the cellulose's polymerization degree. At acidic pH, lignin

moieties cross-link or condense with one another. Acid condensation arises from the positive

polarization of lignin moieties, which in turn react with the strongly polarizable aromatics.

Because sulfonation on the C� prevents acid condensation reactions, the higher the sulfur

dioxide content, the less acidic the liquor and the lower the condensation rate [227, 228].

Recovery of lignosulfonates

The spent liquor of the sul�te pulping is generally acidic, and contains sugars and residual

pulping chemicals. This makes the recovery of LSs rather intricate, and only2 wt% to 5 wt%

of the total dissolved lignin is actually recovered. Over the years, scientists have explored

various techniques to increase the recovery of LSs. Because of the high degree of sulfonation

(3 wt% to 8 wt% of sulfur) [229], LSs are anionic and water soluble. These characteristics led

engineers to explore and advance the state of the art in various �elds including membranes,
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precipitation, electrolysis, and ion-exchange.

Membrane separation is insensitive to pH and temperature and the possibility to scale it up

makes the technique attractive. Common techniques include ultra�ltration (UF), nano�l-

tration, and reverse osmosis. LSs are polyelectrolyte polymers with an average molecular

weight of 1 kDa to 50 kDa [208]. The MW of the recovered product can be controlled by se-

lecting membranes with molecular cut-o�s from1 kDa to 100 kDa[230]. UF Microdyn-Nadir

UP010 membranes separate high molecular weight LSs from low molecular weight LSs and

sugars [231]. Humpert et al. recovered lignosulfonates with3 nm, 8 nm, and 30 nm ceramic

hollow-�ber membranes [232]. Kumar et al. developed a sun�ower oil/tri-n-octylamine liquid

membrane system that extracted92 wt% and recovered75 wt% of lignosulfonates from aque-

ous acidic feeds [233]. However, pressure-driven �ltration membranes are prone to fouling,

which reduces the e�ciency of the separation [234].

An alternative to �ltration is precipitation [235]. As alcohols do not dissolve LS, they often

work as anti-solvents. For example, ethanol precipitation is a convenient and common re-

covery approach [230]. Another precipitation technique is the Howard method, which adds

calcium oxide in two steps to the spent liquor at a pH of 8.5. In the �rst step, calcium sul�te

precipitates, which is then �ltered and recovered to regenerate the pulping chemicals. In the

second step, calcium lignosulfonates form and precipitate at a pH above 12. The Howard

method recovers up to95 wt% of LSs [236]. Fatehi et al. and Ringena et al. described an-

other precipitation method that involves the formation of lignosulfonic acid-amine adducts

that are insoluble in water and precipitate in the spent liquor [237]. Cave and Fatehi reported

that the acidi�cation and the addition of dodecyltrimethylammonium chloride, a surfactant,

to the liquor of neutral sulphite pulping process extracted40 wt% of LSs at295 K [238]. The

addition of poly diallyl dimethylammonium chloride with a molecular weight from100 kDa

to 200 kDa�occulated 45 wt% of LSs at303 K [239].

Electrolysis recovers LSs by reducing the content of magnesium sulphite in the spent liquor.

Fatehi and Chen documented a reduction of60 % at 125 mA cm� 2 and 333 K for 3 h. Elec-

trolysis increases the molecular weight from5:5 kDa to 7:5 kDa as well as the charge density

from 1:59 meq g� 1 to 1:92 meq g� 1 at pH 5 [230]. However, the tendency of the electrodes to

foul and the cost of electricity make its industrial application non-viable.

Alternatively, ion-exchange techniques are relatively simple with low operational costs. The

process is spontaneous and exothermic. Sandstone or limestone are inexpensive adsorbents

for LSs [240], which follow Freundlich and Langmuir adsorption models. Several polyacryl

or polyaromatic based resins with high adsorption capacity and various pore dimensions are

available. A typical styrene-divinylbenzene resin is Amberlite XAD, whose series o�ers pore
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volumes from0:64 mL g� 1 to 1:82 mL g� 1 and pore diameters from42Å to 300Å [241].

3.3.2 Kraft process

Kraft lignin accounts for 630 000 tonnes of product per year, which corresponds to85 %

of the total lignin production [242]. The sulphate process, also known as Kraft process,

dominates the pulp and paper industry as it converts virgin wood into wood pulp � almost

pure cellulose �bers � through a series of chemical and mechanical steps. Deligni�cation

proceeds in three phases [243]. In the initial phase, an aqueous mixture of sodium hydroxide

and sodium sul�de (white liquor) impregnates the wood chips. Impregnation is controlled by

di�usion and it occurs below 413 K [11]. This stage dissolves15 wt% to 25 wt% of the total

lignin. During the second stage, also known as bulk phase, the white liquor cooks the wood

chips for 1 h to 2 h at about 443 K and breaks the bonds that keep cellulose, hemicellulose

and lignin together. The bulk phase of the process chemically degrades lignin and partially

dissolve carbohydrates. The cooking at high temperature removes about95 wt% of the

lignin [244, 245]. The third and �nal phase starts when the deligni�cation rate decreases and

90 wt% of lignin has been removed. Gierer and Wannstrom hypothesized that about5 wt%

of the lignin, being linked to carbohydrates, resists deligni�cation [246]. Therefore, cooking

the liquor for a longer time leads to the degradation of cellulose and hemicellulose [247].

Lignin undergoes two reactions during the pulping process: degradation, which leads to the

unchaining of lignin fragments and their dissolution (about90 %to 95 %), and condensation,

during which lignin oligomerizes to increase the molecular weight up to a point where it

phases out and precipitates [248].

Lindgren and Lindstrom studied the deligni�cation rate of Kraft pulping of hardwood birch

(Betula pubescens) and softwood spruce (Picea abies) between413 K and 443 K. They deter-

mined that the bulk and residual phase deligni�cation of hardwood is 2.5 times and 0.4 times

more rapid than for softwood [249]. In fact, the Kraft process cleaves the weakest bonds

(3.4), aryl ether linkages (� -O-4', � -O-4', and � -5'), whereas diaryl ether bonds (4-O-5' and

5-O-4') and diaryl C �C bonds (5-5') remain intact. Instead, aryl alkyl and alkyl alkyl C �C

linkages (� -� ' and � -1') undergo partial cleavage [248]. Aryl ether linkages have in fact

the lowest bond energies, whereas C�C are the strongest [191, 250]. The rupture of these

bonds generates free phenolic hydroxyl groups that increase the hydrophilicity of lignin in

the aqueous cooking liquor.

Because of the increasing demand for paper and the desire to reduce the impact on forest

reserves, the pulp and paper industry is now adopting non-wood �ber sources. Madakadze

et al. pulped �ve warm season grasses (Path�nder and New Jersey 50 switchgrasses, Big
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Bluestream, Cordgrass, and Sand Reed grass) with an average lignin content of23 wt% under

mild Kraft conditions ( 433 K for 1 h) and achieved a pulp yield (lignin-free cellulose) of44 %

to 51 % [251]. Similarly, Kraft pulping of Mimosa, Willow, Giant reed, and Silver grass at

433 K to 453 K for 3 h deligni�ed, on average,40 %of the feed [252]. In 2008, Ohman and co-

workers implemented the traditional Kraft pulping process by adding two acidi�cation steps

prior to recovery. CO2 acidi�es the black liquor until lignin goes into suspension. Lignin is

then �ltered, suspended again in aqueous H2SO4, �ltered, and dried. The process is patented

under the name LignoBoost (Figure 3.6) [27].

Figure (3.6) Main unit operations of the LignoBoost process. (a) Wood chips bin; (b) digester;
(c) white liquor reservoir; (d) blow tank and �ltration system; (e) oxydation tower fed with
O2; (f) Series of evaporators, usually six units. The black liquor is split in two streams; one
feeds into the (g) precipitation vessel where CO2 acidi�es the liquor. A (h) �ltration system
separates the precipitate and sends the ligneous residue to an (i) acid conditioning station.
Lignin is recovered after (j) dewatering and (k) washing. The second black liquor stream
exiting from (f) feeds into the (l) recovery furnace where the smelt of Na2S and Na2CO3

(green liquor) forms. The green liquor is then processed in the (m) lime kiln, where it is
converted into white liquor and recycled back to (c).

In 2014, FPInnovation patented a similar process under the name of LignoForce. The process

involves the oxidation of the black liquor by O2 prior to the acidi�cation steps. Oxidation

destroys the total reduced sulfur released during Kraft pulping (hydrogen sul�de, methyl

mercaptan, dimethyl sul�de, and dimethyl disul�de).The inventors reported no structural
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change and no molecular weight reduction compared to traditional Kraft [28, 29]. Ligno-

Boost and LignoForce yield purer lignins compared to conventional pulping and hence more

amenable to valorization.

3.3.3 Organosolv process

The �rst deligni�cation process involving organic solvents dates back to 1893, when Kla-

son extracted lignin from �r wood (softwood) with a mixture of ethanol and hydrochloric

acid [253]. The digestion of �brous plant material intrigued many scientists, who started

developing processes with minimal release of unpleasant odours, reduced energy and water

consumption, and high yields. Attempts at modifying existing processes aimed at solving

problems such as di�cult brightening of the pulp, strenuous recovery of reagents, and the

polluting nature of the pulping waste. Eventually, in 1971, Theodor Kleinert patented a

pulping process that employed a hot mixture of water and water-miscible organic solvents to

break down wood and separate cellulose [254]. The process, nowadays known as Organosolv,

enabled the solubilization and recovery of lignin and hemicellulose. Moreover, the process

included the fractionated distillation of processing solvents for recycling within the plant

[254] to minimize water pollution and odour release [255]. Lignin dissolution relates to the

Hildebrand solubility parameter (� ) theory. Ye et al. calculated the� -value of lignin using

the group contribution method and proved that the closer the� -value of the organic solvent-

mixture to that of lignin, the higher the deligni�cation yield [256]. Because lignin content

and composition changes from species to species, a wide variety of aqueous-organic solvent

systems are available for Organosolv pulping (Table 3.6).

An Organosolv plant usually consists of a primary biore�nery and a secondary biore�nery.

The Organosolv cooking takes place in the primary biore�nery, whose main unit operations

are the cooking vessel and the �ltration system, which separates the pulp from the spent

liquor. The secondary biore�nery is dedicated to the processing of the recovered cellulose and

hemicellulose, where acid and enzymatic hydrolysis converts them to alcohols (e.g. ethanol,

butanol), carboxylic acids (e.g. lactic acid), and aldehydes (e.g. furfural and hydroxymethyl

furfural). Here, lignin undergoes washing, precipitation, �ltration, and drying (Figure 3.7)

[257].

Cooking occurs in a temperature range from373 K to 523 K, often in the presence of a cata-

lyst. The Organosolv pulping process comprises an organic solvent, generally in association

with water and in many cases with an acid catalyst. The water acts as a nucleophile and

reacts with centres activated by the catalyst in the protolignins (native lignins, unaltered).

The solvent solubilizes the lignin and impregnates the plant tissue, carrying the reagents
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Figure (3.7) Main unit operations of the Organosolv process. In the primary biore�nery, the
biomass and the solvent cook in a vessel at the conditions dictated by the solvent. A �ltration
system then separates the pulp from the spent liquor, which are processed in the secondary
biore�nery. Pulp undergoes washing and subsequent hydrolysis (acid or enzymatic). The
hydrolysate is fermented or converted into other �ne chemicals (e.g. aldehydes). The lignin-
rich spent liquor is washed, precipitated, �ltered. Lignin is then collected and dried. Adapted
from [258].

to the protolignin and the resulting lignin fragments from the inner part of the cell to the

solution [259].

Solvents are often in their supercritical state, so that the process does not require pre-

impregnation steps as the solvents rapidly penetrate the plant material. The process has the

advantage of recovering almost pure lignin with no major structural modi�cation as solid

material and carbohydrates as syrup [255, 260].
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Table (3.6) Most common Organosolv solvents

Solvent
Boiling
point*

Lignin
yield

Feedstocks Ref.

(K) (%)**

Methanol 65 48�57 Eucalyptus, poplar [261, 262]
Ethanol 78 28�60 Rice straw, Pine, Elm, Al-

mond shells
[261, 263, 264, 265,
266]

Propanol 97 25�81 Poplar, Eucalyptus [262, 267]
Butanol 117 25�38 Poplar, Sorghum bagasse [262, 268]
Phenol 181 40�70 Elephant grass, Birch, Wheat

straw
[269, 270, 271]

Glycerol 290 65�75 Wheat straw, Eucalyptus [272, 273, 274, 275]
EG 197 72 Hardwood [276]
TEG 285 13�46 Vegetable matter [277, 278, 279]
THFA 178 59 Rice straw [280]
Acetone 56 51 Almond shells [266]
1,4-Dioxane 101 68 Almond shells [266]
GVL 480 � 86 Poplar, Reed [281, 282]

EG = Ethylene glycol, TEG = triethylene glycol, THFA = tetrahydrofurfuryl alcohol, GVL = 
 -
valerolactone. *Normal, at 101:325 kPa. **At optimal processing conditions. Yield may vary with
other feedstocks and with the addition of co-solvents.

Oliet et al. report the autocatalyzed deligni�cation of eucalyptus hardwood in methanol

and ethanol aqueous mixtures, which extracts up to57 wt% of the lignin content. The se-

lectivity of methanol and ethanol is comparable. However, the former better dissolves lignin

and the �nal viscosity of the pulp is up to 22 % lower compared to the one extracted with

ethanol [261]. Chen et al. retained the original structure of lignin by adding formaldehyde to

the methanolic extraction medium, which inhibited the� -O-4' cleavage [283]. Ethanol with

1 wt% of NaOH is more e�ective at cleaving the ester bond between hemicellulose and lignin

than neat ethanol or other organic solvents (methanol, propanol, butanol) with1 %by weight

of formic acid or triethylamine [262]. Kim et al. deligni�ed poplar in ethanol and H2SO4

and recovered almost28 wt% of the existing lignin with 5 wt% of acid with respect to wood

chips and an alcoholic content equal to60 % by volume [263]. Deligni�cation of eucalyptus

with aqueous 2-propanol at473 K for 2 h yielded 44 wt% of lignin with an average molecular

weight of 610 Da [267]. Despite the high amount of ethanol or acetone (70 vol%) required

to extract lignin, butanol-Organosolv only needs25 vol% of alcohol to reach the maximum

extraction yield. When coupled with1 vol% of H2SO4 at 453 K for 45 min, aqueous butanol

recovers almost37 wt% of lignin from sorghum bagasse. At higher alcohol concentration, the

recovery decreases to24 wt% [268]. Quesada-Medina et al. extracted49 wt% and 68 wt%
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of lignin from hydrolyzed almond with 75 vol% aqueous acetone or dioxane, respectively,

and 51 wt% and 57 wt% with 25 vol%aqueous acetone and ethanol, respectively [266] . The

Battelle-Genoa process resorts to a high boiling point solvent, phenol, with HCl as catalyst to

extract high quality lignin from spruce and herbaceous plants (hardwood) [269]. The treat-

ment of softwood requires longer times than hardwood species and the quality of lignin is

inferior to the one obtained with the Kraft method [284, 285]. The higher the concentration

of phenol, the lower the lignin content in the pulp recovered from the process [271]. Phe-

nol combined with acetic acid and sulfuric acid recovers50 wt% of lignin from birch [270].

Pretreatment at 513 K for 4 h with a re�ned glycerol addition of 15 g g� 1 deligni�ed more

than 70 %of wheat straw and recovered95 wt% of cellulose. Its further enzymatic treatment

yielded 92 wt% of the theoretically achievable sugar after48 h [273]. Instead, Organosolv

pulping with crude glycerol from the oleochemical industry recovers good quality pulp with

75 %hemicellulose removal but4 % to 6 % of cellulose original structure undergoes degrada-

tion and deligni�cation was only 18:5 % [274]. The addition of2 wt% NaOH as a catalyst

yielded brighter pulp (enhanced deligni�cation) but induced secondary reactions between

lignin- and sugar-derived degradation products during cooking [286]. Thring et al. treated

eastern cottonwood with0:05 vol%aqueous hydrochloric acid in ethylene glycol at a 1:3 black

liquor/dilute acid volume ratio and recovered72 wt% of the lignin present in the hardwood

sample at323 K to 333 K [276]. Burkart and Quigley extracted lignin with triethylene glycol

and 0:5 wt% to 1:0 wt% of arylsulfonic acids (phenolsulfonic or paratoluensulfonic acid) from

392 K to 433 K [277, 278, 279]. Ho et al. pulped rice straw with80 vol%to 95 vol%solution

of tetrahydrofurfuryl alcohol (THFA) with 0:15 vol%to 0:5 vol% of hydrochloric acid. They

recovered about60 wt% of lignin with a Kappa number equal to 17 [280]. A concentrated

aqueous solution of acetic, formic, and propionic acid promoted the cleavage of� -O-4' link-

ages. Namely, propionic acid deligni�ed and liberated more guaiacol from guaiacylglycerol-

and veratrylglycerol-� -guaiacyl ethers than the other two acids [287]. Nimz et al. patented a

method where10 vol%of chloroethanol aqueous acetic acid solution deligni�ed both softwood

and hardwood plant material with a yield up to60 wt% [288]. Recently, Yang et al. proposed

to use 
 -valerolactone (GLV) followed by enzimatic sacchari�cation to extract lignin from

Hybrid poplar wood powder (lignin content of24 wt%). GLV is a green solvent, with a low

melting point (239 K) and a high normal boiling point (480 K). Jampa et al. optimized the

GLV/water ratio as well as the temperature and extration time for pine wood. They obtain

a maximum lignin yield of 41:5 wt% at a GLV/water mass ratio of 4, temperature of433 K

and H2SO4 concentration of0:225 mol L� 1 after 24 h [289]. Above 1:1 GVL/water mass ratio

(> 45 wt%), GLV solubilizes lignin by breaking the bonds of its structure [290]. Compared

to water-ethanol mixture, batch autogenous pressures are halved and, since GVL forms a
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zeotropic mixture with water, it is easily recovered by distillation [291]. Namely, a 95:5 by

mass GVL/H2O solution and varied temperature, extraction time and acid concentration

(with p-toluensulphonic acid as the source of proton), reaching a maximum of86 wt% of

lignin extraction [281]. Luterbacher et al. obtained up to127 g L� 1 from either hardwood

or softwood corn stover using 80/20 GLV/water mixtures and0:05 % by mass of sulphuric

acid. Eventually, Angelini deligni�ed up to 78 wt% in a one-pot batch process pre-treated

lignin (by steam-explosion with a severity factor of 4.4, corresponding to7:3 min and 495 K)

in pure GLV using microwaves [282].

Pulping with ammonia or amines preserves hemicellulose and recovers more lignin com-

pared to other Organosolv processes. The addition of various ethanolamines to alkaline

cooking liquor increases the deligni�cation rate of spruce, rice straw, beech, jute and cot-

ton [285]. However, ammonia and amine pulping face a few problems. For example, 1,6-

hexamethylenediamine (HMDA) deligni�es both softwood and hardwood but it generates a

pulp that is di�cult to bleach. Moreover, HMDA has a boiling point of 474 K, which makes

its recovery di�cult [284]. Organosolv often pre-treats plant biomass for further enzymatic

processes, such as hydrolysis [273, 274] or sacchari�cation [292, 293, 294]. Despite the com-

petitiveness of Organosolv pulping, it has several drawbacks. Organic solvents pose risks

associated with their volatility and �ammability, which increase the production costs as a

mmore comprehensive safety system is required [284].

Kwok et al. reviewed most of the solvents employed in the Organosolv process and proposed a

selection guide that considers their cost, safety and environmental impact for a process based

on Organoslov extraction followed by Kraft extraction. They identi�ed hexamethylenedi-

amine, diethanolamine, 1-methyl piperazine, and morpholine as the best solvents for this

process [295]. Another drawback of Organosolv is that, if autocatalyzed, only hardwood pro-

vides pulps with acceptable quality and high yields [261, 296]. During Organosolv pulping,

condensation and ethoxylation reactions as well as excessive aryl ether cleavage might take

place, thus resulting in a biopolymer with undesired structural modi�cations [294].

3.3.4 Ozonolytic deligni�cation

With a standard electrode potential of2:07 V, ozone (O3) is one of the strongest oxidizing

agents with a solubility in water of110 mg L� 1 at 298 K. Because of the electron de�ciency of

O3, ozonolysis is one of the most promising oxidative pretreatments for lignocellulosic biomass

deligni�cation as O3 attacks and degrades the electron rich polyphenolic units of lignin [297].

The redox potential of lignin is, in fact, lower than that of hemicellulose and cellulose �

it undergoes oxidation �rst while leaving carbohydrates intact [298]. Ozonolytic pretreat-
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Figure (3.8) Main unit operations of the ozonolytic process. (a) Oxygen tank; (b) ozone
generator; (c) Reactor, often a �xed-bed type [299], operating at room temperature. Ozone
�ows into the reactor through a sparger for optimal gas di�usion; (d) biomass inlet; (e)
biomass outlet; (f) ozone destructor; (g) washing station and separation of pulp from the
lignin-rich spent liquor; (h) precipitation, �ltration, and drying stations to recover lignin.
Adapted from [169, 299].

ment of plant material started in 1980 when Binder et al. gurgled an ozone/air mixture

at 1 L min� 1 into a 5 wt% aqueous suspension of straw at room temperature and deligni�ed

70 wt% of the feed. Oxidation converted lignin into water soluble products whose majority

was biodegradable (e.g. formic acid, acetic acid) [297, 300]. However, the process was un-

selective and degraded75 % of the cellulose [300]. Researchers immediately understood the

potential bene�t of ozonolysis as a pretreatment of lignocellulose before enzymatic processing

to convert polyphenols and carbohydrates into second-generation biofuels and chemicals.

The lignocellulosic feedstock is fed into the digester, often a �xed-bed reactor [299]. A corona

discharge generator produces O3 from O2. A sparger feeds the gas to the reactor to optimize

its di�usion throughout the reactor. The outlet O3 reconverts to O2 by the action of metal

oxide- based catalysts, most often MnO2 [301]. The treated biomass is sent to a washing

and separation station that splits the pulp from the lignin-rich spent liquor. The pH of the

liquor is then adjusted so that lignin precipitates. Eventually, a �ltration and drying system

collects the precipitated lignin (Figure 3.8)
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The speci�city of ozonolysis and the extent of deligni�cation depend on the accessibility of

lignin within the plant material and on the di�usion of O 3 from the bulk of the processing

medium to the biomass surface: reducing the particle size increases the surface area available

for reaction. The digestion of red oak (50 wt% moisture) decreased from8 h to 2 h when

the particle size decreased from1000µm to 106µm. However, particles smaller than500µm

exhibited little advantage compared to bigger ones, and because size reduction is energy

intensive, early applications were not considered intriguing enough [302]. Furthermore, water

molecules cover the plant material and �ll in the pores of cell walls and cell cavities [297].

When the volume of the water phase is limited, O3 di�uses through a �nite number of water

monolayers: as the concentration of reagent is higher, the reaction rates are faster. However,

the optimal water content during ozonolysis varies with the type of biomass treated as each

species has di�erent hydrophilic and hydrophobic characteristics [297]. O3 solubilized56 wt%

of acid insoluble lignin when the particle size of40 wt% moist rye straw ranged between

3 mm to 5 mm [303]. Bule et al. achieved maximum� -O-4' moieties degradation and ring

opening and further oxidation when particles were smaller than 60 mesh. A moisture content

of 90 wt% yielded a sugar recovery of63 wt%, 50 % higher than other conditions. Only

4 wt% of carbohydrates was lost after2 h of reaction [304]. For maize stover, a mesh of 300

and a moisture content of60 % gave the highest deligni�cation rate of75 %. It enhanced

enzymatic hydrolysis and increased the glucose yield from18:5 % to 80 % [305]. Schultz-

Jensen et al. report the depletion of95 %of 1 mm wheat straw lignin particles with plasma-

generated O3. A twofold increase in particle size decreased the deligni�cation rate to80 %

[306]. Under optimal conditions, they produced52 % of ethanol in 1 h as well as other

carboxylic acids and phenolic compounds (e.g. vanillic acid, acetic acid, formic acid) while

leaving cellulose and hemicellulose unaltered [307]. Mild ozonation at100 L h� 1 (3 % of O3

in air) and room temperature completely deligni�ed the secondary cell walls and the middle

lamella of Japanese cypress in30 min. Further extraction with a dioxane-water mixture of

9:1 v/v completely solubilized the oxidized lignin [308]. Miura et al. combined ozonolysis

with wet-disk milling (DM) to remove lignin from Japanese cedar and improve enzymatic

sacchari�cation. O3-DM consumed29 % less ozone when the moisture of the raw material

was60 wt%than when it was40 wt%(160 mg g� 1 vs 225 mg g� 1 of raw material, respectively)

[309].

Another parameter that a�ects the e�ciency of ozonolysis is pH. The ozonation of wheat

straw with 5 wt% moisture consumed about65 %more O3 in alkaline medium than in acidic

environment [300]. Oxidation in 20 wt% NaOH aqueous solution extracted from20 % to

30 % less lignin than the same process at pH 7 [303]. Hydroxyl ions degrade ozone and it

decomposes best a is favoured at pH above 4. This might explain the reduced e�ciency of
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the ozonolytic pretreatment in alkaline environment [310]. Vidal and Molinier added acetic

acid (45 vol%) to the liquid medium to process poplar sawdust. It hindered the formation of

foam observed in experiments at neutral pH and enhanced selective deligni�cation [311]. Yu

et al. reported that the ozonolysis of loblolly pine, poplar, and maple extracted from12 %to

21 %more lignin when treating the wood at pH 2 than at pH 7 [312]. Regardless the starting

pH of ozonolytic deligni�cation, the acidity of the aqueous media increases because of the

generation of carboxylic acids [300, 303, 313].

The overall ozone consumption (grams of O3 consumed per gram of biomass) is a complex

parameter to assess as it is an interdependent variable of O3 concentration, gas �ow, and

reaction time, biomass type, moisture content and reactor design. The ozone consumption

(OC) rate has an induction period where O3 predominantly reacts with the aromatic rings at

a rate that depends on the concentration of lignin on particles. Successively, the aromatic-

derived products start oxidizing and the OC rate increases exponentially. Because lignin

is more ozone reactive than carbohydrates, an increase in OC increases the deligni�cation

rate. However, lignin and carbohydrates are chemically bonded and an increase in OC cor-

relates with an increase of hemicellulose and cellulose degradation [300, 314]. Studies on

coastal Bermuda grass demonstrated that at maximum OC (26:5 %) the lignin removal is

32 %superior than at 0 % OC, but hemicellulose deterioration is17 %higher [313]. Notwith-

standing the interesting results, this method has several disadvantages:O3 is highly reactive,

�ammable, corrosive and toxic. Plants need special construction materials whose cost is

non-negligible and adds to the expense of O3 production. From early estimates, ozonolysis

is economically unattractive. In 1980, the production of O3 from air made the process 13

times more expensive than a traditional [300, 315]. In 2011, Schultz-Jensen et al. estimated

that the generation of 100 gof O3 required about 2:38 MJ while the combustion of100 gof

ethanol releases2:67 MJ [316, 317]. Heisken et al. obtained366 mL g� 1 of methane of solid

feed via plasma-ozonation of wheat straw, thus increasing the biogas production by45 %.

Despite the remarkable achievement, the energy needed to produce ozone cancelled out the

energetic bene�t of the high methane yield [318].

3.3.5 Steam explosion deligni�cation

In order to reduce the natural recalcitrance of biomass and facilitate lignin, cellulose, and

hemicellulose separation, Mason et al. developed a hydrolytic pretreatment that fosters

the accessibility of enzymes and solvents [319]. In steam explosion (SE), high-temperature

pressurized steam impregnates lignocellulosic biomass for few minutes up to1 h [320, 321].

This releases the acids making up the hemicellulose fraction, which in turn lower the pH to
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3-4 [322, 323]. These conditions, autohydrolyze the glycosidic bonds of hemicellulose and

cleave hemicellulose-lignin as well as lignin aryl-ether bonds, thus promoting the enzymatic

digestibility of cellulose [324, 325]. Hemicellulose becomes more water soluble and lignin

solubility in alkaline or organic solvents increases. Cellulose lingers as a solid residue with

a reduced degree of polymerization [324]. An abrupt pressure release to 1 bar follows the

steam treatment, which results in an explosive decompression event wherein the superheated

water impregnating the biomass �ash-evaporates causing extensive de�bration and rupture

of cellulosic �bers [326].

The extent of hemicellulose autohydrolysis via SE depends on the residence time of the

biomass in the reactor before depressurization and on the pressure within the reactor [327].

Long residence times hydrolyze the hemicellulose fraction completely, which prompts down-

stream processes such as fermentation [326]. Despite the stability of hemicellulose hydrolysis

products in an acid environment, they undergo dehydration, fragmentation, and condensa-

tion reactions. A variety of molecules that act as fermentation inhibitors form. The longer

the residence time, the higher the concentration of inhibitors.

Lignin undergoes depolymerization and repolymerization reactions during SE, con�rmed by

the decreased content of� -O-4' and formation of carbonium ions that promote C�C con-

densed structures [325]. Residual lignin is also extractable for a limited time during auto-

hydrolysis because of its loss of reactivity and solubility during treatment [328]. Wayman

and Lora improved lignin extractability upon the addition of carbonium ion scavengers such

as naphthol [329]. Chua and Wayman correlated the maximum extraction yield of lignin of

aspen wood to the molecular weight of the biopolymer. They demonstrated that maximum

deligni�cation occurs between30 min to 40 min of autohydrolysis and at40 min, the ratio

between high molecular weight lignin and low molecular weight lignin reaches a maximum

[330].

Pressure and temperature in�uence the kinetics of the reactions occurring during the impreg-

nation step. Chornet and Overend developed a model de�ning the severity of the treatment

that associates temperature and time e�ects to the hydrolysis yield. The �rst severity factor

(S) model assumed that kinetics were of �rst order (Equation 3.1) and obeyed the Arrhenius

law [326]. Further developments of the model considered the time required to reach the target

pressure thus expanding the applicability of the model.

S = ln
Z t1

t2

exp

(
T(t) � 100

14:75

)

dt (3.1)

whereS is the severity factor,t1 and t2 the times of start and end of the reaction, respectively,
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and 14.75 is the activation energy for �rst order kinetics. Although some researchers corre-

lated the amount of sugar recovered to the severity factor [331, 332], Kaar et al. proved that

the Chornet and Overend model must be adapted to speci�c lignocellulosic substrates. In

fact, the enzymatic hydrolysis of SE bagasse generated glucose yields that were not constant

for a givenS [333].

It is more di�cult to de�ber softwood than hardwood and traditional SE is sometimes in-

su�cient to rupture gymnosperm �bers. The combination of two-SE steps recovered98 %

of lignin from softwood Norway spruce and increased the ethanol yield by15 %compared to

single step SE [334]. Another approach to improve SE extraction is the pre-treatment with

acid chemicals such as SO2, H2SO4, H3PO4 and CO2 prior to steam explosion. The severity

factor becomes useless after impregnation with acids, as the Chornet and Overend equation

ignores pH [335]. Early studies on aspen wood (hardwood) determined that impregnation

with SO2 and H2SO4 decreased carbohydrate degradation and increased enzymatic suscep-

tibility, especially to sacchari�cation. Even though impregnation with H2SO4 recovered5 %

more pentosan than SO2 and 36 % more than traditional SE, sulfuric acid is corrosive and

more di�cult to handle. Moreover, it extracted 5 % less lignin compared to SO2 [336]. A

30 min pre-impregnation step with SO2 at 203 kPaincreased lignin fractionation e�ciency by

42 %for birch hardwood but only by 4 % for spruce and pine softwood. Unlike standard SE,

the acidic pre-treatment also eliminated10 wt% to 20 wt% of cellulose [335]. Impregnation

of sugarcane bagasse with H3PO4 recovered about17 % less steam-exploded fractions com-

pared to autohydrolysis SE and H2SO4-SE at 468 K and 18:3 MPa for 7:5 min. The mass loss

was attributed to the volatilization of aliphatic alcohols, terpenes, aldehydes and cinnamic

acids as well as furfural, HMF, acetic acid and others. Recovery of H2SO4-SE total solids

was more di�cult than H 3PO4-SE because of the formation of �ner substrate slurries [337].

Moreover, Neves et al. observed that autohydrolysis SE and H3PO4-SE recovered at least

10 %less lignin than H2SO4-SE. This ascribes to the fact that sulfuric acid is stronger than

phosphoric acid and the former promotes condensation reactions thus minimizing the loss of

low molecular weight fractions during recovery [337].

A further approach to boost SE is to couple it with Organosolv extraction (Figure 3.9). SE

excels at deconstructing lignocellulosic matter but fails at fractionating the three components

of wood. On the other hand, Organosolv stands out in terms of deligni�cation but o�ers poor

biomass deconstruction. Matsakas et al. boosted birch SE by cooking the plant material at

473 K with 60 vol% of ethanol and 1 wt% of H2SO4. They recovered86 wt% of the lignin

with a cellulose and hemicellulose content less than0:31 wt% and 3:25 wt%, respectively.

The simultaneous sacchari�cation and fermentation of the recovered solid yielded an ethanol

titer of 80 g L� 1 after 8 days,90 %of the theoretical maximum [338].
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Figure (3.9) Steam explosion of wheat straw coupled with ethanol organosolv extraction. The
inset �gure is taken from [242], and represents a batch steam explosion system. (1) Steam
valve; (2) inlet ball valve; (3) discharge ball valve; (4) solids �ow meters; (5, 8, 12) pressure
sensor; (6, 9, 13) temperature sensor; (7) pH sensor; (10) pipe bu�er; (11) sight glass; (14)
bu�er tank; (16) gas condensation system; (17) dynamic data acquisition and analysis sys-
tem; (18) computer; (19) thermometer; (20) pressure gauge; (21) pressure maintaining tank;
(22) image acquisition device. Figure adapted from [242]. Reprinted from Lignocellulose
Biore�nery Engineering, chapter 3, Hongzhang Chen, Lignocellulose biore�nery feedstock
engineering, 37-86, Copyright (2015), with permission from Elsevier.

SE causes extensive damage to xylose - the main component of hemicellulose - as in water

it decomposes to furfural and formic acid at453 K and 10 MPa [339, 340]. This results in

hemicellulose not being recovered for further biofuel or bioproducts manufacture, which rep-

resents one of the main limitations of SE. SE requires low capital investments and it consumes

a moderate amount of energy. SE has a low environmental impact as it involves no other

chemical but water. This limits the formation of compounds inhibiting the hydrolytic and

fermentative steps hence simplifying the subsequent stages of biore�nery [341]. Furthermore,

SE ensures an abundant recovery of all wood biopolymers in an exploitable condition [342].

3.3.6 Supercritical extraction with CO 2

To avoid the decomposition of sugars during steam explosion researchers replaced water with

a solvent that operates at milder conditions. Dale and Moreira engaged with the develop-

ment of ammonia explosion (AFEX) as it involves lower temperatures (333 K to 363 K) and
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pressures (4 MPa to 5 MPa) so xylose does not degrade [343, 344]. Despite AFEX's ability

to delignify wood, it defaces the crystallinity of cellulose thus lowering the quality of the

polysaccharide and inhibiting its enzymatic digestibility [322].

A solvent that gained popularity for its ability to de�ber wood is CO2. Despite being one of

the major contributors to the green house e�ect, CO2 is a non-toxic solvent. The carbon is at

its highest oxidation state and the gas is relatively inert and non �ammable. Besides being

abundant and inexpensive, CO2 is supercritical at 304:21 K and 7:39 MPa, an exploitable

characteristic that aligns with the requirements of depressurization techniques. The physico

chemical properties of a �uid above its critical temperature and pressure are intermediate

between those of gas and liquid. Supercritical �uids (SCFs) feature a liquid-like density

but a gas-like viscosity and di�usivity through solids. Unlike ordinary �uids, SCFs have

weaker solvating power. This a�ects the reactivity and selectivity, which can be �ne-tuned

by adjusting the temperature or pressure in the supercritical regime [345]. Slight changes may

result in high reaction rates, which in turn reduces the residence time of the plant material

within the reactor and eliminate the need for a catalyst [346, 347].

The wood chips (feed) are loaded in a digester wherein CO2 is let in until the pressure of

the cylinder equals the pressure of CO2 inside the reactor (Figure 3.10). Successively, an

oven heats up the digester to a speci�c temperature for a given time during which perfusion

occurs. Once the heating stops and the temperature drops to about333 K, the reactor outlet

valve opens so that atmospheric pressure is reached. An in-line trap separates gaseous CO2

from the liquor, which is in turn collected in a de�brator where an aqueous solution of NaOH

disintegrates the pulp and dissolves the lignin adsorbed onto the wood �bers. Finally, a �lter

separates the wood particulate from the lignin-rich liquor and an inorganic acid neutralizes

the pH of the mixture prior to further characterization [348].
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Figure (3.10) Main unit operations of the supercritical CO2 extraction of lignin. (a) CO2

tank; (b) heater; (c) Pump. CO2 �ows into the reactor through a sparger for optimal gas
di�usion; (d) extractor; (e) separator with condenser where CO2 is collected and sent to a
(f) trap for recycling; (g) Filtration station where the cellulosic pulp is seprataed from the
lignin-rich liquor; (h) precipitation, �ltration, and drying stations to recover lignin.

The parameters with the most remarkable e�ect on deligni�cation and pulping yield are tem-

perature, pressure and reaction time. Because of the heterogenicity of wood, imparted by

genetics and climate, co-solvents like water, alcohols, and ketones assist CO2 during extrac-

tion. The composition of the solvent system has, on speci�c substrates, a higher in�uence

than reaction time. CO2 at 463 K and 12 MPa for 30 min extracted 0:15 g g� 1 of sugar from

dry wheat straw treated and0:21 g g� 1 of sugar of wet feed. The steam explosion at473 K

for 15 min followed by CO2 supercritical extraction at the same conditions yielded the high-

est sugar recovery of0:23 g g� 1 of sugar of dry matter [349]. Gosselink et al. depolymerized

10 wt% Organosolv lignin and recovered a phenol-rich oil by adiabatic expansion of CO2 after

reaction in SCF consisting of carbon dioxide, acetone, and water at10 MPa and 573 K to

643 K. They reported the highest yield of syringol, guaiacol and methoxyphenols over 60 min

after the addition of 14 wt% formic acid to 10 wt% of lignin feed [350]. Pasquini et al. studied

the e�ect of time, temperature, pressure, and co-solvents composition on the deligni�cation

extent of Pinus Taeda and sugarcane bagasse with supercritical CO2 and ethanol-water mix-

tures as co-solvent. Most of the lignin removal occurred in the �rst30 min of reaction and

deligni�cation was rather slow after 60 min. An ethanol concentration of50 wt% for Pinus
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Taeda and 75 wt% for sugarcane bagasse proved to be the best compromise between nucle-

ophilicity ad solubility for substrates deligni�cation. CO2 at 16 MPa and 463 K deligni�ed

93:1 wt% of Pinus Taedaand 88:4 wt% of sugarcane bagasse in60 min [348].

3.3.7 Ionic Liquids deligni�cation

Ionic liquids (ILs) are salts that are liquid at ambient temperature. ILs have many divergent

properties, with sole commonality being ion conductivity. The cation is often organic whereas

the anion is either organic or inorganic. One of the ions is also large with high steric hindrance,

and bears lower symmetry compared to the counter-ion [33].

ILs are classi�ed as green solvents because of their non-�ammability, high thermal stability,

and low volatile organic compounds (VOCs) emission [34]. They are easily recovered via

distillation, and recycled, thus reducing the amount of waste generated during extraction.

ILs are often referred to as �designer solvents�. In fact, the combination of speci�c ions

tunes their hydro-phobicity or -philicity, melting point, density, and viscosity making them

attractive for large scale applications.

ILs either extract lignin from raw biomass or �nd application as solvents in the puri�cation

treatment of lignin extracted via Organosolv or soda pulping. Most require temperatures

above373 K to extract more than 50 wt% of lignin from biomass. Moreover, they build up

sugars, soluble lignin derivatives, extractants, and other molecules that hinder ILs recovery

and reuse. Temperatures above373 K dissolve and e�ciently delignify (� 50 wt%) wood

biomass, however, they reduce the crystallinity of the regenerated cellulose, which hinders

its enzymatic accessibility [351, 352]. This is a shortcoming in the scope of lignin separation

from cellulose, in which the latter would serve as a feedstock for bio-ethanol. Hereafter we

review signi�cant advances in the last 5 to 10 years.

Heterocyclic amine-based ILs

Prado et al. pulped apple tree pruning �bers at423 K for 6 h with three ILs: 1-butyl-

3-methylimidazolium methylsulfate ([Bmim][MeSO4]), 1-butyl-3-methylimidazolium chloride

([Bmim][Cl]), and 1-ethyl-3-methylimidazolium acetate ([Emim][Ac]). [Bmim][MeSO4] yielded

the purest lignin (� 91 wt%) with the highest deligni�cation extent of 48 %when the solid to

liquid mass ratio was 1:20. [Emim][Ac] dissolved the feed in a similar fashion but degraded at

the processing temperature and the recovered lignin contained ILs fragments. [Bmim][Cl] did

not dissolve any raw material at the same operating conditions [33]. Lee et al. observed that

by increasing the temperature from323 K to 403 K during the 1:5 h pretreatment of maple
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wood �our ( 250µm particle size,0:5 wt% biomass loading) with [Emim][Ac], the lignin ex-

traction rate increased by70 % [39]. Fu et al. reported that [Etmim][Ac] extracted almost

53 wt% of acid insoluble lignin from triticale straw (5 wt% biomass loading) at423 K in 1:5 h

[353]. Saha et al. recovered90 wt% of sugarcane bagasse lignin (1:8 kDa) after treatment at

413 K for 2 h with an [Etmim][Ac] to solid feed mass ratio equal to 20 [42].

Zakaria et al. added a sulfopropyl group on 1-methylimidazole ([C3SO3HMim]) and generated

Brønsted acid ionic liquids (BAILs) by coupling them with acetic acid, hydrogen chloride, and

sulfuric acid. [C3SO3HMim][Cl] and [C3SO3HMim][Ac] deligni�ed 78 wt% and 53 wt% of rice

husk, respectively, while [C3SO3HMim][HSO4] extracted 11 wt% of lignin after 6 h at 373 K.

The structure of lignin remained intact upon treatment. However, [C3SO3HMim][HSO4] de-

polymerized the extracted and puri�ed lignin to a MW of 137 Dato 291 Da in 1 h at 393 K

[50]. Penin et al. treated autohydrolyzed (0 % hemicellulose)Eucalyptus nitenswood with

[Bmim][HSO4] and triethylammonium hydrogen sulfate [Tea][HSO4]. The empirical mod-

elling of their experiments identi�ed the optimal extraction conditions. [Bmim][HSO4] has a

higher deligni�cation activity than [Tea][HSO4] with a lignin removal rate of 90:5 % versus

81:9 % at 453 K when the ILs contain22 %and 10 wt% of water, respectively [43]. The pre-

treatment of Eucalyptus kraft pulp with [Bmim][HSO4] and [Tea][HSO4] overcame the dam-

age of cellulose and subsequent reduction of the pulp strength observed in oxygen-mediated

deligni�cation, and increased lignin removal. An IL loading of10 wt% and a pretreatment

at 333 K for 1 h prior to the oxygen treatment eased lignin separation and strengthened the

pulp �bers. The single oxygen treatment (control) at0:5 MPa and 373 K for 1 h with 4 wt%

of Na2O deligni�ed only 56 wt% of the biomass feed. [Bmim][HSO4] and [Tea][HSO4] ex-

tracted 5 % and 21 % more lignin compared to the control. Moreover, the authors reported

an unusual reduction of pulp brightness, which is due to the formation of Hibbert's ketones

and quinonoids as the� -O-4 bonds cleave during the oxygen deligni�cation. Dissolved lignin

fragments migrated onto the �bers' surface thereby protecting their framework from oxidative

damage [44].

Achinivu et al. developed protic ionic liquids (PILs) by reacting acetic acid with pyridine

([Py][Ac]), 1- methylimidazole ([Mim][Ac]) or pyrrolidine ([Pyrr][Ac]). These PILs feature

synthetic methods that are simpler than their aprotic IL counterparts and distillation ensures

e�cient recovery. Namely, [Pyrr][Ac] extracted more than 70 wt% of lignin from corn stover

at 363 K in 24 h, with little to no cellulose solubilization [41]. Gel permeation chromatography

revealed that PILs induced lignin fragmentation during extraction. [Pyrr][Ac] depolymerized

the substrate to a MW of900 Da, 50 %to 82 %lower compared to [Py][Ac] and [Mim][Ac] [46].

N-allylpyridinium chloride ([APy][Cl]) showed no change in structure and thermal stability

after extracting 98:7 wt% of lignin from red pine wood in 6 h at 373 K and atmospheric
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pressure. [APy][Cl] easily separated from lignin upon the addition of water and acetonitrile

as antisolvents [47].

Table (3.7) Most common heterocyclic amine-based ILs.

Ionic Liquid Lignin yield* Feedstock Reference
(wt%)

[Apy][Cl] 99 Red pine [32]
[Bmim][MeSO4] 48 Apple tree [33]
[Bmim][HSO4] 90 Eucalyptus [43]
[C3SO3HMim][Ac] 53 Rice husk [50]
[C3SO3HMim][Cl] 78 Rice husk [50]
[C3SO3HMim][HSO4] 11 Rice husk [50]
[Etid][Ac] 74 Sugarcane bagasse [45]
[Etid][For] 66 Sugarcane bagasse [45]
[Etid][Lac] 64 Sugarcane bagasse [45]
[Etid][Mal] 50 Sugarcane bagasse [45]

[Emim][Ac] 26-90
Tritical and wheat straws, �ax shives [353]

Sugarcane bagasse [42]
Poplar [210]

[Hbim][HSO4] 83-91 Hornbeam [354]
[HMMorp][HSO4] 31-37 Hornbeam [354]
[Mim][Ac] � 50 Corn stover [41]
[Py][Ac] � 50 Corn stover [41]
[Py][H2PO4] 73 Wheat straw and rice husk [355]
[Py][HSO4] 79 Wheat straw [356]
[Pyrr][Ac] 50-76 Corn stover [41, 46]

*At optimal processing conditions. It varies with the source of lignocellulosic feed.

Aliphatic amine-based ILs

Miranda et al. reacted equimolar amounts of ethanolamine [He], bis(2-hydroxyethyl)amine

[bHe], N-methyl-2-hydroxyethylamine [NmHe] with four carboxylic acids (acetic [Ac], propri-

onic [Pr], butyric [B], and pentanoic [P]) to delignify 32 to 60 mesh Pineapple crown (Ananas

comosus) at 373 K for 1 h. With the exception of [NmHe][Pr], [He][Ac] and [NmHe][P], which

removed less than60 wt% of lignin, the deligni�cation rate for all the other PILs was above

� 75 %(Figure 3.11) [357].
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Figure (3.11) Deligni�cation yield of the 12 PIL tested by Miranda et al.. Cations:
ethanolamine [He], bis(2-hydroxyethyl)amine [bHe], and N-methyl-2-hydroxyethylamine
[NmHe]. Anions: acetic acid [Ac], proprionic acid [Pr], butyric acid [B], and pentanoic
acid [P] [357] .

Pin et al. combined acetic acid [Ac], formic acid [For], lactic acid [Lac], and malonic acid [Mal]

with ethylenediamine [Etid] or ethanolamine [He] to treat raw sugarcane bagasse. [Etid]-

based ILs solubilized from15 %to 36 %more lignin than [He]-based ILs. The highest lignin

yields were74 wt% and 66 wt% for [Etid][Ac] and [Etid][For], respectively. While structural

composition was similar for [He][Ac] and [He][Lac] lignins (5:2 kDa and 6:0 kDa, respectively),

treatment with [Etid][Ac] and [Etid][Lac] PILs resulted in higher MW polymers (31 kDa and

50 kDa, respectively). Malonate and formate PILs yielded9:4 kDa to 18:2 kDa fragments.

The higher basicity of [Etid] (pKb of 4.11 vs 4.50 for [He]) promoted C�C condensation reac-

tions thereby generating higher MW fragments. However, they do not exclude the possibility

that [Etid][Ac] and [Etid][Lac] preserve the integrity of � -linkages for higher MW lignins,

while [He]-based PILs cleave ether bonds more �ercely [45].

Miao et al. extracted more than50 wt% of lignin from Eucalyptus urophylla(Timor white

gum) with [Bmim] and choline- based ILs. Choline chloride ([ChCl]) ILs dissolved the highest
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amount of lignin (� 80 wt%) while leaving holocellulose � ensemble of hemicellulose and cel-

lulose � nearly intact ( � 5 wt% dissolution). Namely, choline chloride-glycerol ([ChCl][Gly])

extracted almost 94 wt% of lignin at 363 K in 4 h [358]. Abbott et al. and others have

reported that the hydroxyl group of [ChCl] hydrogen bonds with holocellulose thereby sta-

bilizing it and minimizing its dissolution [359, 360, 361]. However, [ChCl] strongly interferes

with the inter- and intra-molecular interactions of lignin thus invading and coordinating its

3D structure to favour deligni�cation [358]. Mixtures of [ChCl] with hydrogen bond donors

are referred to as deep eutectic solvents (DESs), solvents whose melting point is lower than

that of the single components of the mixture. Kumar et al. extracted about60 wt% of

high purity lignin ( � 90 wt%) from rice straw with a 5:1 molar ratio of lactic acid/[ChCl]

DES [361]. Nevertheless, ILs, including DESs, are viscous and often require dilution in or-

der to achieve desirable deligni�cation rates, ease separation and regeneration, and attain

pro�table scalability. The addition of co-solvents often solves these problems. The dilution

of a 1:2 molar ratio ChCl/urea mixture with 30 % water (1:10 w/v solid-to-liquid feed at

393 K for 4 h) increased the deligni�cation rate of oil palm fronds by47 %[360]. High boiling

point alcohols decrease the viscosity of the processing medium, contribute to the the disso-

lution of lignin, and ease recovery and recycling. The addition of ethylene glycol (EG) to 2-

hydroxy-N-(2-hydroxyethyl)-N-methylethanaminium methanesulfonate ([BHEM][Mesy]) in-

creased the total number of hydrogen bonds with lignin and promoted the cleavage of� -O-4

linkages. The cation-anion interaction energy in [BHEM][Mesy] in fact decreases by4 % to

8:5 % upon the addition of EG, thereby favouring the interaction of the ions with lignin. A

[BHEM][Mesy]:EG mass ratio of 3:7 extracted96 wt% of lignin from corn stalk at 393 K in

2 h. After seven reuse cycles, the deligni�cation rate was above84 %with no sign of ILs:EG

degradation [281].

Outeiriño et al. deligni�ed brewery spent grain (BSG) with cholinium glycinate ([Ch][Gly])

and facilitated the recovery of the amino acid IL by inducing the precipitation of the biomass

components upon the addition of an anti-solvent. The authors tested deionized water, 0.1

M aqueous NaOH, and a 1:1 by volume acetone/water mixture. Water and acetone/wa-

ter yielded identical IL recovery, but the latter resulted in a deligni�cation rate equal to

71 %, 14:3 % and 20 % higher than water and 0.1 M NaOH, respectively [154]. N,N,N-

dimethylbutylammonium hydrogen sulfate [DMBA][HSO4] deligni�ed 60 wt% of creosote-

treated timber with a 1:5 solid to liquid mass loading and water as co-solvent at443 K in

45 min. The addition of 20 wt% of water precipitated lignin and polycyclic aromatic hydro-

carbons, yielding a highly digestible cellulose-rich pulp [362].

Following the work of Matuszek et al. on anionic clusters ILs [363], Asim et al. deligni�ed

73 wt% of wheat straw and72 wt% of rice husk with [Py][H2PO4] at 373 K in 2 h [355]. A
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molar ratio of phosphoric acid to pyridine equal to 3 yielded clusters of hydrogen phosphate

anions (H2PO4
� �H3PO4) that lead to the highest deligni�cation rates. The same authors

applied [Py][HSO4] to wheat straw and a molar ratio of sulfuric acid to pyridine equal to 4

deligni�ed 79 wt% of the loaded biomass at333 K in 2 h [356].

Muazzama et al. evaluated the e�cacy of tetramethylguanidine sulfate [Tmg][HSO4] for the

deligni�cation of Acacia nilotica between373 K and 413 K for 0:5 h to 4 h. Lignin removal

increased from43 % to 81 % by increasing the temperature from373 K to 413 K for a 4 h

treatment [364].

Semerci and Ersan pretreated various hornbeam particle sizes with [Tea][HSO4], 1-butyl

imidazolium hydrogen sulfate ([Hbim][HSO4]), and 4-methyl morpholinium hydrogen sulfate

([HMMorp][HSO4]). While all PILs had similar impacts on the structure of the hardwood,

only [Tea][HSO4] and [Hbim][HSO4] deligni�ed more than 70 %of the hardwood. The authors

reported deligni�cation rates of 91:2 wt% ([Hbim][HSO4]) and 84:5 wt% ([Tea][HSO4]) at

423 K for 3 h for particles whose size ranged between 100 mesh and 80 mesh. After six cycles

at 30 wt% mass loading, PILs retained their activity and deligni�cation rates were above

57 %[354]. [Tea][HSO4] deligni�ed 80 wt% of wheat straw at 403 K in 3 h when the particle

size was below0:6 mm. Pre-treatment with 20 vol%of water as co-solvent and a 1:5 solid to

liquid loading promoted hemicellulose dissolution and lignin separation thereby enhancing

the enzymatic accessibility of cellulose for bioethanol production [365].

Lu and Ralph established that after ball-milling, wood dissolves in dimethyl sulfoxide�tetrabutyl

ammonium �uoride and dimethyl sulfoxide imidazole binary solvents. However, it degrades

both lignin and cellulose thereby making them unpro�table for further application and con-

version [366]. Nevertheless, [He][Ac] deligni�ed71 wt% (54:8 wt% being Klason lignin) of

ball-milled Miscanthus giganteusat 393 K in 10 h [367].

Several authors have directed their e�ort towards the redesigning of lignin via genetic manip-

ulation to ease its separation from holocellulose and to make it more amenable to subsequent

depolymerization and valorization treatments [153, 368, 369]. Kim et al. evaluated the ef-

�cacy of genetic manipulation on ILs deligni�cation. Feruloyl-CoA monolignol transferase

catalyzed the formation of monolignol ferulates conjugates duringPopulus alba grandiden-

tata cell wall development and ligni�cation. This introduced extra ester linkages that cleave

more easily by 13 times into the backbone of the biopolymer with the scope of rendering

the pretreatment of transgenic poplar more e�cient and less energy intensive. The authors

demonstrated that the additional ester linkages in the lignin backbone decreased the recal-

citrance of the biomass during pretreatment [210]. Cholinium lysinate ([Ch][Lys]) at413 K

for 1 h depolymerized25 %more transgenic poplar (TP) compared to wild type poplar (WT,
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control). At the same conditions, the deligni�cation rate increased by40:5 %for [Etmim][Ac]

and by 55 %for tetrabutylammonium hydroxide ([Tba][OH]) (Figure 3.12).

Figure (3.12) Deligni�cation yield of wild type poplar (WT, control) and transgenic poplar
upon pretreatment with cholinium lysinate ([Ch][Lys]), 1-ethyl-3-methylimidazolium acetate
([Etmim][Ac]), and tetrabutylammonium hydroxide ([Tba][OH]) [210].

GPC chromatograms had two peaks for all samples. While there was no signi�cant MW

di�erence between TP and WT, when comparing the three ILs, the average MW was as

follows: [Tba][OH]� [Ch][Lys]> [Etmim][Ac], in both TP nd WT. MW ranged from 1640 Da

to 1800 Da(�rst peak) and from 3700 Dato 4700 Da(second peak) [210].
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Table (3.8) Most common aliphatic amine-based ILs.

Ionic Liquid Lignin Yield* Feedstock Ref.
(wt%)

[BHEM][Mesy] 96 Corn stalk [370]
[Ch][Gly] 59 to 71 Brewery spent grain [154]
[Ch][Lys] 47 to 64 Poplar [210]
[ChCl][Gly] 94 Eucalyptus [358]
[ChCl][Lac] 60 Rice straw [361]
[ChCl][urea] 11 to 17 Palm fronds [360]
[DMBA][HSO4] 60 Creosote wood [362]

[He][Ac] 58 to 71
Pineapple crown [357]

Sugarcane bagasse [45]
Giant Miscanthus [367]

[He][B] 78 Pineapple crown [357]
[He][P] 75 Pineapple crown [357]
[He][Pr] 80 Pineapple crown [357]
[He][For] 52 Sugarcane bagasse [45]
[He][Lac] 46 Sugarcane bagasse [45]
[He][Mal] 32 Sugarcane bagasse [45]
[HMMorp][HSO4] 31 to 37 Hornbeam [354]
[Mim][Ac] � 50 Corn stover [41]
[NmHe][Ac] 78 Pineapple crown [357]
[NmHe][B] 74 Pineapple crown [357]
[NmHe][P] 57 Pineapple crown [357]
[NmHe][Pr] 60 Pineapple crown [357]

[Tea][HSO4] 71 to 85
Hornbeam [354]
Eucalyptus [43]

Wheat straw [365]
[Tba][OH] 11 to 24 Poplar [210]
[Tmg][HSO4] 81 Unknown wood [364]

*At optimal processing conditions. It varies with the source of lignocellulosic feed.

Among all the ILs currently under investigation and development, amine based PILs are

the least expensive and the most promising for biomass deligni�cation. They are easy to

synthesize and the tuning of their acidity/basicity is simple, which make them versatile.

Moreover, amine-base PILs also depolymerize lignin to low MW oligomers that retained the

properties and reactivity of native lignin thereby expediting their valorization [39, 45, 48].
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3.3.8 Microwave Assisted Extraction

Microwaves are electromagnetic waves in a frequency range of0:3 GHz to 300 GHz [371].

Microwave reactors operate at 2.45 GHz to avoid interfering with communication, wireless

networks, or cellphone frequencies [371]. However, this frequency is too low to cleave molec-

ular bonds and thus microwave reactors' main purpose is the e�cient heating of materials

via dipolar polarization and ionic conduction (Figure 3.13) [371].

Hemicellulose

Cellulose

Lignin Electromagnetic
radiation

DipolarRotation 
Heating

Solvent diffusion

Delignification

Solvent
LCC disruption

Figure (3.13) Mechanism of biomass deligni�cation upon the application of microwaves. The
solvent di�uses through the lignocellulosic substrate and, upon exposure to the electromag-
netic �eld, its dipoles oscillate and generate heat. The localized hot-spots then rupture the
lignin-carbohydrate complexes (LCCs) thereby separating lignin from cellulose and hemicel-
lulose.

The former relies on polar materials � their dipoles align with the oscillating �eld generated

by the microwave and as a result emit heat [371]. The latter involves charged particles

oscillating and colliding with each other in the microwave �eld [371]. A solvent's ability to

generate heat under microwave irradiation depends on its dielectric properties i.e., its ability

to convert electromagnetic energy into heat, denoted as the loss tangent. A solvent will fall

into one of three categories: high, medium, and low microwave absorbing based on their

loss tangent value of > 0.5, 0.1-0.5, or < 0.1, respectively [371]. Polar solvents are highly

dielectric (loss tangent > 0.5) and thus strongly absorb microwaves. A solution is microwave-

reactor-viable if either the solvent or reactants are dielectric, or both. A variety of solvents

has been explored over the past �ve years, with deligni�cation rates ranging from40 wt% to

90 wt% (Table 3.9).
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Table (3.9) Range of microwave operating parameters, feedstocks, solvents, and lignin yield.

Feedstock
T t Solvents Yield*

(K) (min) (wt%)

Poplar [372] 353 3 [ChCl], OA -
Switchgrass, Miscanthus, Corn [373] 425 1 [ChCl], LA -
Miscanthus, Birchwood [374] 403 60 [ChCl], FA, OA 88
Wheat straw [375] 393 30 G, [ChCl], LA 45
Garlic, Green onion [376] 353 20 G, urea, MC, [ChCl], OA 92
Corn straw [377] 393 1 G, [ChCl], LA, OA, SA, AC, E 62
Wheat straw [378] 393 30 [ChCl], LA, G, ZC 25
Eucalyptus [379] 413 40 [Etmim][Ac] 46
Rice straw [380] 423 5 [Bmim][Cl] 57
Mixed softwoods [381] 433-483 10 SA 82
Reed [282] 473 30 GVL 78
Coconut [382] 383 20 AA, SA 57
Banana [383] 434 10 SA 59
Sugarcane [384] 393 10 Methanol/dioxane 88
Fountain grass [379] 463 20 NaOH 82
OPFB [385] 383 30 AA 77

*At optimal processing conditions. It varies with the source of lignocellulosic feed.
[ChCl] = choline chloride, OA = oxalic acid, LA = lactic acid, FA = formic acid, G = glycerol, SA
= sulfuric acid, E = ethanol,AC = aluminum chloride, ZC = zinc chloride, GVL = 
 -valerolactone,
NaOH = sodium hydroxide, AA = acetic acid,and OPFB = oil palm fruit bunch.

Deep Eutectic Solvents

Microwave also cleaves lignin-carbohydrate complexes in the presence of a deep eutectic

solvent (DES) � choline chloride and oxalic acid dihydate [372]. Microwave heating at353 K

for 3 min fractionated lignocellulose [372]. The extracted lignin's molecular weight was913 Da

with a polydispersity index of 1.25 and a lignin oligomer purity of96 % [372]. Similarly, a

choline chloride and lactic acid DES combined with45 sof microwave irradiation at 800 W

reaching a temperature of425 K successfully fractionated lignin with a purity of86 wt% from

switchgrass, corn stover, and miscanthus [373]. Choline chloride � combined at molar ratios

of 1:2 with formic acid and oxalic acid � and microwave irradiation (at 403 K for 60 min)

extracted 88 wt% and 85 wt% of lignin from miscanthus and birchwood, respectively [374].

Conductive heating of rice hull biomass with a 2:1 mol ratio of formic acid and choline chloride

produced glucose titers 100x higher versus enzymatic hydrolysis [386]. Microwave heating

at the same conditions had similar results but consumed a third of the energy (0:10 kW h

vs. 0:31 kW h) [386]. A three component DES, i.e. lactic acid/glycerol/choline chloride,

under microwave irradiation at 393 K for 30 min with a solid-to-liquid ratio of 1:50 achieved
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a deligni�cation of 45 wt% from wheat straw [375]. Furthermore, a DES consisting of choline

chloride, glycerin, oxalic acid, urea, and metal chloride combined with microwave irradiation

extracted lignin from garlic skin and green onion root [376]. Peak lignin removal reached

90 wt% and 92 wt% for garlic skin and green onion root, respectively, at353 K for 20 min

[376]. A pretreatment combining a ternary DES with microwave removed52 wt% of the

lignin in corn straw biomass [377]. Oxalic acid, glycerol, lactic acid, aluminum chloride,

ethanol, sulfuric acid and choline chloride (ChCl) mixed at speci�c molar ratios made up

the ternary DES [377]. Sequential multimode-ultrasound and microwave-assisted natural

ternary DES pretreatment increased the deligni�cation to62 wt% with a microwave heating

temperature of 393 K for 1 min [377]. Grillo et al. studied the wheat straw deligni�cation

using microwave irradiation at 393 K for 30 min with natural DESs (NaDES) and lignin-

derived DESs (LigDES) [378]. The NaDES combined choline chloride as the hydrogen bond

acceptor and varied lactic acid, glycerol, and zinc chloride as the hydrogen bond donors [378].

The LigDESs' hydrogen bond donors were lignin-derived compounds, i.e. 4-hydroxybenzyl

alcohol, catechol, and eugenol [378]. They compared their lignin extraction to a benchmark

of 10 wt% NaOH [378]. NaDES extraction was higher than LigDES extraction with the

highest yield at 25 wt% with choline chloride and zinc with a reaction time of120 min [378].

LigDES peak extraction was17 %with choline chloride and 4-hydroxybenzyl alcohol with a

reaction time of 120 min [378]. LigDES extractions, overall, were less e�ective � the authors

hypothesized that polyol-based DESs with more hydroxyl groups and phenol-based DESs

formed stronger intermolecular hydrogen bonds and as a result lacked free active groups to

interact with the biomass components [378].

Ionic Liquids

Microwave heating combined with ionic liquids, i.e. ionic liquid-based microwave-assisted ap-

proach (ILs-MAE) provide a green method for lignin extraction. ILs-MAE extracted98 wt%

of the biomass from eucalyptus biomass � of which25 % was lignin [379]. [C2C1 im][OAc]

in conjuction with microwave irradiation extracted 46 wt% of the lignin in 40 min at 413 K

at a rated power of 400 W [379]. The Kraft process also extracts50 % of the lignin but

requires caustic chemicals in the pulping process [379]. Microwave irradiation extracted

lignin from rice straw with 1-butyl-3-methylimidazolium chloride ([Bmim]Cl), and 1-butyl-3-

methylimidazolium hydrogen sulfate ([Bmim][HSO4]) as an acid [380]. The former extracted,

at optimal conditions of 423 K for 5 min, 57 wt%, while the latter extracted, at optimal con-

ditions of, 120 min for 4 min, 21 wt% [380]. The same reaction without microwave removed

41 wt%and 17 wt%lignin, respectively [380]. The authors tied lignin removal to the e�ciency

of ionic liquid absorption on the hydrophobic side of lignin [380].
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Organosolv

Steam explosion pre-treatment and microwave-assisted organosolv extraction with
 -valerolactone

as a solvent extracted pure lignin [282]. The optimal conditions were at473 K for 30 min for

a deligni�cation of 78 % [282]. Lewis acids are alternative catalysts for lignin extraction �

higher cation hardness increased extraction yields because of the resulting coordination with

the oxygen atoms present in the ether groups [382]. Microwave-assisted organosolv deligni�-

cation of coconut shell lignin resulted in lower molecular weights with higher yields and purity

compared to traditional heating [382]. The favored conditions were383 K for 20 min with an

aqueous solution of acetic acid plus AlCl3, H2SO4, or HCl under microwave irradiation [382].

Traditional heating yields were 37 wt%, 41 wt%, and 66 wt% for AlCl 3, sulfuric acid, and

HCL, respectively [382]. Whereas microwave irradiation produced yields of54 wt%, 57 wt%,

and 54 wt%for AlCl 3, sulfuric acid, and HCL, respectively [382]. During a microwave-assisted

organosolv pretreatment of sawmill mixed feedstock, the lignin yield increased by13 % to

26 %increasing temperature from448 K to 463 K[387]. At 463 K with 1 % H2SO4 recovered

the most lignin � 58 wt% [387]. Florian et al. compared two organosolv methods, formic

acid/acetic acid (FA) versus sulphuric acid/ethanol (SE), for their ability to extract lignin

from banana rachis biomass residue [383]. The FA method employed direct conduction heat-

ing, whereas microwave heating was applied to the SE method [383]. The conditions for

FA were: a ratio of 30/50/20 of formic acid/acetic acid/water for the extraction solution at

323 K to 380 K for 30 min to 180 min, and a solid-to-liquid ratio of 1/25 [383]. For SE: a

ratio of 5.4/92/2.6 of sulfuric acid/ethanol/water, at 434 K for 10 min, and a solid-to-liquid

ratio of 1/20 [383]. SE had a higher yield (59 wt% vs. 45 wt%), a higher purity (76:5 wt% vs.

71:0 wt%), as well as a higher pulp yield (i.e. better selectivity) (61 wt% vs. 44 wt%) [383].

However, FA did produce higher molecular weights (7600 g mol� 1 vs. 6000 g mol� 1) due to the

carbohydrate residues binding to the extracted lignin [383]. Microwave-assisted pretreatment

followed by organosolv deligni�cation extracted a high purity lignin (93:6 wt%) and a weight

average molecular weight of7000 Dafrom walnut shells [388]. Avelino et al. tested the fea-

sibility of scaling up the microwave-assisted organosolv deligni�cation of sugar cane bagasse

[389]. A combination of90 vol%of acetic acid and2:0 vol% HCl at 383 K for 30 min led the

basis of the study [389]. Increasing the sugar cane bagasse mass in the microwave reactor had

negligible e�ects on the lignin yield, purity, interunit linkages, monolignol composition, and

the thermal stability [389]. This method promised to be a sustainable process for large scale

production of high quality lignin in high yields [389]. Acetosolv is an enhanced organosolv

technique that employs acetic acid as its solvent. Yaakob et al. subjected oil palm empty

fruit bunches (EFB) to three di�erent catalysts (H2SO4, AlCl 3, Cr(NO3)3) in the presence of

microwave for lignin extraction [385]. Acetic acid with3 % sulfuric acid at 383 K for 30 min
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produced the highest yield,77 wt% [385]. AlCl3 performed similarly with a yield of 72 wt%

[385]. The authors declared that Cr(NO3)3 was not suitable for lignin extraction.

Alkali

Moodley et al. compared steam salt-alkali (SSA) and microwave salt-alkali (MSA) pre-

treatments for sugarcane leaf waste [390]. They found no di�erence between pretreatments

for reducing sugar yield � MSA's duration was 10 min for 1:17 g g� 1 versus SSA's60 min

for 1:21 g g� 1, with no signi�cant di�erence [390]. In addition, MSA required a lower salt

concentration (1:67 mol L� 1 vs. 1:73 mol L� 1) [390]. Microwave irradiation shatters the lig-

nocellulosic by vibrating the molecules directly and elevating the temperature [390]. SSA

and MSA deligni�cation were 81 wt% and 73 wt%, respectively [390]. Microwave heating

between433 K to 483 K for 10 min in sulfuric acid extracted lignin at a yield of 82 wt% at

a purity of 93 wt% [381]. Microwave irradiation causes less lignin degradation compared to

traditional acidolysis [381]. In a similar vein, microwave-assisted acid pre-treatment of alkali

lignin reduces the ash and oxygen content while enhancing the carbon content [391]. An

increase in temperature, time, and hydrochloric acid concentration, from373 K to 473 K,

30 min to 90 min, and 0:5 mol L� 1 to 1:5 mol L� 1, respectively, facilitates demineralization

which reduces ash and oxygen content [391]. Alexander et al. analyzed time, microwave irra-

diation power, alkali concentration, and liquid to solid ratio on the microwave-assisted alkali

pretreatment of Prosopis juli�ora biomass for deligni�cation [392]. The ranges extended

from 3 min to 5 min, 270 W to 450 W, 0:75 % to 1:25 % wt/vol, and 10 mL g� 1 to 20 mL g� 1

[392]. The optimum was at4:4 min, 360 W, 1:24 wt=vol%, and 13:16 mL g� 1 for a deligni�-

cation of 75 %[392]. An alkali microwave-assisted deligni�cation optimized the second stage

of a biore�nery scheme from hydrothermally pretreated vine shoots � the best conditions

were 423 K and 6 wt% NaOH for 30 min [393]. It maximized lignin removal (82 wt%) and

minimized cellulose loss (35 wt%) [393]. Oil palm empty fruit bunch is a prominent lignocel-

lulosic waste � microwave-assisted alkali pretreatment with conditions ranging from280 W

to 840 W, 1 wt=vol% to 3 wt=vol%, and 3 min to 9 min for the microwave power, the NaOH

concentration, and the reaction time [394]. The optimal conditions were a microwave power

of 833 W, a NaOH concetration of2:7 wt=vol%, and a reaction time of8:9 min for a lignin

yield of 88:1 % [394]. Microwave-assisted alkali-H2O2 treatment achieved a deligni�cation

rate of 74 wt% to 94 wt% from energy cane bagasse that depended on the concentration of

NaOH (1, 4, 7, or 10wt%) [395]. NaOH at1 wt% had the highest deligni�cation rate because

at higher pH H2O2 decomposes and thus does not degrade lignin [395]. Muharja et al. opti-

mized the operating conditions for the microwave-assisted alkali pretreatment/deligni�cation

of cocoa pod husks [396]. The reaction conditions ranged from60 min to 120 min, a NaOH
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solution with sample to solvent ratios of0:02 g L� 1 to 0:05 g L� 1, and an irradiation time of

1 min to 4 min [396]. As the particle size increases, the lignin and cellulose content decreases

while that of hemicellulose increases [396]. As the irradiation time increases, the lignin and

hemicellulose content decreases while that of cellulose increases [396]. Lignin content initially

reaches a peak with increasing irradiation time but then begins to degrade due to collision

phenomena between the molecules and higher temperatures [396].

Hydrothermal

Microwave-assisted hydrothermal treatment of rapeseed meal with a CH3COOH catalyst ex-

tracted lignin and oligosaccharides with a solid yield of34 wt% to 74 wt% [397]. High purity

lignin (26 wt% to 88 wt%), unreacted cellulose (0 wt% to 28 wt%), hemicellulose (0 wt% to

28 wt%), and proteins (11 wt% to 28 wt%) made up the solid [397]. Acectic acid promoted

the solubilisation of the cellulose and hemicellulose and prevented the formation of humins

[397]. A temperature of459 K, an acetic acid concentration of1 mol L� 1, and a reaction time

of 2 min maximized the solublization of cellulose and hemicellulose without modifying the

lignin content [397]. This selectively produced high purity lignin (85 wt%) [397]. Sun et al.

compared the e�ect of microwave-assisted hydrothermal pretreatment on the extraction of

hybrid pennisetum lignin versus no pretreatment.[398] The extraction process involved2 wt%

NaOH [398]. The yield of lignin for the untreated sample was35 %while with the pretreat-

ment at microwave conditions of463 K for 20 min the yield hit 82 wt% [398]. Microwave

pretreatment fractured the lignin-carbohydrate links � i.e. the fracture of the chemical

bonds between lignin and hemicellulose relocates the lignin concentrating it in the plant cell

wall thus facilitating their extraction [398]. However, at 473 K, lignin yield decreases as it

degrades [398].

Other solvents

A methanol/dioxane solvent with microwave irradiation at393 K for 10 min removed88 %of

the lignin while retaining 83 %of the cellulose from poplar wood [384]. The recovered lignin

contained low amounts of condensed structures and a molecular weight range of1457 Da

to 2811 Da [384]. Demirhan et al. optimized the extraction of lignin from wheat straw

with a microwave and sulfuric acid [399]. Their peak deligni�cation was78:5 wt% from

the parent content which equated to11:8 wt% on a dry biomass basis versus3:35 wt% for

conventional sulfuric acid pretreatment under equivalent conditions [399]. These conditions

were0:46 mole=L and 602 Wwith a residence time of39 min [399]. Microwave heating with an

acidi�ed water and methyl isobutyl ketone solution simultaneously deligni�ed and converted
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polysaccharides into platform chemicals fromEucalyptus globulus[400]. They varied their

operating conditions:453 K or 463 K, reaction times reaching70 min, liquid-to-solid ratios of

10 gor 20 g, and sulfuric acid concentrations of0:5 gor 1 gper100 gof the aqueous phase [400].

The yield for furfural and organics acids was45 g per 100 gof wood and for the recovered

lignin was 17:4 g per 100 gof wood [400].Phragmites australis, commonly known as Reed, is

composed of23 wt%lignin � steam explosion followed by 
 -valerolactone microwave-assisted

extraction achieved a deligni�cation of75 wt% at 473 K [401]. Microwave NaOH and sulfuric

acid pretreatments (at453 K and 2 mol L� 1 or 4 mol L� 1) removed86:5 % to 91:6 % of lignin

from maize stems in5 min [402]. Tian et al. optimized the microwave-assisted fractionation

of lignocellulosic components fromPennisetum sinesewith a solid-to-liquid ratio of 1:25 with

0:5 vol% H2O2 and 4 wt% NaOH at 348 K for 4 h [403]. The yields of cellulose, hemicellulose,

and lignin were43 wt%, 22 wt%, and 15 wt%, respectively [403]. Lignin yield increased with

solid-to-liquid ratio and increasing alkaline dosage [403].

3.3.9 Ultrasound assisted extraction

Ultrasound (US) is a mechanical wave that elicits physical and chemical e�ects on the system

it is applied to. With frequencies ranging from15 kHz to 500 kHz, US is exploited in a wide

variety of �elds where these changes are desired, including biomass deligni�cation. When

applying US to liquids, a piezoelectric or magnetostrictive transducer imparts mechanical vi-

brations consisting of a cyclic succession of compression and expansion phases. Compression

(at the acoustic pressure maximum) exerts positive pressure and pushes the liquid molecules

together, while expansion (also called rarefaction, at the acoustic pressure minimum) exerts

negative pressure and pulls molecules apart. When the pressure amplitude exceeds the tensile

strength of the liquid in the rarefaction regions, small vapour-�lled voids called cavitation

bubbles form [104, 110]. Generally, pure liquids possess elevated tensile strength and com-

mercial ultrasonic generators are unable to provoke cavitation. However, most liquids are

usually impure, and the presence of small particles reduces their tensile strength. Once a

bubble forms, two di�erent cavitation phenomena occur: stable cavitation at low acoustic in-

tensity (e.g. � 0:05 W cm� 2 at 20 kHz), or transient cavitation at high acoustic intensity (e.g.

� 0:1 W cm� 2 at 20 kHz) [102, 404, 405]. During stable cavitation, bubbles oscillate in phase

with acoustic cycles and slowly grow over time. Because the variation of bubbles' size is small,

stable cavitation is of little signi�cance in terms of chemical e�ects. On the contrary, during

transient cavitation, bubbles drastically grow from tens to hundreds of times the equilibrium

radius. After several acoustic cycles, bubbles become unstable and collapse in less than a

microsecond during the compression cycle of a wave [406]. The collapse of cavitation bubbles

generates micro-jets and localized hot spots of high temperature (up to6000 K) and pressure
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(up to 1000 atm) [104, 110, 406]. Hot spots generate reactive oxidizing species that react

at the vapour-liquid interface, therefore leading to chemical e�ects. For example, transient

cavitation in aqueous solutions causes water sonolysis. The cleavage of the hydrogen-oxygen

bond yields hydroxyl and hydrogen radicals [407]. Didenko et al. reported that at52 kHz,

a single cavitation bubble generates6:6 � 105 hydroxyl radicals per cycle in water [408].

Free radicals break the intermolecular bonds between lignin and polysaccharides [409]. US-

assisted deligni�cation proceeds through the oxidative cleavage of the lignin-carbohydrates

linkages at the polysaccharides' anomeric sites, reducing end groups, and hydroxyl groups.

Free radicals also attack the aromatic rings of the macromolecule [410]. The nature of the

oxidation at the hydroxyl groups is contingent upon the type of oxidants and biomass �

softwood or hardwood [411]. As for the physical e�ects, micro-jets develop turbulence and

promote mixing within the �uid, thereby enhancing mass transfer [412]. Cosgrove et al.

calculated an average �uid velocity ranging from2000 m s� 1 to 20 000 m s� 1 between0:9 W

and 11 W at 3:3 MHz [413]. Micro-jets hitting the surface of biomass cause shear forces that

disrupt the cell walls and increase the surface area of the biomass [414, 415].

LCC disruptionBubbles
implosion

Solvent perfusion

Cavitation 
bubble

Hemicellulose
Cellulose
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Expansion and 
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Microjets
formation
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Figure (3.14) Mechanism of biomass deligni�cation upon the application of ultrasonic waves.
Cavitation bubbles collapse at the surface of the lignocellulosic matter. The generated micro-
jets and hot-spots disrupt the lignin-carbohydrate complex (LCC) and promote the solvent
perfusion inside the biomass. Adapted from [416] and [410].

In the literature, one will �nd an ample range of conditions for the extraction of lignin with

US, including power, frequency, sonication time, and temperature (Table 3.10). However,

most authors report the nominal power of the US processor, and not the power intensity

applied to the system (inW2 cm� 1), which is the rate at which energy passes through the
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US emitting surface. The deligni�cation of biomass assisted by cavitation adopts high-power

US operating between20 kHz to 100 kHzat an acoustic intensity above5 W cm� 2.

Malaeke et al. [417] combined the chemical properties of DESs with the physical e�ects of

ultrasound to break the lignin-carbohydrate complexes of lignocellulosic biomass. First, the

authors investigated the dissolution of pure lignin, cellulose, and xylan standards in DESs

under US irradiation at 20 kHzand 363 K for 20 min. The solvents they selected consisted of

[Ch][Cl] mixed with resorcinol (R, 2:1 molar ratio),� -naphthol (1:1 molar ratio), phenol (1:1

molar ratio), or maleic acid (1:1 molar ratio). [Ch][Cl]/R dissolved only6 wt% of cellulose,

and < 2 wt% of xylan, and it solubilized the highest amount of lignin, almost50 wt%. Then,

to determine the e�ect of this DES on lignocellulosic matter, the authors pretreated wheat

straw. After 20 min of sonication at unknown power intensity and temperature,33 wt% of

the total weight of the wheat loaded dissolved, which corresponds to a lignin yield of42 wt%.

Quek et al. [418] pretreated oil palm empty fruit bunch (OPEFB) in a240 W nominal power

US bath for 30 min at 323 K. The solvent consisted of [Ch][Cl] mixed with lactic acid (LA,

1:5 molar ratio), glycerol (G, 1:2 molar ratio), or urea (U, 1:2 molar ratio). [Ch][Cl]+LA

provided the highest lignin yield as it deligni�ed 41 wt% of OPEFB (10 wt=vol% biomass

loading). The authors recovered the DESs and reused them twice. After the �rst recy-

cle, deligni�cation decreased by8 % to 11 %, while the second recycle further reduced the

deligni�cation e�ciency by 2 % to 7 %.

Table (3.10) US-assisted deligni�cation conditions in the literature.f is the US frequency,P
is the US device nominal power (not calibrated),P I is the US power intensity (calibrated).

Solvent f P P I T t Feedstock Yield* Ref.
(kHz) (W) (W cm� 2) (K) (min) (wt%)

[Ch][Cl]+R 20 - - - 50 Wheat straw 42 [417]
[Ch][Cl]+LA - 240 - 323 30 OPEFB 41 [418]
[Ch][Cl]+G - 240 - 323 30 OPEFB 33 [418]
[Ch][Cl]+U - 240 - 323 30 OPEFB 39 [418]
NaClO2+AA 53 350 - 313 20-60 Kapok �bers 67 [415]
W+NaOH 22 240 - 293 30 Unknown 80 [419]
W+NaOH 20 120 - 293 30 Unknown 85 [419]
W+H 2O2+NaOH 0.05 - 323 60/150 Indian hemp 29 [409]
W+[Amim][Cl]+HCl 40 840 0.53 343 30-240 Rice straw 53 [420]
W+[Bmim][Cl]+HCl 40 840 0.53 303-343 30-240 Rice straw 55 [420]
[Bmim][Cl] 20 2200 - 403 2 to 4 Switchgrass 51 [421]

*At optimal processing conditions.
R = resorcinol, LA = lactic acid, G = Glycerol, U=urea, AA = acetic acid, W = water,

OPEFB = oil palm empty fruit bunch, [Bmim ][Cl] = 1-butyl-3-methylimidazolium chloride,
[Amim ][Cl] = 1-allyl-3-methylimidazolium chloride
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Poon et al. [415] pretreated kapok �bers with an aqueous solution sodium chlorite (NaClO2,

0:7 wt%) and acetic acid (0:66 v%) with and without US irradiation to remove lignin and

obtain high purity cellulose. The authors speci�ed that they dewaxed the kapok �bers prior

to treatment by re�uxing the �bers in chloroform for 2 h �rst, and then in water at 348 K

for 2 h. The US bath sonicated the mixture at53 kHz and 313 K for 20 min, 40 min, or

60 min. The US output was40 %, 70 %, or 100 %. However, the authors did not indicate the

calibrated power intensity in their manuscript. After characterization with Fourier transform

infrared spectroscopy (FTIR) and thermogravimetry (TGA), they concluded that sonication

at 70 %amplitude for 20 min reached the highest deligni�cation rate, with a �nal lignin yield

of 67 wt%. Compared to the non-sonicated deligni�cation (solvent deligni�cation), for the

same �nal lignin yield, US shortened the reaction time from9 h to 1 h and decreased the

process temperature by30 K [415].

Baxi and Pandit studied and compared horn-type and bath-type US-assisted cavitation to

steam-driven hydrodynamic cavitation for the deligni�cation of the sawdust of an unknown

wood [419]. The diameter of the emitting horn tip was21 mm, which operated at a frequency

of 22 kHz and a rated power output of240 W. Tests were conducted in20 mL or in 40 mL

volumes, with the probe immersed1 cm in the center of the reactor. Instead, the US bath

operated at a frequency of20 kHzand at a rated power output of120 W. Unlike the horn-type

US device, a US bath usually has three emitters and they are located under the liquid tank

(Figure 3.15). Experiments took place in40 mL or in 500 mL reactors placed inside the bath

just above the emitting surface. An impeller stirred the sawdust slurry. For hydrodynamic

Emitter

Generator

Liquid tank

(a)

(b)

Enclosure

Figure (3.15) Bath type device. (a) Side view, (b) Bottom view.

cavitation tests, a pressure cooker generated steam and fed it into a8 L steel holding tank

at 1:11� 10� 4kg s� 1. For all experiments, the authors screened the sawdust with a 30 mesh

sieve and then dispersed it in aqueous5 wt% NaOH solution. Tests were30 min long and
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at room temperature and atmospheric pressure. The lignin yield was67 wt% to 80 wt% for

the immersion transducer (horn-type), and83 wt% to 85 wt% for the US bath con�guration.

The deligni�cation rates (third order kinetics) were between9:78 � 10� 6min� 1 and 1:17 �

10� 5min� 1. Hydrodynamic cavitation removed88 wt% of lignin with a deligni�cation rate in

the range0:475 min� 1 to 0:680 min� 1 (zero order kinetics).

Baksi et al. optimized the alkaline peroxide treatment ofCrotalaria juncea, also known as

Indian hemp, under50 Hzultrasound irradiation (bath US) at 323 Kfor 1 h or 2:5 h [409]. The

ground hemp �bers had a particle size of 40 mesh. The lignocellulosic matter was dispersed

in a 2 vol% H2O2 aqueous solution whose pH was adjusted to 11.5 with NaOH. Above pH

5, H2O2 decomposes to hydroxyl and superoxide radicals, which oxidize lignin by cleaving

the ether bonds between phenyl propane units and C-C linkages and forming hydrophilic

carboxyl groups. After a treatment of1 h, the lignin yield was27 wt% to 29 wt% and 30 wt%

at a solid to liquid ratio of 1:20 and 1:40, respectively. A2:5 h treatment produced similar

results as the lignin yield was29 wt% regardless of the biomass loading [409].

Ether bonds resist cleavage at343 K without ultrasound [131]. On the other hand, ultrasound

generates temperatures and pressures that are su�ciently high to break lLCC. Zhang et al.

deligni�ed 19 %more rice straw with ultrasonication at40 kHzand0:53 W cm� 2 in [Bmim][Cl]

and [Amim][Cl] aqueous acid solutions (1:2 wt% of HCl) compared to the same treatment

without ultrasound [420]. With an increase of temperature from303 K to 343 K, the sugar

yield increased by74 %to 93 %, as at higher temperature the viscosity of ILs decreases thereby

facilitating the perfusion of the solvent. The addition of1:2 wt% of HCl to [Bmim][Cl] and

[Amim][Cl] increased the sugar yield by149 %and 113 %, respectively, compared to aqueous

ILs only.

Montalbo-Lomboy and Grewell deligini�ed dried switchgrass (5 mm to 6 mm particle size) in

[Bmim][Cl] [421]. They adopted a13 mm diameter catenoidal probe emitting US at20 kHz

(Figure 3.16). A water bath maintained the samples at403 K. The authors tested three

amplitudes (96µm, 128µm, and 160µm) and three sonication times (2 min, 3 min and 4 min)

and compared the results to a traditional heat treatment. US removed51 wt% of lignin after

sonication at 2:2 kW for 4 min, while heat treatment at 403 K for 24 h removed53 wt%.

Although US has been reported to enhance biomass deligni�cation and increase the post-

sacchari�cation sugar yield, the removal of lignin under ultrasonic irradiation is still insu�-

ciently investigated. Cavitation is in�uenced by a variety of parameters including the con-

centration of solids, temperature, solvent's physico-chemical properties (i.e. viscosity, vapour

pressure, surface tension, etc.), reactor dimensions, and many others. These variables are

seldom investigated in biomass deligni�cation.
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Figure (3.16) Ultrasound treatment of switchgrass in [Bmim][Cl] with an immersion probe
device from [421]. (a) Feed consisting of biomass and ionic liquid as processing solvent; (b)
ultrasound treatment with an immersion probe device; (c) centrifugation to separate cellulose-
rich solid fraction from lignin-rich liquid stream; (d) washing and recovery of carbohydrates;
(e) pH adjustment to precipitate lignin; (f) centrifugation of the slurry to recover lignin and
separate the ionic liquid; (g) drying and recovery of the ionic liquid for characterization and
reuse.

For example, most authors report the frequency and the rated output power of the ultrasonic

devices adopted, which is not the actual emitted power. The power intensity of the US

delivered to the system under investigation was seldom calculated or indicated in the studies

we reviewed. The calorimetric calibration of the US device is necessary to quantify the power

intensity (or power density) delivered to the system and to determine the e�ects of ultrasound

power on the deligni�cation rate.

Ultrasound technology is considerably harder to scale up compared to other deligni�cation

techniques. Pulse US processing is about50 %less energy-intensive than continuous process-

ing [422, 423], but it still may be considerably energy-intensive at the large scale. Neverthe-

less, several companies like Hielscher Ultrasonics o�er industrial-scale liquid processors that

are able to sonicate liquids continuously for extended periods of time. Moreover, US has the

potential to be powered by renewable energy.

3.4 Biological extraction methods

Biological lignin extraction relies on bacteria or fungi (mainly white rot fungi). These organ-

isms developed and re�ned enzymes to attack lignin bonds (selectively or not, depending on
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the species). White fungi are so called because they degrade lignin leaving a white �brous

metbolyte. [424] Bacteria and fungi attacks lignin with enzymes and decompose it, making

the sacchari�cation of cellulose and hemicellulose more e�cient [425, 426]. Such methods

are claimed to be cleaner and more e�cient, as the unit operations involved in biological ex-

traction do not need hazardous chemicals nor extreme operating conditions (up to323 K and

atmospheric pressure)[427]. Also, the capital expenses of vessels and pipes can be reduced

as no corrosive chemicals are generally involved in the process[427].

Biological-based processes �rst extract lignin and then fungal, bacterial or free enzymes

(peroxidases or laccases) cleave the� -O-4 ether bonds and C� �C � bonds in lignin [428].

These processes are a new and green alternative process compared to solvent extraction, as

typically enzymes are either dispersed or supported and operate in aqueous environments.

3.4.1 Bacterial deligni�cation

The most common mechanism bacteria employ to degrade ligneous material is the free en-

zyme system [429]: bacteria release in the outside environment enzymes that degrades lignin,

and then they absorb the nutrients. For example, aromatic-degrading bacteria secrete extra-

cellular enzymes capable of breaking down lignin [430]. Filamentous bacteria have an elon-

gated cell structure and their colonies grow entangling each other. This particular shape

was observed in activated sludges under abnormal conditions (lack of oxygen, not optimal

pH) and tend to create foams [431]. These bacteria can be either gram positive or negative

(a parameter that de�nes the characteristics of their external membrane [432]) and attack

grass lignocellulose and releases acid-precipitable polymeric lignin (APPL) that are stable for

further biodegradations. The main group of microorganism capable to degrade lignin are the

Actinomycetes. These bacteria populate soils and a large proportion of them produce antibi-

otics and antimicrobial molecules [433]. In particular,Streptomycesand Thermomonospora

[434]. Vicuna et al. attributed this activity to cellulase and peroxidase enzymes. Strains

of Bacillus and Cellulomonasdeligni�ed pine bark for 24 h at 312 K with.[435] Their best

results was a deligni�cation of44 %.

Aerobic bacteria, which need oxygen for their metabolic pathways (or 'upper pathways'),

convert lignin into intermediates such as cathecol [436]. Rashid et al. employed di�erent

bacterial strains to delignify pine wood (mixed with soil to a concentration of1 wt%) [437].

Pseudomonas putida, an aerobic bacterium, deligni�ed21 wt% of both kraft and synthetic

lignin in 7 days [216].

Anaerobic bacteria had lower deligni�cation yields (< 20 wt%) but higher conversion into phe-

nolic volatile compounds (from28 wt% to 75 wt%) [216]. Other enzymes open the aromatic
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rings and transform these metabolites into energy. Sun et al. reviewed the main biological

processes related to lignin extraction and valorization [438] (Tab 3.11). Beckham reviewed

the selection of microbial biological agents related to di�erent substrate and pre-treatments

[439].

3.4.2 Fungal deligni�cation

White- and brown-rot fungi have been developing peroxidases enzymes since the Paleozoic

era to degrade biomass [440]. More than14 000fungi are active towards cellulose degrada-

tion, however lignin's chemical structure makes it recalcitrant towards the enzymes produced

by most of them.[441] In nature, fungi degrade lignin via two di�erent mechanisms, whether

they attack or not also the middle lamellae of cell walls [442].Phanerochaete chrysosporium

is the model fungi to treat lignin as it leaves cellulose almost untouched [443]. A high oxygen

concentration is associated with a better fungal activity [444]. The yield of deligni�cation

increases 3 times for Phanerochaete chrysosporium if instead of air, the fungi is exposed to

100 %O2 [445]. Sharma et al. reported the most active fungi towards lignin degradation (Ta-

ble 3.1 of [446]). The Montana Department of Natural Resources and Conservation studied

the technoeconomics of a plant that employsPhanerochaete chrysosporiumto delignify wood

and straw for bioethanol production, but the yield of the pre-treatment made it uneconomical

[447]. Lentinus edodes[448] andPenicillium camemberti [449] grown at298 K to 308 K for

3 d to 22 d resulted in 45 % to 75 % and 65 % to 80 % holocellulose and lignin degradation,

respectively. Kuhar et al. demonstrated that RCK-1 (a fungi isolate) increased the yield of

ethanol by 20 % from wheat straw.[450] Xu et al. employsIrpex lacteusCD2 to pre-treat

corn stover for a variable period, from0 d to 120 d at 301 K. Acid insoluble lignin loss was

80 wt% after 60 d. They observed a lignin degradation rate of2 wt% per day for the �rst 3

weeks, and then0:8 wt% for the remaining pre-treatment time. White rot fung (in particular

Ceriporiopsis subvermispora and Cyafhus stercoreus) improve by85 %the deligni�cation of

tannin-rich biomass, which contain the homonimous molecule that inhibits bacteria and en-

zyme activity [451]. Gupta et al. deligni�edP. juli�ora and L. camara, obtaining from 7 wt%

to 10 wt% lignin degradation after 10 days, depending on the sample size (up to 500 g) and

then employed diluted sulphuric acid to hydolyze cellulose and hemicellulose, demonstrating

that the fungal deligni�cation increased the �nal sugar yield [452]. Jian et al. pretreated

cotton stalks with white rot fungi at 312 K for 14 days. The fungi degraded around80 wt%

of the cotton stalk lignin, because of inhibitory e�ects.
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3.4.3 Enzymatic deligni�cation

Laccase is one of the most employed enzyme families as it attacks phenolic compounds.

The protein structures that compose laccases contain a catalytic center based on copper

that employs oxygen to oxidize the substrate [453]. However, most laccases possess a low

redox potential and therefore are able to cleave only the phenolic units of lignin, leaving the

ether bonds intact [454]. Bourbonnais demonstrated however that laccase is able to cleave

� -1 bonds if in the presence of Remazol Blu or ABTS, which are redox mediators [455].

Malhotra et al. summarizes the advantages, challenges, and potential of laccase enzymes for

biomass deligni�cation [456] .

Peroxidase is another class of enzymes, but they possess a high redox potential. Two of

the main peroxidase are lignin peroxidase (LiP) and manganese peroxidase (MnP); they are

extracted from white fungi [457]. LiP requires H2O2 to oxidize their substrates and cleave

phenolic as well as non-phenolic bonds, while MnP generates Mn3
+ in situ and act on phenolic

lignin units. Hilden et al. hypothesized that MnP act together with cellobiose hydrogenase

in a pathway in which the latter reacts methoxy gorups to form hydroxy groups, which are

easily attacked by MnP [458].

Another enzyme extracted from a mushroom is a versatile peroxidase (VP). VP generates

H2O2 through an oxidase and avoids lignin repolymerization by reducing the phenolic prod-

ucts [459].

Mukhopadhyay et al. treated castor oil plant residues (Ricinus communis) with a laccase,

obtaining an optimum deligni�cation of 86 wt% after 4 h at 313 K [460]. The same yield was

observed for Indian thorny bamboo at308 K and an incubation time of8 h [461].

Table (3.11) Results of biological lignin extraction with di�erent methods

Feedstock Method Lignin yield Monomer yield Ref.
(wt%) (wt%)

Corn stalk SE+cellulase - 14.5 [462]
(review Bacteria - - [430]
(review) Fungi and bacteria - - [463]
Corn stover SE+bacteria KT2440 56 49 [464]
Wood chips Cellulase 70-75 - [465]
Redwood, Douglas �r

SS1500 cellulase 25-63
- [466]

White �r, Eucalyptus - [466]
Bamboo Enzyme+hydrogenation - 12.9 [467]

Steam explosion and alkali dissolution improve the accesibility of the enzymes to lignin and
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Figure (3.17) Suggested phenolic compounds degradation pathway by cellobiose hydrogenase
and MnP enzymes. Adapted from [458].

biomass. The sacchari�cation (323 K for 48 h) of corn straw with a laccase almost doubled

with a 1:5 wt% NaOH preliminary step at room temperature for18 h [468]. Yang, instead,

increased 1.6 fold the yield of sacchari�cation fromBrassica campestriswith a laccase (Gan-

oderma lucidum, 5 days at303 K) after 48 h in a solution of 1 % NaOH at room temperature

[469]. Palonen coupled steam explosion (488 K for 5 min with 2 vol% SO2) and laccase (T.

hirsuta, 24 h at 318 K) and incresed the yield of sacchari�cation of softwood by13 % [470].

Moreno reviews other applications of enzymes for the deligni�cation of biomass [161], and

De la Torre compared fungal and bacterial laccases as a pretreatment coupled with steam

explosion [471].

Large scale production of enzymes is propedaeutical for the applications of the biore�nery

concept. Ha�d et al. calculated the technoeconomics of a plant that produces a laccase from

oil palm biomass. A process simulator solved mass and energy balances [472] of a �owsheet

based on laboratory data. The calculated price was 14.26 US$ per kilo.
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The �nal objective of the biore�nery concept is depolymerizing cellulose and hemicellulose

into monosaccharides [473]. However, plant material (lignin and other plant materials like

resins) contains molecules that inhibit the action of downstream biological reactors [474].

Biological detoxi�cation is an operation upstream the biological reactor aimed at reducing

the amount of inhibitors (heavy metals, phenolic compounds, tannins and other) [475].

3.5 Decisional algorithm

The exploitation of non-edible ligneous residues to manufacture value-added, �ne, and niche

chemicals represents an attractive alternative to current practices that rely on fossil fuels.

However, raw lignocellulosic biomass is recalcitrant to chemical and biological transformation,

thereby limiting its potential as a starting feedstock. Deligni�cation is essential to render

lignin reactive and prone to transformation. However, given the complexity and heterogenic-

ity of biomass, there is no universal technique for deligni�cation. While the composition

and nature of the functional groups making up lignin depends on genetic and environmental

factors, the purity and molecular weight depend on the deligni�cation pretreatment. Delig-

ni�cation also a�ects the chemical nature of the functional groups post-treatment, which

dictate the application �eld of lignin as feedstock.

To conclude this extensive review of the literature on the deligni�cation of biomass, we

devised for the �rst time a decisional algorithm to help the reader with the selection of

the most suitable deligni�cation technique based on the characteristics of the lignocellulosic

feed. This decision tree merely serves as a guideline and it is neither exhaustive nor de�nitive

(Figure 3.18).

We established some general rules to help identify the technique or ensemble of techniques

that would likely result in the highest yield and quality of the product desired. The iden-

ti�cation and characterization (e.g. with FTIR and NMR [476, 477]) of the lignocellulosic

feed intended for deligni�cation is imperative. Knowing if the feed is softwood, hardwood,

grass, bagasse, stover, stalk, or straw provides useful insights on the composition, including

lignin content and predominance of xylans or glucomannans in the polysaccharide fraction.

Deligni�cation is achieved through either lignin degradation or hemicellulose degradation so

that lignin and cellulose can be separated during the process. The purpose of deligni�cation

is either the recovery of the cellulosic fractions for further sacchari�cation and sugar fer-

mentation to biofuels, or the recovery of lignin for the production of value-added products.

Generally, degradation of hemicellulose's xylans is more signi�cant than lignin removal to

improve cellulose accessibility and digestibility. In fact, xylans hinder the hydrolyzability

of cellulose's carbohydrates. When choosing a deligni�cation technique, the scope of the
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BIOMASS SOURCE

Hardwood

Softwood

Grass

Straw

Bagasse

POLYSACCHARIDE
IN HEMICELLULOSE

PREDOMINANCE 

OF 

XYLANS

(stable at low pH)

PREDOMINANCE 

OF 

GLUCOMANNANS

(stable at high pH)

PURPOSE OF 
THE TREAMENT

Recovery of
Lignin
and/ or 

Monolignols 

Recovery of
Cellulosic
Fraction

Stalk

Stove

Recovery of
Lignin

and/ or 
Monolignols 

Recovery of
Cellulosic
Fraction

Ozonolysis, high moisture
One-step Steam Explosion (residence time <30 min)
Two-step Steam Explosion with H 3PO4 or SO 2
Supercritical CO 2
Ionic Liquids (preferably aliphatic -amine based)
Microwaves or Ultrasound + Acid
Aerobic Bacteria
Fungi
Enzymes (laccase)

Sulfite **
Organosolv + Acid
Ozonolysis, low moisture 
Steam Explosion + Acid Organosolv
Two-step Steam Explosion (impregnation with H 2SO4) **
Supercritical CO 2
Ionic Liquids (preferably aliphatic -amine based)
Microwaves or Ultrasound + Acid
Anaerobic Bacteria *
Enzymes ( glucanase , hemicellulase , mannanase , etc.)

Kraft
Organosolv
AFEX 
Supercritical CO 2 + Cosolvent *
Ionic Liquids (preferably heterocyclic -amine based )
Microwaves or Ultrasound + Solvent
Aerobic Bacteria
Enzymes (laccase)
Fungi

LignoBoost /LignoForce
Organosolv + Base
One-step Steam Explosion (residence time 30 -40 min)
Supercritical CO 2 + Cosolvent (base)
Ionic Liquids (preferably heterocyclic -amine based ) *
Microwaves or Ultrasound + Base
Anaerobic Bacteria *
Enzymes ( xylase , hemicellulase , hydroxylase)

COMMON TREATMENTS

Figure (3.18) Decision tree for the selection of the most appropriate deligni�cation technique
based on the characteristics of the lignocellulosic feed and purpose of treatment, i.e. recov-
ery of lignin and/ or monolignols or recovery of cellulosic fractions for sacchari�cation and
fermentation to biofuels. (*) the process yields low molecular weight lignin or monolignols,
(**) the process yields high molecular weight lignin.

treatment plays a crucial role as the conditions of deligni�cation may vary signi�cantly. Glu-

comannans, mannosidic, and xylosidic linkages between mannose units easily depolymerize

or hydrolyze under acidic conditions. On the contrary, the glucosidic bonds, the acetylated

groups, as well as the linkages between uronic acid and xylose cleave under basic conditions

[11]. Therefore, xylans are generally more stable at low pH whereas glucomannans are more

stable at high pH.

Most techniques are applicable to all lignocellulosic feed types with just minor variations

in operating conditions like pH and residence time. Several variables a�ect deligni�cation,

including biomass loading (solid-to-liquid ratio), temperature, biomass moisture content,
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catalyst concentration, and particle size. These parameters require adjustments that cannot

be generalized as they are speci�c to each lignocellulosic feed and deligni�cation technique.

We identi�ed the core strengths (S), weaknesses (W), opportunities (O), and threats (T)

(SWOT analysis) for all the deligni�cation techniques discussed within this manuscript to

provide a summary as well as a fresh perspective on the current state of the art (Figures

3.19,3.20, and 3.21). Common strengths include deligni�cation rates above 80%, the recovery

of high purity lignin, and increase of the macromolecule hydrophilicity. Most weaknesses and

threats concern the cost of the equipment, the energy expenditure, as well as the condensation

of oligomers (formation of strong C-C bonds after the rupture of the weaker aryl ether

linkages). Opportunities to develop a new technology or expand existing operations vary

with each technique.

Figure (3.19) SWOT analysis of sul�te deligni�cation, Kraft pulping, Organosolv process,
and ozonolytic deligni�cation.
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Figure (3.20) SWOT analysis of steam explosion, supercritical CO2, ionic liquids, microwave
(MW) and ultrasound (US)- assisted deligni�cation.
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Figure (3.21) SWOT analysis of biological deligni�cation methods employing bacteria, fungi,
and enzymes.

3.6 Conclusions and perspectives

Deligni�cation is the most expensive unit operation of the whole biomass valorization process.

The development of new deligni�cation strategies and the optimization of current technologies

is imperative in order to make the production of lignin-derived commodities cost-e�ective

and, therefore, pro�table. Deligni�cation is in�uenced by numerous operating conditions.

To achieve a cost-e�ective scalability at the industrial-scale, it is necessary to understand the

role of each parameter.

Deligni�cation is achieved through chemical or biological extraction. Chemical deligni�ca-

tion processes are lucrative at large scale. However, the chemically pre-treated material

often contains inhibitory compounds that hamper the fermentability of carbohydrates. To
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overcome the limitations imposed by these inhibitors, researchers have developed biological

deligni�cation techniques, which entail milder reaction conditions, lower energy consump-

tion, and fewer byproducts. They enhance the sacchari�cation of carbohydrates to produce

biofuels, but have signi�cantly lower deligni�cation yields and lignin recovery compared to

chemical deligni�cation. Microbial deligni�cation requires long processing times. Neverthe-

less, enzymes shorten the extraction times from days to hours, thereby making the enzymatic

approach more attractive for large-scale operations.

Despite abundant information in the literature regarding biomass deconstruction, the state-

of-the-art on the recovery of lignin with the purpose of valorization is limited as it is stil being

developed. Therefore, we encourage the following studies and techniques to be incorporated

in future investigations, both at laboratory-scale and industrial-scale:

ˆ For all deligni�cation techniques, especially emerging ones: energy and techno-economic

analysis to explore the market that the process and the product are entering, and to

anticipate productions costs. These will predict the future cash �ow and the return on

investment. Life-cycle assessment to evaluate the sustainability and the environmental

impact of deligni�cation;

ˆ For sul�te and acid pulping: the addition of inhibitors to prevent the acid condensation

of lignin's phenols.

ˆ For Kraft and alkaline pulping: the application of corrosion-resistant and anti-fouling

coatings on the pipes, evaporators, and lime kiln stations. This will increase the thermal

e�ciency, reduce the fuel consumption, improve the quality of air emissions (lower

emission of total reduces sulfur gases, NOx, HCl, NH3, and COx), and yield a purer

pulp and lignin.

ˆ For organosolv, ionic liquids and deep eutectic solvents deligni�cation: improve the de-

sign of recycling systems to maximize solvent recovery. Explore VOC-free compounds

as co-solvents to increase environmental sustainability, expedite lignin precipitation,

and lower costs by reducing the amount of expensive inputs employed in traditional

organosolv processing.

ˆ For ozonolytic deligni�cation: conduct more experimental tests on the e�ect of pH and

feedstock particle size on the consumption of O3 and on the formation of foam during

processing. Reduced O3 consumption translates into lower energy expenditure (signi�-

cantly due to the generation of O3 in situ ) and makes the technique more cost-e�ective
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at larger scale. Determine whether the predominance of xylans or glucomannans in the

hemicellulose fraction a�ects the O3 consumption.

ˆ For steam explosion deligni�cation: apply the pretreatment to various feedstocks other

than wood chips (e.g. straw, bagasse, or grass crops) to gather more information and

insight on the e�ect of operating parameter on deligni�cation rate. More tests of the

e�ect of residence time and depressurization time, along with their correlation with

the severity factor, as they are currently based on semi-empirical kinetic approaches.

Depressurization is complex and contingent upon the technical characteristics of the

equipment, which are rarely mentioned in publications. The study of various steam gun

geometries would help identify the best con�guration for optimal biomass de�bration.

Combine steam explosion with ultrasound or microwaves to increase deligni�cation

e�ciency and reduce costs. Find a way to extract and re-purpose the fermentation

inhibitors formed during deligni�cation.

ˆ For supercritical CO2 lignin extraction: conduct optimization studies to improve re-

action performance and process yields as no set of pretreatment conditions seem to

be universal. The production of stable and high value-added products justi�es the

implementation of this pretreatment method despite the high energetic requirements.

ˆ For microwaves-assisted deligni�cation: improve reactor design to increase microwaves

penetration depth and even out temperature distribution. Implement continuous pro-

cessing instead of batch operations.

ˆ For ultrasound-assisted deligni�cation: the application of emitters with frequencies

other than the commercially available ones (20 kHz to 50 kHz) to determine whether

treatment at a few hundreds ofkHz to MHz is bene�cial for biomass deligni�cation and

what the e�ects of such frequencies are on the structure of lignin, cellulose, and hemi-

cellulose. To select the optimal ultrasound frequency and power, researchers should

focus on the study of the acoustic pressure pro�le and cavitation activity in various re-

actor geometries through computational �uid dynamics (CFD), which has not yet been

conducted for biomass deligni�cation. A variety of techniques is available to experi-

mentally validate CFD calculations, including high-speed imaging, sonoluminescence

and sonochemiluminescence, calorimetry, temperature and pressure mapping with hy-

drophones. Meroni et al. provide a comprehensive overview of the current state-of-

the-art on sonoreactors, including a description of the methods adopted to characterize

ultrasound systems [478].
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ˆ For fungal and bacterial deligni�cation: research gene cloning and sequencing to in-

crease deligni�cation rates while reducing the formation of fermentation inhibitors.

ˆ For enzymatic deligni�cation: improve enzymatic activity, stability, and recycling through

proper immobilization, application of ILs and DESs, as well as redox mediators. Inves-

tigate the e�ect that the predominance of xylans or glucomannans of the carbohydrates

fraction elicits on deligni�cation.
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Abstract

Softwood contains up to40 wt% of lignin, which makes it the most abundant polyphenolic

biopolymer on earth. The applications of Kraft lignin, because of its poor solubility, are not

as numerous as other water-soluble lignin derivatives, such as lignosulfonates. We investi-

gated the ultrasound-assisted carboxymethylation of two softwood LignoForce Kraft lignins

in sodium hydroxide with sodium chloroacetate (SCA) as the carboxylate group donor to

yield a water-soluble product. Thermogravimetric analyzer, gel permeation chromatography,

and Fourier-transformed infrared spectroscopy characterized the physico-chemical properties

of the carboxymethylated lignins. A photometric dispersion analyser determined the ability

of the carboxymethylated lignin to disperse kaolin clay aqueous suspensions. A SCA/lignin

ratio of 12 and ultrasound at 20 W and 20 kHz yielded carboxymethylated lignins with a

dispersion ability comparable to dioctyl sulfosuccinate sodium salt, a common dispersant.

Ultrasound intensi�ed the process by reducing the reaction time from4 h (conventional pro-

cess) to30 min.

Keywords: Ultrasound, Lignin, Biodispersant, Carboxymethylation, Process intensi�cation
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4.1 Introduction

Lignin is the most abundant biopolymer on Earth after cellulose. Located in the cell wall be-

tween cellulose, hemi-cellulose and pectin, lignin constitutes about25 wt% to 40 wt% of wood

[479]. Lignin protects the plant from microbial degradation and provides structural sti�ness

and strength to the stem [480]. Lignin derives from an enzyme initiated dehydrogenative

polymerization of p-coumaryl, coniferyl and sinapyl alcohols [481]. The content of the three

di�erent types of cinnamyl alcohols depends on genetic factors [482], environmental [483] and

physiological [484] conditions at the time of ligni�cation, and results in the formation of an

intricate polyphenolic structure. Lignin's high phenol content makes it an excellent platform

compound for replacing some petroleum-based products. High-quality lignin and derivatives

are commercially available and converted into a variety of value-added aromatics such as

resins [485] and fertilizers [486]. They also �nd application in food-grade products as they

are potent antioxidants with radical scavenging abilities [487]. The pulp and paper industry

discards between 40 and 50 million tons of ligneous waste every year because lignin hinders

papermaking operations [56]. Lignin's global market value attained 974 million USD in 2020,

and it is expected to reach 1.12 billion USD by 2027 [488]. However, lignin processing and

valorization face several hurdles that are contingent on its complex structure.

About 85 wt% of worldwide industrial lignin comes from Kraft pulping (KP) [489]. KP

converts wood into cellulosic pulp and generates a black liquor that is further acidi�ed to

separate lignin from hemicellulose and residual inorganics employed in the process [490].

Kraft lignin has poor �lterability and solubility in water and requires a large amount of

chemicals for its production. In addition, the acidi�cation step prevents the totally reduced

sulfur compounds from evaporating, thus yielding impure lignin. [491].

In order to improve the �lterability of Kraft lignin, FPInnovation patented the LignoForce

process in which the black liquor is oxidized prior to acidi�cation. This process outputs a

purer lignin that is easier to convert into other products [492]. Nevertheless, poor water sol-

ubility remains a key impediment to Kraft lignin workability [493]. Lignin's folded structure

results in poor solubility: the polar groups responsible for hydrogen bonding are sterically

hindered.

The modi�cation of the outer groups of lignin with bigger and/or more polar groups facili-

tates its dispersion in water and other polar solvents [494, 495]. For example, Goncalves et

al. reported that hydroxymethylation and oxidation yielded modi�ed lignins with chelat-

ing capacity more than 73 % higher than the original Organosolv lignins but solubility

did not improve to the same extent [495]. Other authors increased lignin water solubil-
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ity through carboxymethylation and sulfonation, which enabled the biopolymer to act as

dispersant.[496, 497, 498]. Carboxyalkylation is a two-step etheri�cation reaction. First, an

alcohol deprotonates in the presence of a base to form an alkoxide group, which then reacts

with an alkylating agent through a SN2 reaction. Carboxyalkylation reactions increase the

ionic charge of molecules. Bahrpaima and Fatehi [499] carboxyethylated lignosulfonate with

2-chloropropionic acid and improved its dispersion performance: the charge density increased

by 54 %to 61 %. Konduri et al. [87] carboxymethylated Kraft hardwood lignin with sodium

chloroacetate (SCA) and increased the charge density by 8.5 folds. Carboxymethylation at

40°C in 1:5 M NaOH aqueous solution yielded the product with the highest water solubility

(89 wt%) at neutral pH. Gan et al. reported similar results for wheat straw alkali lignin [500].

Despite the excellent results obtained by these authors, lignin modi�cation requires long re-

action times (few hours), rigorous conditions, and many puri�cation steps. This renders

large-scale production economically unattractive.

Besides solubility and structural complexity, another main obstacle to lignin processing and

utilization is its high molecular weight and steric hindrance, which vary with deligni�cation

technique and plant genetics [482]. The breakage of lignin chemical bonds � depolymer-

ization � requires high temperature and pressure [19, 501]. Conventional depolymerization

processes involve autoclaves that operate above340°C and 280 bar [14, 502]. Depolymer-

ization becomes more tangled at high temperatures as it follows a free-radical reaction

pathway [503, 504]. C�centered radicals recombine to produce tar and coke by forming

new strong C�C bonds [57]. Alkaline depolymerization cleaves aryl�ether bonds, mostly

� �O�4 linkages, as they are the weakest bonds with energy ranging from170:6 kJ mol� 1 to

273:2 kJ mol� 1 [505, 506]. The rupture of aryl ether bonds increases the content of phenolic

hydroxy groups [507], which promptly react unless an external reagent (e.g. capping agent)

stops the oligomerization process. Roberts et al. capped the highly reactive substituted

phenols with boric acid to form borate esters, which increased the oil yield from11:5 wt%

to 52 wt% during hydrothermal alkaline treatment at a pH of 13 [14]. Despite the utility of

capping agents in quenching lignin depolymerization, they require additional workup steps

during the production of value-added aromatics. The oil requires supplementary separation,

uncapping and puri�cation stages, which make the large-scale manufacturing economically

impracticable.

Conventional depolymerization processes are non-speci�c and energy-intensive, limiting the

marketability of lignin-based bioproducts [508, 509]. The cost of energy for the current de-

polymerization processes further annuls any potential revenue accruing from the sales of the

products. This makes the strategies chosen for lignin valorization unsuitable for industrial

use. Research in chemical engineering has focused on developing process intensi�cation (PI)
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techniques to maximize the e�ciency of intra- and inter-molecular interactions. PI tech-

nologies include the application of alternative energy sources, such as ultrasound (US) and

microwaves [510].

US is a mechanical wave that, when applied to a liquid, induces the formation of vapour-

�lled bubbles. As ultrasound travels throughout the liquid medium, these bubbles grow and

shrink in size during rarefaction and compression wave cycles. After several cycles, bubbles

collapse and generate hot spots (5000 K and 200 bar), a process called acoustic cavitation.

US is superior to other forms of energy as the energetic output is 10 to 30 times higher, and

the energy consumption is55 % lower on average [511]. In 1949, Weissler determined that

ultrasonic cavitation induces macromolecules depolymerization and proved that dissolved

oxygen or nitrogen are not responsible for their degradation [111]. While the mechanisms

by which depolymerization occurs are still under investigation, it is clear that prolonged ex-

posure of macromolecules' solutions to high-power US results in the cleavage of the linkages

making up the polymer. Acoustic cavitation cleaves phenyl ether� -O-4 and � -O-4 linkages

while concurrently originating radicals that hydroxylate and oxidate aromatic moieties and

promote side-chain elimination. Deligni�cation and depolymerization under ultrasonic cavi-

tation occur at room temperature and require less solvent, delignifying agents, and catalysts

[120, 123]. These unique properties make US an excellent tool for lignin depolymerization.

In the absence of dissolved gas, transient cavitation develops, and depolymerization ensues

at an US input power that exceeds the cavitation threshold. Based on theoretical and exper-

imental considerations, Mostafa determined that the minimum US intensity below which no

degradation occurs is3:125 W cm� 2 [119]. Depolymerization takes place preferentially at low

frequency than at high (e.g. 20 kHz vs 900 kHz), provided that the cavitation threshold is

reached [113, 512]. Grönroos et al. reported that for polyvinyl alcohol, the depolymerization

rate was the highest at a frequency as low as23 kHz and at a power density of15:5 W cm� 2

[114]. In the case of water-soluble polymers, high frequencies give similar results as the

chemical e�ects of cavitation are dominant. As US frequency rose from58 kHz to 132 kHz,

the depolymerization rate increased by fourfold, and93 wt% of Kraft lignin depolymerized in

180 min [126]. At a constant US frequency, depolymerization increases as the power density

increases due to frictional or impact forces [119]. Ultrasound at90 W and 35 kHz for 6 h at

a temperature of250°C depolymerized Organosolv lignin and yielded57 wt% of bio-oil. US

selectively cleaved ether linkages to generate mostly phenols like 2-(1-methylethyl)-phenol,

and methoxylated benzenes such as 1,2,3-trimethoxy-5-methyl benzene. At higher US power,

150 W and 210 W, the bio-oil yield decreased to25 wt% due to condensation reactions [125].

The substrate's concentration and molecular weight in the mixture undergoing ultrasonic
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cavitation also a�ect the depolymerization rate [115]. Concentrations below5 wt% yielded

the highest depolymerization rates and the most signi�cant viscosity reductions. For most

polymers,1 wt% to 2 wt% is ideal [117, 118, 119]. Singh et al. reported an optimal biomass

loading of 1:5 wt% for the US enhanced deligni�cation and depolymerization ofParthenium

hysterophorus[123].

Cravotto et al. reported that 250 W at 18:5 kHz intensi�ed several chemical modi�cation

reactions of chitosan, including O-carboxymethylation. Carboxymethylation under US oc-

curred in 30 min instead of6 h under conventional heating. The authors reported a decrease

in viscosity and associated it with US promoting depolymerization. However, the authors did

not corroborate the result with gel permeation chromatography or spectroscopy. This work

demonstrated that US shortens the reaction time. However, no mechanistic studies reinforced

the authors' observations [129]. Wang et al. carboxymethylated� -(1-3)-D-glucan isolated

from Poria cocos to carboxymethyl-pachyman (CMP). 300 W US � unknown frequency �

assisted the reaction. Within35°C to 55°C, 45°C yielded the highest substitution degree

of 0.91 in 60 min. However, the authors do not report any information on the contribution

of US to the advancement of the reaction [128]. Ou et al. synthesized carboxylated surfac-

tants by grafting allyl glycidyl ether and 3-chloroproprionic acid onto alkaline lignin. In this

case, US did not assist the carboxylation reaction, but it reduced the molecular weight and

polydispersity of the alkaline lignin substrate prior to functionalization. US pretreatment

increased the product's surface activity by lowering the surface tension from65 mN m� 1 to

29:1 mN m� 1 [130].

The state of the art abounds with works on lignin depolymerization and conversion to other

chemicals. However, such studies are conducted separately. Moreover, the conversion of lignin

to biodispersants remains widely unexplored. In this work, we combined depolymerization

and carboxyalkylation. We applied ultrasound to two LignoForce softwood lignins to: (i)

reduce the molecular weight of the substrate by cleaving the� �O�4 linkages, and (ii) generate

reactive hydroxy groups that could be simultaneously capped with a carboxymethylating

agent, SCA, to produce biodispersants. We assessed the optimal operative conditions for

the overall intensi�cation of the ultrasound-assisted carboxymethylation process to produce

biodispersants.

4.2 Material and methods
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4.2.1 Lignins

We optimized and compared the ultrasound-assisted carboxymethylation reaction (Figure 4.1)

to produce biodispersants on two di�erent lignins manufactured via LignoForce process and

characterized by FPInnovation. Lignin A and lignin B are both softwood lignins, but the

former is in free hydrogen form and the latter is in sodium salt form (Table 4.1).

Figure (4.1) Mechanism of carboxymethylation. R1 is a cinnamic substituent, R2 is either
OH or CH3OH, and R3 and R4 are either H or OCH3.

Table (4.1) Characterization of lignins

Analysis Lignin A Lignin B

Average molecular weight (Da) 6870 5147
Ash (wt%) 0.83 22.3

Organics (wt%) 99.17 77.7
Acid-insoluble lignin (wt%) 93.32 71.39
Acid-soluble lignin (wt%) 1.84 3.45

Sulfur content (wt%) 1.52 2.09
Sodium content (wt%) 0.20 7.51

4.2.2 Carboxymethylation

For all the experiments, the lignin concentration was16:7 g L� 1, as other authors reported

this as the optimal value for carboxymethylation of Kraft lignin [87]. Lignin dissolved under

magnetic stirring at 150 rpm (2:5 cm stirring bar) in 100 mL of sodium hydroxide (NaOH,

pellets, ACS, Fisher Scienti�c)1:5 M aqueous solution.

We wanted to determine the e�ect of SCA amount with respect to lignin during a standard

carboxymethylation experiment without ultrasound. We varied the SCA/lignin molar ratio

on 3 levels (3, 6, or 12) for each lignin (A or B), for a total of 6 experiments (sample code
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CA# or CB#). We then opted for a full factorial design to study the e�ects of lignin type,

SCA/lignin molar ratio, and temperature on the output variables investigated during the

US-assisted reaction. We varied:

i. Lignin type, 2 levels (A or B);

ii. SCA to lignin molar ratio, 3 levels (3, 6, or 12);

iii. Temperature, 2 levels (controlled at40°C or uncontrolled, which was70°C to 75°C).

The number of experiments for the US-assisted carboxymethylation of LignoForce lignin was

12. The codes CAU# or CBU# indicate samples obtained without temperature control

under US irradiation, while codes CAUT# or CBUT# indicate samples obtained under US

irradiation at controlled temperature. The total number of experiments for this work was 18

(Table 4.2).

In the case of standard carboxymethylation (no ultrasound, samples CA# or CB#), after

lignin complete dissolution, a heating plate warmed the solution to40°C and we added

sodium chloroacetate (SCA,98 wt%, Alfa Aesar) according to the design of experiments

(DOE) (Table 4.2). The reaction mixture was maintained at40°C and 150 rpm stirring

for 4 h. Successively, the reaction mixture cooled to room temperature and H2SO4 1 M

neutralized it to pH 7. Cellulose acetate membranes with a cut o� of1000 Dadialyzed the

carboxymethylated samples for48 h to remove unreacted NaOH and SCA, glycolic acid, and

NaCl (Figure 4.1). Samples then dried at105°C for 36 h and stored in a dry and sealed vials

until further use.

The preparation and workup of carboxymethylated lignin (CML) under ultrasonic irradi-

ation followed the abovementioned procedure. However, after the complete dissolution of

lignin, a 20 kHz and 750 W nominal power ultrasonic processor from Sonics&Materials Inc.

with a 13 mm replaceable tip probe sonicated the reaction mixture for30 min (Figure 4.2).

Ultrasound-assisted carboxymethylation occurred in i) a150 mL glass beaker (sample code

CAU# or CBU#) without temperature control and in ii) a thermostatic 150 mLglass beaker

(sample code CLUT#) in which water recirculated to maintain the temperature at40°C. We

maintained the US power constant at20 W (15:15 W cm� 2) as Ashokkumar and coworkers

reported it as the optimal value to achieve acoustic cavitation at20 kHz [513, 514]. Report-

edly, higher powers increase the occurrence of oligomerization and condensation reactions

[515, 516].
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Figure (4.2) Representation of the experimental set-up and thermostatic sonoreactor adopted
for the ultrasound-assisted carboxymethylation of lignin. Compressed air cools down the US
transducer to prevent overheating.

Table (4.2) Design of experiments. SCA is the carboxymethylating agent, sodium chloroac-
etate. Control samples � no ultrasound � are CA# or CB#, samples without temperature
control are CAU# or CBU#, and samples obtained at constant temperature are CAUT# or
CBUT#.

Test code Lignin SCA/lignin US power Temperature
(mol mol� 1) (W) (°C)

CA1 A 3 - 40
CA2 A 6 - 40
CA3 A 12 - 40

CAU1 A 3 20 70 - 75
CAU2 A 6 20 70 - 75
CAU3 A 12 20 70 - 75

CAUT1 A 3 20 40
CAUT2 A 6 20 40
CAUT3 A 12 20 40

CB1 B 3 - 40
CB2 B 6 - 40
CB3 B 12 - 40

CBU1 B 3 20 70 - 75
CBU2 B 6 20 70 - 75
CBU3 B 12 20 70 - 75

CBUT1 B 3 20 40
CBUT2 B 6 20 40
CBUT3 B 12 20 40
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4.2.3 Molecular weight determination via gel permeation chromatography

An UltiMate 3000 HPLC system from Thermo Scienti�c adapted to gel permeation chro-

matography (GPC) determined the molecular weight (MW) of lignin and CMLs upon cali-

bration with polystyrene standards (SL-105, Shodex)

Lignin and CMLs are partially or insoluble in tetrahydrofuran (THF). Therefore, 2:5 mL of

a 8:92 acetyl bromide (for synthesis, Merck) and acetic acid (Reagent Plus—, � 99 vol%)

mixture acetobrominated0:01 gof product at 50°C for 2 h under mild stirring prior to GPC

analysis to improve its solubility. A rotary evaporator removed the excess acetyl bromide

and acetic acid solution at reduced pressure. An oven dried the samples at105°C overnight.

Prior to analysis,5 mL of THF (with 0:025 wt%butylated hydroxytoluene as stabilizer, Fisher

Chemical) dissolved the dry samples. Eventually, PTFE syringe �lters (13 mmdiameter and

0:2µm pore size, Fisher Scienti�c) removed the undissolved solid particulate.

THF eluted the samples in isocratic mode at a �owrate of1 mL min� 1 and 28°C in three

polystyrene-divinylbenzene packed columns from Shodex: KF-804L, KF-803L, and KF-802.

A KF-G �lter guarded the columns upstream.

4.2.4 FT-IR attenuated total re�ection analysis (ATR)

A Thermo Scienti�c Nicolet iS5 Fourier-transform infrared (FTIR) spectrometer with an

ATR iD7 accessory assessed the functional groups of lignin and CMLs. Prior to analysis, an

oven dried the samples at105°C for 24 h. A single beam scanned the samples 100 times with

a resolution of2 cm� 1 in a spectral range from3600 cm� 1 to 600 cm� 1.

4.2.5 Thermogravimetric analysis

A Q50 thermogravimetric analyzer (TGA) from TA Instruments determined the weight

loss of our samples with respect to temperature variation at a nitrogen steady �ow rate of

40 mL min� 1 with a ramp of 10°C min� 1 up to 780°C. Analyses were conducted in nitrogen

atmosphere to avert lignin oxidation.

4.2.6 Photometric dispersion analysis

A photometric dispersion analyzer PDA 3000, from Rank Brothers Ltd., assessed the dis-

persion capability of CMLs. A magnetic stirrer agitated150 mL of a 4 g L� 1 aqueous kaolin

clay slurry at 300 rpm. A syringe pump withdrew the slurry at a constant �ow rate of

0:5 mL min� 1 through a 1 mm internal diameter tube that �ts in the slot between the light
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source and the photodetector. Once the output voltage, which is a measure of the average

transmitted light intensity through the suspension [517] and corresponds to the turbidity of

the slurry, stabilized, we added60 mL of alkaline aqueous solution (pH 11) containing0:15 g

of lignin or CML. The PDA monitored the dispersion process for1000 sat a LED current of

1:65 mA and LED drive of 175. We then compared the dispersion capability of our samples

with that of dioctyl sulfosuccinate sodium salt (DOSS, Acros,96 wt%), a common dispersant.

4.2.7 Charge density and solubility

Deionized water suspended0:2 g of each sample, which incubated for1 h at 30°C in a wa-

ter bath shaker at 150 rpm. After incubation, samples were centrifuged at 1000 rpm for

10 min. A Mutek PCD 04 particle charge detector employed the supernatant to determine

carboxymethylated lignins' solubility and charge density upon polyelectrolyte titration with

a 0.005 M PVSK standard solution.

4.3 Results and discussion

4.3.1 Dispersion tests and molecular weight

We compared CMLs' photometric dispersion ability (D) with their average MWs and frag-

mentation pattern (F). Speci�cally:

(1) we compared samples derived from lignin A to those derived from lignin B and ranked

their dispersion ability and fragmentation degree at each SCA/lignin ratio (Dh and Fh,

it reads horizontally in Table 4.3);

(2) we compared the CMLs within the same group of reaction type � standard reaction

(C), US-assisted (CU), or US-assisted at controlled temperature (CUT) � obtained with

three di�erent SCA/lignin ratios. We ranked their dispersion performance from I to III

(Dv, it reads vertically in sets of three in Table 4.3).
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Table (4.3) Comparison between A-CMLs to B-CMLs in terms of dispersion ability (Dh)
and fragmentation (Fh) is done in rows. ��� indicates a di�erence of at least 5 %, �>� a
di�erence of 1 %maximum, and �=� indicates equivalent results. Comparison of CMLs within
the same reaction group type (standard reaction, US-assisted, or US-assisted at controlled
temperature) is done in columns. �I� indicates the highest dispersion performance (Dv)
within the same reaction type group. Control samples � no ultrasound � are CA# or CB#,
samples without temperature control are CAU# or CBU#, and samples obtained at constant
temperature are CAUT# or CBUT#.

A-CMLs B-CMLs

Dv Sample Dh Fh Sample Dv

II CA1 � - CB1 III
I CA2 � - CB2 I

III CA3 < - CB3 II

II CAU1 � < CBU1 II
III CAU2 � < CBU2 III
I CAU3 = = CBU3 I

I CAUT1 > > CBUT1 III
II CAUT2 < > CBUT2 II
III CAUT3 � � CBUT3 I

h Horizontal comparison
v Vertical comparison in group of three
��� indicates a di�erence of at least 5 %

�>� indicates a di�erence of 1 % maximum

All CMLs samples, whether prepared with the standard method or ultrasound, dispersed the

kaolin clay water slurry and the untreated lignins did not (Figure 4.3).
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Figure (4.3) Example of untreated lignin vs CML with the highest dispersion ability.

The performance of the CMLs produced with ultrasound is higher than that of CML obtained

with the standard method (Figure 4.4). However, some samples prepared without control-

ling the temperature had lower PDA than samples produced with the standard method

(Figure 4.4a).



101

(a) CMLs from lignin A

(b) CMLs from lignin B

Figure (4.4) Comparison of the dispersion performance of CMLs obtained with the standard
method and with ultrasound. The best performing samples per group type were chosen for
the comparison.
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CMLs produced with the highest SCA/lignin ratio under ultrasonic irradiation without ther-

mal control, namely CAU3 and CBU3, had the highest dispersion ability among all the CML

samples. They dispersed the clay to the same extent as DOSS but more e�ciently. The

turbidity of DOSS reached a maximum, but then it decreased by20:6 % to increase again by

8:8 % over 150 s. CAU3 and CBU3 dispersed the system immediately without �uctuations

(Figure 4.5).

Figure (4.5) Comparison of a common dispersant (DOSS) with the CMLs obtained under
ultrasonic irradiation with the highest PDA (CAU3, CBU3, and CBUT3).

Lignin B has a lower molecular weight than lignin A (Table 4.1). As a result, the low MW

fragment component is bigger for US-CMLs derived from lignin B rather than from lignin

A. For lignin B, oligomerization did not occur under any of the conditions tested, whereas

lignin A is more prone to fragmentation and, therefore, it tends to oligomerize to MWs higher

than 25 000 Daif the amount of capping agent added is not enough. In samples prepared

with the standard method, no fragmentation nor oligomerization occurred. For the samples

prepared under ultrasonic irradiation with no thermal control, lignin A oligomerized when

using a SCA/lignin ratio of 3 (CAU1) and 6 (CAU2), whereas a ratio of 12 (CAU3) capped

all the reactive hydroxy groups generated during the process. On the contrary, for CMLs

prepared at a controlled temperature of40°C (CAUT1, CAUT2, CAUT3), oligomerization

to high MW only occurred with a SCA/lignin ratio of 12.

Despite CAU1 and CAU2 undergoing oligomerization and having about4 wt% of high MW



103

fragments (>28 000 Da), they disperse better than CBU1 and CBU2, which are more frag-

mented. This ascribes to the fact that a low percentage of high MW oligomers promotes

dispersion by steric hindrance rather than by electrostatic and Wan der Waals interactions.

However, in the case of CAUT3, more than8 wt% oligomerized. As a result, the concentration

of oligomers chemisorbed onto clay particles is too high, and the frequency of chain interac-

tions increases, making the system denser. This phenomenon promotes aggregation rather

than sustaining the dispersion of the water-kaolin clay slurry. In fact, PDA con�rms that

the turbidity of CAUT3 decreases over time, a sign that agglomeration occurs (Figure 4.6).

Figure (4.6) Comparison of oligomerized samples with dispersing ability (CAU1 and CAU2)
with oligomerized sample with agglomeration activity (CAUT3). CAU3 is the best dispersant
and serves as reference.

4.3.2 Thermogravimetric analysis

Lignin A and lignin B lost 67 wt% and 80 wt% of their starting weight, respectively, with

the rest being ashes and impurities coming from the pulping and deligni�cation process.

The predominant weight loss occurs between250°C and 500°C, reaching a maximum loss at

350°C when most polyaromatics degrade to CO and CO2 [518].

Lignin B, however, has a signi�cant weight loss after600°C that relates to the fact that it

contains a non-negligible amount of sodium (Table 4.1) that may increase the enthalpy of

evaporation of a component compared to lignin A in hydrogen form.
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The presence of the carboxymethyl group in modi�ed lignins induces the formation of short-

range interactions (H bonds) and the entanglement of the polymeric chains, which fold on

themselves and become less prone to vaporization. In fact, the weight loss of CMLs is slower

and less steep than untreated lignins (Figure 4.7).

All carboxymethylated lignins lost from50 wt%up to 65 wt%of their weight in a temperature

range of300°C to 400°C and250°C to 500°C in the case of lignin A and lignin B, respectively.

The best performing samples in terms of dispersion have a similar pro�le, but CAU3 degrades

slower than CBU3 (Figure 4.7). This is contingent on CAU3 having a predominant MW

component in the range of4000 Da, whereas the one of CBU3 is in the range of2000 Da. As

a consequence, CBU3 weight loss is more rapid.

Figure (4.7) Weight loss of unmodi�ed lignins and CMLs with the best dispersion ability.
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Figure (4.8) Weight loss of the CMLs with the best dispersion ability.

4.3.3 FT�IR ATR

Untreated lignins have a characteristic peak at1575 cm� 1 (peak C, Figure 4.9), representing

the aryl and conjugated aryl groups of lignin [519]. Its intensity signi�cantly reduces after

carboxymethylation, especially for samples produced under ultrasonic irradiation. Moreover,

untreated lignins and CMLs synthesized with the standard method have stronger C-O-C

bond signals from1030 cm� 1 to 1125 cm� 1 than CMLs produced with ultrasound (peak F,

Figure 4.9).
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Figure (4.9) Example of infrared analysis of untreated lignin (lignin B) and carboxymethy-
lated lignin produced under ultrasonic irradiation (CBU3).

All CMLs have an intense peak at1737 cm� 1, characteristic of esters' C=O bond stretching,

which is not present in untreated lignins (peak B, Figure 4.9).

The US alkali treatment cleaves the� �O�4 aryl-ether bonds, thus freeing the cinnamic

building blocks of lignin and increasing the phenolic content. Part of the coumaryl, coniferyl,

and sinapyl alcohols formed after the cleavage rearranged to the corresponding cinnamic

aldehyde [507]. CMLs present a sharp but not intense signal at3015 cm� 1 and 2970 cm� 1

(peak A, Figure 4.9), which corresponds to the stretching of the C-H of the ethenyl group

and methyl group of cinnamic aldehydes, respectively [520].

CMLs also feature two intense peaks, one from1240 cm� 1 to 1220 cm� 1 (peak E, Figure 4.9),

which indicates the presence of syringyl rings and the stretching of C-O bond of the car-

boxymethyl ester group [521], and the second one at1365 cm� 1 (peak D, Figure 4.9), which

represents the bending of the phenolic OH group.

FT�IR analyses con�rmed that ultrasonic irradiation enhances lignin depolymerization by

targeting the more labile� �O�4 linkages.

4.3.4 Solubility and particle charge density

Lignin B and the CMLs produced with the traditional method (CB1, CB2, CB3) were com-

pletely soluble in water at neutral pH. The carboxymethylation under ultrasonic irradiation

reduced solubility but increased charge density. For the best performing sample CBU3, the
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Figure (4.10) Mechanism of� �O�4 linkage cleavage. R1 is a cinnamic substituent, R2 is
either OH or CH3OH, and R3 and R4 are be either H or OCH3.

charge density increased from1:75 meq=g to 1:93 meq=g.Its solubility decreased by87 %at pH

7, but it solubilized completely at pH 10. For CBUT1, the charge density reached2:02 meq=g,

but only 9 wt% was soluble at neutral pH.

Less than2 wt% of lignin A is soluble in water at pH 7, and carboxymethylation improved

its solubility at all the conditions tested. For traditional CMLs, a SCA/lignin ratio of 12

increased solubility from1:87 wt% to 9:21 wt% and the charge density from0:62 meq=g to

0:77 meq=g. For CMLs manufactured under ultrasonic irradiation, whether at controlled or

uncontrolled temperature, A SCA/lignin ratio of 3 yielded the highest solubility of10:23 wt%

and 12:39 wt% for CAU3 and CAUT3, respectively. The solubility of the best dispers-

ing sample (CAU3) increased by8 %, but the charge density decreased from0:62 meq=g

to 0:57 meq=g.

4.4 Conclusions

US intensi�ed the carboxymethylation reaction of softwood LignoForce Kraft lignin by short-

ening the reaction time from4 h to 30 minand yielding biodispersing agents with superior per-

formance than the ones produced via the standard method. During a typical carboxymethy-

lation reaction, with a procedure similar to that described by Konduri et al. [87], the heating

plate consumes about52 kJ. Ultrasonication at 20 W and 20 kHz for 30 min consumes less

than 35 kJ with the processor adopted, reducing the energy consumption by more than30 %.

Moreover, ultrasound enhanced the depolymerization of lignin by selectively cleaving the

� �O�4 linkages, as con�rmed by GPC and FT�IR analyses. Acoustic cavitation at 20 W

and 20 kHz yielded carboxymethylated lignin with dispersing ability comparable to a com-

mon dispersant (DOSS) when produced at70°C to 75°C and with a SCA/lignin ratio of 12.
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Despite the enticing results, SCA presents environmental and health hazards at high con-

centration. For this reason, CML requires dialysis for puri�cation, which is time consuming.

Future work will address the synthesis of biodispersant with other carboxyalkylating agents

and alternative workup methods will be explored.
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Abstract

Most ultrasound-based processes root in empirical approaches. Because nearly all advances

have been conducted in aqueous systems, there exists a paucity of information on sono-

processing in other solvents, particularly ionic liquids (ILs). In this work, we modelled an

ultrasonic horn-type sonoreactor and investigated the e�ects of ultrasound power, sonotrode

immersion depth, and solvent's thermodynamic properties on acoustic cavitation in nine

imidazolium-based and three pyrrolidinium-based ILs. The model accounts for bubbles,

acoustic impedance mismatch at interfaces, and treats the ILs as incompressible, Newto-

nian, and saturated with argon. Following a statistical analysis of the simulation results,

we determined that viscosity and ultrasound input power are the most signi�cant variables

a�ecting the intensity of the acoustic pressure �eld (P), the volume of cavitation zones (V),

and the magnitude of the maximum acoustic streaming velocity (u). V and u increase with

the increase of ultrasound input power and the decrease in viscosity, whereas the magni-

tude of negativeP decreases as ultrasound power and viscosity increase. Probe immersion

depth positively correlates with V, but its impact on P and u is insigni�cant. 1-alkyl-3-
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methylimidazolium-based ILs yielded the largestV and the fastest acoustic jets �0:77 cm3

and 24:4 m s� 1 for 1-ethyl-3-methylimidazolium chloride at60 W. 1-methyl-3-(3-sulfopropyl)-

imidazolium-based ILs generated the smallestV and lowestu � 0:17 cm3 and 1:7 m s� 1 for

1-methyl-3-(3-sulfopropyl)-imidazoliump-toluene sulfonate at20 W. Sonochemiluminescence

experiments validated the model.

Keywords: Ultrasound, Acoustic pressure, Ionic liquid, Cavitation, Acoustic streaming, Ac-

tive region

5.1 Introduction

Sonoprocessing �nds numerous industrial applications, including chemical synthesis [522],

surface modi�cation [523], reaction acceleration [524], extraction [422], cleaning, and food

processing [525]. Ultrasound (US) is a mechanical wave consisting of a cyclic succession of

expansion and compression phases, during which liquid molecules are pulled apart and pushed

together [525]. When the maximum change in pressure between compression and expansion

phases, which is the pressure amplitude of the acoustic wave, exceeds the tensile strength

of the liquid medium in the rarefaction regions, cavitation bubbles form. At high acoustic

intensity, bubbles grow drastically and collapse during a compression phase when the radius

of the bubble is tens to hundreds of times the equilibrium radius. This transient cavitation

forms hot spots (5000 Kand 500 bar) and liquid micro-jets, which elicit chemical and physical

e�ects on the sonicated system [110, 526]. Among the advantages of sonoprocessing we �nd

the generation of reactive species [527] and the enhancement of mass transfer, particularly

in multiphasic systems [478, 528]. One of the key factors that determine the outcomes of

sonoprocessing is the nature of the solvent. Water has been the preferred solvent for most

sonoprocessing applications, due to its abundance, low cost, and ability to generate reactive

oxidizing species. However, some organic and inorganic compounds are insoluble or partially

soluble in water. Moreover, some reactions either cannot take place or are extremely slow

in presence of water. For example, the esteri�cation of carboxylic acids with alcohols yields

water as a by-product, which shifts the equilibrium towards the reactants thereby limiting

the formation of the desired ester [529]. For these reasons, most organic and organometallic

reactions require non-aqueous solvents, which are generally volatile, �ammable, toxic, and

their regeneration is energy intensive

To obviate the undesirable properties of aqueous solvents for certain applications, the scien-

ti�c community shifted its attention towards ionic liquids (ILs). ILs are salts that are liquid

at room temperature and that possess convenient intrinsic properties that make them attrac-
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tive solvents for a plethora of chemical reactions. ILs are non-�ammable, have high thermal

stability, and do not emit volatile organic compounds. The combination of speci�c ions tunes

the acidity [530], hydro- and lipo-philicity [531], melting point [532], viscosity [533], surface

tension and density [534], making ILs attractive �designer solvents� in the chemical �eld.

Another advantage of ILs is their undetectable vapour pressure [535].

Because liquids and gases have di�erent speeds of sound and compressibilities, there is an

acoustic impedance (Z ) mismatch at the bubbles' interface.Z is a measure of the resistance

that a material exerts on the acoustic �ow [536]. Acoustic cavitation relies on the violent

collapse of bubbles. If bubbles do not implode, they scatter, re�ect, or refract sound waves,

leading to less intense sonochemical events. The number density and size of cavitation bubbles

increases with the US input power. The attenuation of sound waves propagation is therefore

an undesirable e�ect of cavitation at high acoustic intensity. As power increases, more bubbles

collide and coalesce at the tip of the US probe, thereby forming a continuous layer of bubbles

that adhere to its surface [537]. These bubbles are incapable of growing enough to implode

because they undergo continuous cycles of coalescence and fragmentation, the latter imparted

by the acoustic streaming jet forming below the sonotrode that pushes bubbles downwards.

Furthermore, coalescence perturbs bubbles sphericity. Fattahi et al. [537] demonstrated that

bubbles that remain spherical over several acoustic cycles and then collapse, lead to more

intense sonochemical activity and larger active zones. Spherical bubbles are symmetric in

shape, which means that the pressure inside the bubble is distributed evenly in all directions.

They also have the minimum surface area for a given volume, so they require less energy

to maintain their shape than other shapes, and they have a higher internal pressure for a

given size, making them more prone to collapse. Additionally, spherical bubbles vibrate at

the same frequency as the sound waves. This resonance ampli�es the pressure �uctuations in

the bubble, leading to rapid growth and collapse of the bubble. These factors make spherical

bubbles more stable and easier to collapse than irregularly shaped bubbles.

The enthalpy of vaporization (�H vap) of ILs is four to seven times higher than that of water

and common organic solvents � e.g.�H vap is 175:8 kJ mol� 1 for 1-ethyl-3-methylimidazolium

acetate, 40:6 kJ mol� 1 for water, and 29:1 kJ mol� 1 for acetone [538]. As a consequence of

their low volatility, ILs generate a lower number of cavitation bubbles than water. This results

in less numerous non-spherical bubble clusters, which translates into a lower attenuation of

the acoustic energy and, in theory, larger active zones. Numerous variables a�ect the size

of the active regions, including the solvent's thermodynamic properties. The application of

US to intensify chemical reactions, given the signi�cant diversity in properties amongst ILs,

requires a deep understanding of the numerous factors in�uencing cavitation.
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The state of the art surrounding the characterization of acoustic cavitation in ILs is rather

limited compared to that of aqueous working media. We queried the Web Of Science Core

Collection database with the keywords ((ionic liquid AND cavitation) OR (ionic liquid AND

ultrasound)). The search yielded only 121 articles, published from 1993 to 2022. These

articles were most published in: multidisciplinary chemistry (34), physical chemistry (21),

chemical engineering (16), and acoustics (13). Ultrasonics Sonochemistry published11 %,

followed by the Journal of Chemical Physics (2:5 %) and Separation and Puri�cation Tech-

nology (2:5 %). VOSviewer generated a bibliographic map based on the text in the titles,

abstracts, and keywords of the 121 publications (binary counting, minimum number of term

occurrence: 3). The dimension of a node is directly proportional to the occurrence of the term

in the dataset, while the proximity of circles indicates how related the terms are. VosViewer

identi�ed 6 clusters (Figure 5.1).

The green cluster groups publications concerning the application of US to ILs for synthetic

purposes [540], while the yellow cluster those studying the cavitation bubble temperature

[541, 542] and sonoluminescence [535, 543] under various conditions. The turquoise cluster

gathers articles that make use of electrochemical or spectroscopic techniques for the inves-

tigation of cavitation activity [544]. The magenta and red clusters comprise US-assisted

extractions and biomass pretreatments [545, 546]. Finally, the blue cluster groups studies

focusing on bubble dynamics in ionic aqueous solution [547]. In some instances, the term

ionic liquid represents ionic surfactants or inorganic salts rather than ionic liquids, hence

why the numerous occurrences ofwater and aqueous solution.

Among these publications, only three address the characterization of the acoustic cavita-

tion in ILs. Zhang et al. [548] studied the in�uence of the physical properties of 1-butyl-

3-methylimidazolium hexa�uoro-phosphate ([Bmim][PF6]) on the cavitation dynamics at

20 kHz between 3 W and 17 W. By using the Flynn's equation [549] and considering an

initial bubble radius of 4:5µm, they determined that the cavitation intensity increases with

the increase of amplitude and decreases with the increase of frequency. Moreover, they

observed that, unlike for other solvents, the intensity of cavitation increases with the in-

crease of the temperature of the bulk IL from298 K to 323 K. This seems like a logical

conclusion considering that the number of bubbles increases with increasing temperature.

However, the temperature rise leads to a higher vapour pressure of the �uid and the gas

content in the bubble increases, which consumes some of the collapsing energy thereby re-

ducing the implosion intensity [542]. This uncharacteristic behaviour derives from the fact

that (i) [Bmim][PF 6] has a null vapour pressure and its vapours do not enter the cavita-

tion bubbles, and (ii) its viscosity decreases with the increase of temperature, resulting in

the formation of more bubbles. Merouani et al. [550] studied the acoustic cavitation in
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Figure (5.1) VoSviewer bibliometric co-citation map of keywords. The database includes the
top 49 keywords of the 121 articles that mention (ionic liquid AND cavitation) OR (ionic
liquid AND ultrasound) from 1993 to 2023 [539]. The software assigns colours to terms that
are related and positions them in proximity. The size of the circles is directly proportional
to the number of occurrences of the term. With 11 terms, the red cluster is the largest one
and it is centered on extraction (14 occurrences). The second largest cluster with 10 terms
is the green one, centered on aqueous solutions (14 occurrences).The blue cluster counts 9
terms and centers on water (18 occurrences). The yellow cluster counts 8 keywords and it
centers on sonochemistry (20 occurrences). The magenta and turquoise clusters group 5 and
6 terms, respectively. The former centers on biomass (11 occurrences) while the latter centers
on electrochemistry (5 occurrences). DES=deep eutectic solvents.

room temperature methylimidazolium-based ILs saturated with air and compared it with

that in aqueous medium. For their simulation, they adopted the Keller-Miksis equation

and assumed the ILs as compressible �uids, isothermal expansion and adiabatic bubbles col-

lapse, and negligible heat and mass transfer across the bubble-liquid interface. According

to their model, the pressure and the temperature of the collapsing bubbles is much higher

in 1-butyl-3-methylimidazolium bis(tri�uorimethylsulfonyl)imide-based ionic liquids than in

water. However, the experimental validation yielded a collapse temperature comparable to

that of water. The authors ascribed this to the pyrolysis of ILs at the bubble-liquid inter-

face, which lowers the bubble collapse temperature. Similarly, Kerboua et al. [551] applied

the same equation to study the thermal e�ects induced by US on the dissolution of cellu-
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lose. They determined that in 1-butyl-3-methylimidazolium acetate (saturated with argon),

at 200 kHz, a bubble of 5µm requires an amplitude of at least1:8 atm to reach transient

cavitation, 60 times higher than that required by a bubble in water.

Despite the extensive literature available on acoustic cavitation, the limited number of studies

that involve ILs present several shortcomings, including (i) the adoption of the Keller-Miksis

equation, which models the dynamics of a single gas bubble in an in�nite liquid domain

exposed to a sound �eld and fails to consider its internal pressure, (ii) the omission of the

acoustic impedance mismatch at interfaces (e.g. probe-liquid boundary), and (iii) the consid-

eration of only one type of IL, thereby limiting the range of the properties studied. Moreover,

the available studies neglect the thermodynamic characteristics of the liquid, the acoustic

streaming jet velocity, and lack an experimental validation of the model.

In this work, we developed a model that quanti�es the acoustic pressure, the volume of

the active cavitation regions, and the surface velocity of the acoustic streaming jet in nine

imidazolium-based and three pyrrolidinium-based ILs. The model takes into account the

existence of multiple bubbles, considers the acoustic impedance mismatch at interfaces, and

treats the ILs as incompressible, Newtonian, and saturated with argon. Because most com-

mercial bench US processors operate at20 kHz, we �xed the US operating frequency and

investigated the in�uence of US power, probe immersion depth, and ILs' thermodynamic

properties on the acoustic cavitation throughout the sonoreactor. We conducted a statistical

analysis to determine which independent variables a�ect the response factors the most, and

validated the model through sonochemiluminescence experiments.

5.2 Mathematical model and governing equations

5.2.1 Acoustic pressure

The wave equation (Eq. 5.1) characterizes the variation of acoustic pressure,P, in space and

time:
r 2P

�
�

1
�c 2

� 2P
�t 2

= 0 (5.1)

where � is the density of the liquid medium,c is the speed of sound inm s� 1, t is time in s,

and r 2 is the spatial Laplacian operator:

r 2 =
� 2P
�x 2

+
� 2P
�y 2

+
� 2P
�z 2

(5.2)
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To model the ultrasonic �eld, we considered the liquid medium was incompressible (Section

5.2.4). Moreover, to apply Eq. 5.1 we assumed that shear stresses are absent or negligible, the

sound waves propagating through the medium are linear, and pressure has a harmonic time

dependence so thatP(r; t ) = P(r ) � ei!t [552], where! is the acoustic wave angular frequency

in rad s� 1. ! is the magnitude of the pseudovector quantity angular velocity, which in other

words corresponds to the rate of the phase change of a sinusoidal wave and it is equal to

2�f , wheref is the ultrasonic frequency inHz. Accordingly, Eq. 5.1 becomes the Helmholtz

equation (Eq. 5.3), which describes the propagation of acoustic waves in liquid media [553].

r 2P
�

+
! 2

�c 2
P = 0 (5.3)

However, when ultrasound is applied to a liquid at a speci�c power and frequency, transient

cavitation occurs. In this instance, bubbles form and accumulate the formation of bubbles

and their consequent accumulation at the tip of the US probe is appreciable. In fact, bubbles

scatter sound waves thereby attenuating their propagation [554, 555]. A bubbly liquid is

considered a continuous (�ctitious homogeneous) medium if velocity and pressure variations

change over distances larger than the inter bubble distance. The density of the medium then

depends on the liquid, while compressibility on the gas content. If the frequency of ultrasound

is below the lowest resonance frequency of bubbles, the distribution of gas in bubbles of

speci�c size is negligible and only the total gas content per unit volume is signi�cant [406].

Wijngaarden developed a series of equations that describe the one-dimensional turbulent �ow

that takes place in liquids containing bubbles [556, 557]. Based on Wijngaarden's equations

and the continuity equation, Commander and Prosperetti formulated a rigorous model for

the propagation of pressure waves in liquids containing bubbles [558]. Their model takes into

account the damping e�ect of bubbles, which arises from viscous, thermal, and acoustic forces.

The model assumes a negligible contribution of bubbles resonance and an incompressible

�uid (constant density and null divergence of �ow velocity). They validated their model

by processing the experimental data sets of other existing works, with bubble radii ranging

from 5µm to 3000µm, frequencies in the range of20 Hz to 10 MHz, and small gas volume

fractions (10� 5 to 10� 2 ). The model is accurate for gas volume fractions up to2 % [558].

The Commander and Prosperetti's modi�ed Helmholtz equation is:

r 2P + k2
mP = 0 (5.4)

where k2
m is the complex wave number. For a monodisperse bubble distribution,k2

m is ex-
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pressed as [559]:

k2
m =

! 2

c2

0

@1 +
4�c 2NR0

! 2
0 � ! 2 + 2ib!

1

A (5.5)

where! 0 is the bubbles resonant frequencyb is the damping factor,R0 is the incipient radius

of a monodispersed bubble,N is the bubble number density, andi is imaginary unit. ! 0 is

determined from:

! 0 =

vu
u
u
t

P0

�R 2
eq

0

@Re� �
2�

P0Req

1

A (5.6)

where P0 is the undisturbed pressure in the bubble position (liquid static pressure), which

corresponds toPatm +(2 �=R eq) where� is the surface tension of the liquid.Req is the bubbles

equilibrium radius considering direct contact coalescence and recti�ed di�usion, and� is a

complex adimensional parameter, a function of the speci�c heat ratio (or adiabatic index) of

the gas inside bubbles (
 ), and � .

� =
3


1 � 3i� (
 � 1)

2

4
q

i
� � coth

� q
i
�

�
� 1

3

5

(5.7)

� is expressed as:

� =
D

!R 2
eq

(5.8)

whereD is the thermal di�usivity of the gas. The damping factor b in Eq. 5.5 corresponds

to:

b=
2�

�R 2
eq

+
P0

2�!R 2
eq

Im� +
! 2Req

2c
(5.9)

where � is the dynamic viscosity of the �uid. The bubble number densityN depends on� ,

the volume of the gas fraction within the bubbles in the reactor with respect to the total

volume:

N =
3�

4�R 3
0

(5.10)
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5.2.2 Active regions

The pressure threshold required for cavitation (Pc) depends on the nature and temperature

of the sonicated liquid, and on its gas content (Eq. 5.11):

Pc = P0 � Pvap +

2
3
p

3
3

vu
u
u
t

0

@ 2�
Req

1

A

2

q
P0 � Pvap + 2�

Req

(5.11)

where Pvap is the vapour pressure of the sonicated liquid. To calculate and compare the

cavitation zones that form inside the reactor, the acoustic pressure is set toPc.

The identi�cation and quanti�cation of cavitation zones allows the comparison of various

sonotrode geometries and positions with respect to the reactor. The cavitation zone generated

by a conical tip is 1.56 times larger than that generated by a plane tip [412]. However, a

plane tip generates a faster acoustic streaming than conical tip, which results in better

mass transfer. For this reason, and because they are the most commercially available, our

simulation adopted a plane tip. Cavitation zones are quanti�ed by using the acoustic pressure

derived from Eq. 5.3 and Eq.5.4 to display the attenuation elicited by cavitation bubbles.

5.2.3 Acoustic streaming

Sound waves elicit pressure �uctuations that induce �uid �ow, which is referred to as acoustic

streaming. US in the range20 kHz to 20 MHz with power above0:0004 W [560] in the form

of a concentrated beam (horn-type probe) generates a turbulent acoustic stream within the

sonicated system. The streaming velocity (u) is calculated from the Navier-Stokes equations

(Eq. 5.12) [561, 562, 563, 564].

� (
� ~�u
�t

+ ~�u � r ~�u) = �r ~�P + � r 2~�u + ~F (5.12)

Acoustic streaming originates from Bjerken forces acting on bubbles in an acoustic �eld. The

intensity of these forces depends on the gradient of the acoustic pressure amplitude. Assuming

that (i) the volume of the bubbles is constant, (ii) the amplitude below the sonotrode is above

1:8 atm (to achieve transient cavitation)[412, 551], and (iii) the pressure wave emitted is a

standing wave[536], the volumetric force (F ) acting on the sonicated system is[412]:

F = � � � rj Pj (5.13)
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We incorporated Eq.5.13 into Eq.5.12 to determine the �ow pattern of the acoustic stream-

ing generated upon the application of US. The pressure gradient calculated through Eq.5.4

determines the direction ofF .

When examining velocity, it is important to di�erentiate between point velocity and surface

velocity. Point velocity is the velocity of a �uid at a speci�c point in the simulation domain.

Surface velocity, on the other hand, is the velocity of the �uid along a surface in the simulation

domain. While most articles in the literature report the point acoustic streaming velocity,

we chose to analyze the surface acoustic streaming velocity for the following reasons:

(a) Acoustic streaming is heavily in�uenced by boundary e�ects, especially when the �uid

is contained or near surfaces. Surface velocity directly captures the e�ects at these

boundaries, whereas point velocities may ignore them, especially if the chosen point is

away from such boundaries.

(b) Surface velocities provide an averaged value over the entire surface area, which can

help in reducing noise or discrepancies that may be more apparent when considering a

single point.

(c) When comparing results across di�erent setups or experiments, analyzing surface ve-

locities gives a more consistent parameter for comparison. Point velocities may vary

signi�cantly based on the precise location of the point, making comparisons less reliable.

5.2.4 Assumptions of the model

Eq. 5.3, Eq. 5.4, and Eq.5.12 assume:

1. The liquid is incompressible and Newtonian. Because ILs consist of ions, they establish

strong Coulombian ionic interactions, which makes them90 % less compressible than

organic solvents. The isothermal compressibility of imidazolium and pyridinium-based

ILs is similar to water and molten salts across a wide range of temperature and pressure

(298 K to 343 K, up to 207 MPa).[565]: the longer the alkyl chain and the higher the

temperature, the more compressible the IL. On the contrary, the higher the pressure,

the less compressible the ILs become. The bulk modulus of a liquid, which is a mea-

sure of its resistance to a change in volume under pressure, is a quantitative indicator

of the incompressibility of a liquid. The higher the bulk modulus, the less compress-

ible the liquid. ILs have higher bulk modulus than water and other organic solvents.

For example, at atmospheric pressure and room temperature the bulk moduli of 1-
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ethyl-3-methylimidazolium ethyl sulfate and water are3:0 GPa [566] and2:1 GPa[567],

respectively.

2. The bubble to liquid volume ratio is low so that cavitation bubbles do not a�ect the

overall behaviour of the �uid.

3. The thermodynamic properties of the sonicated �uid are independent from temperature

and bubble volume fraction.

4. The concentration of bubbles is homogeneous throughout the medium and� ranges

between10� 4 and 10� 1. For � > 10� 1, bubbles scatter most of the incident acoustic

waves. Hence, considering fractions larger than10� 1 does not contribute any meaningful

physical signi�cance to the model. The bubble density, hence� , linearly depends on

the pressure amplitude, so that� = C � P, where C is a constant [568, 569]. Jamshidi

et al. [559] investigated the ultrasonic wave propagation in a sonochemical reactor

considering the e�ect elicited by the inhomogeneous bubble clusters and assumed that

� = 2 � 10� 9 � P. They validated the model in water and observed a high level

of concurrence between the experimental outcomes and their model assuming this C

value. For this investigation, we selected the same constant.

5. The ionic liquids are assumed to be saturated with argon gas. Despite the fact that

ILs absorb more other gases like CO2 [570], monoatomic gases have a higher adiabatic

index (
 =1.67 for He, Ne, and Ar,
 =2.5 for Xe vs. 
 =1.30 for CO2), which results in

higher temperature during the compression of a bubble that collapses adiabatically.[406]

Although less soluble than Kr and Xe, Ar produces more intense sonochemical events,

regardless of bubble type [571]. Ar solubility rates are high enough to create gaseous in-

clusions and induce acoustic cavitation upon the application of su�cient tensile strength

[551]. The saturation of 1-ethyl-3-methylimidazolium acetate with argon originates

monodispersed bubbles with a radiusR0 of 5µm [551]. The equilibrium radius (Req)

considering coalescence is about 50 timesR0 [572]. For this simulation we setReq equal

to 250µm.

6. The horn releases the acoustic radiation as Gaussian beams: the displacement ampli-

tude across the face of the transducer plane varies so that it is the greatest in the middle

and decreases as the radial distance from the center of the probe increases. In other

words, the decrease in amplitude follows a Gaussian mathematical function.
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5.3 Simulation

COMSOL Multiphysics 5.5 solved the equations in Paragraph 5.2 to determine the acoustic

pressure distribution with and without bubble attenuation, and the acoustic streaming surface

velocity pro�le. The equations were solved in a 2D axisymmetric con�guration to reduce

computation time.

The simulation consists of three steps (or studies), each dependent on the previous one:

Study 1: The COMSOL Acoustic Module - Pressure Acoustic modelled a continuous wave

excitation and solved Eq. 5.3 in theFrequency Domainconsidering the attenuation

of the acoustic pressure arising from the intrinsic properties of the liquid medium

(� ). The study yields the e�ect of power and pressure amplitude on the acoustic �eld

while neglecting the presence of cavitation bubbles in the medium and it provides an

initial estimate for study 2.

� =
8�� 2f 2

3�c 3
(5.14)

Study 2: We included the attenuation due to bubbles by setting the Stabilized Convection-

Di�usion Equation equal to Eq. 5.4 and by de�ning Eq. 5.5 to Eq. 5.10 within the

parameters list. We calculated� by using the total acoustic pressure estimated in

Study 1. Finally, we determinedN and k2
m (Eq. 5.10 and Eq. 5.5) and solved Eq.

5.4 until steady state.

Study 3: The COMSOL turbulent �ow k � � interface simulated the acoustic streaming turbu-

lent jet. It solved the Navier-Stokes equations through a stationary study considering

the acoustic pressure gradient derived from Study 2.

5.3.1 Geometry and boundary conditions

The sonochemical reactor selected for this study is a100 mL borosilicate beaker (H=8 cm,

ID= 4 cm, thickness=4:5 cm). The ultrasound probe is positioned vertically at the top of the

beaker. The sonotrode is made of a titanium alloy, Ti-6Al-4V, and has a diameter of1:30 cm.

The ultrasonic processor selected for the study operates at20 kHz. The simulation domain

corresponds to the volume of the sonicated liquid. We maintained the sonicated volume

constant at 80 mL and the dimensions of the domain varies with the immersion of the probe.

For example, with the probe immersed2:00 cm, the dimensions of the domain are H=6:58 cm

and ID= 4:00 cm(Figure 5.2).
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Figure (5.2) Sonochemical reactor and half section of the axisymmetric computational domain
with boundaries. The domain and the boundaries are an example assuming a liquid volume
of 80 mL and for a 1:30 cmdiameter probe immersed2:00 cm.

Boundary conditions for acoustic pressure pro�le and active regions - Studies 1

and 2

Jamshidi et al.[559] and Fang et al.[412] set the liquid-glass and liquid-probe boundaries as

hard ( �P
�x = 0 for x = 0) and the liquid-air boundary as soft (P = 0 vanishes). However,

ultrasound re�ects at interfaces with a Z mismatch. For a given material,Z corresponds

to the product of its density and speed of sound. In this study, we applied the following

boundary conditions (Figure 5.2):

1. At the boundary liquid-air, Z= 1:2 kg m� 3 � 343 m s� 1.

2. At the boundary liquid-glass,Z= 2230 kg m� 3 � 5640 m s� 1 (for Pyrex).1

3. At the boundary liquid-probe, Z= 4470 kg m� 3 � 4987 m s� 1 (for a Ti-6Al-4V probe).

1Considering the thinness of conventional beakers, it would be more �tting to adopt the acoustic
impedance of air at the interface between the liquid and glass. However, this study primarily aimed to
identify ionic liquids that maximize the active region volume for a separate ongoing project within our re-
search group. In this project, we utilize an unconventional reactor with walls approximately �ve times thicker
than traditional beakers. Consequently, we have chosen to de�ne the acoustic impedance of the borosilicate
glass at the reactor walls.
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4. At the tip of the probe, the pressure amplitude (PA ) was set to:

PA =

vu
u
t PUS2c�

�R 2
p

(5.15)

wherePUS is the ultrasonic power delivered to the system calculated upon calorimetric

calibration [573], andR2
p is the radius of the sonotrode.

Boundary conditions for acoustic streaming - Study 3

For the simulation of acoustic streaming, we applied the the following boundary conditions

(Figure 5.2):

1. The liquid-air boundary was set as a pressure outlet with pressure set to 0.

2. No-slip boundary condition at the liquid-glass interface.

3. Slip boundary condition at the liquid-probe interface.

4. At the tip of the probe, Eq. 5.15 was set as the pressure inlet with in�ow velocity direc-

tions (x and z) set to 1.3 and 0.03, respectively. The distance between the piezoelectric

and the US emitting tip, which is 5 cm for the probe adopted for this investigation,

dictated the in�ow velocity direction. The turbulence length scale, which represents

the size of the energy-containing eddies in the turbulent �ow and depends on the tur-

bulent kinetic energy and turbulent dissipation rate, was set to 0.07Rp. Trujillo and

Knoerzer, determined this correlation and we adopted it for our simulation as it was a

suitable �t [574].

5.3.2 Mesh

Upon mesh sensitivity study, we opted for a 2D computational mesh consisting of triangles

and quads (Table 5.1). We set the maximum dimension of each mesh element to be less

than 1/8 of the ultrasound wavelength (� 1=8;H2O= 0:92 cm and � 1=8;ILs = 0:80 cm to 1:15 cm

[553]. We chose a �uid dynamicsnormal mesh for the domain (maximum size0:09 cm,

minimum size 0:004 cm, curvature factor 0.3, growth rate 1.15), and a �uid dynamics�ner

mesh(maximum size0:056 cm, minimum size8 � 10� 4 cm, curvature factor 0.25, growth rate

1.10) along boundaries 2, 3 and 4 (Figure 5.2).
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Table (5.1) Meshing speci�cs for the three probe immersion depths.

Probe immersion Triangles Quads Mesh area
cm cm2

0.5 5274 755 12.52
1 5189 760 12.29
2 5067 770 11.86

The solution of Eq. 5.3 requires approximating the solution using a set of discrete points.

For study 1 and study 2, we applied a quadratic Lagrange discretization as it provides a

more detailed approximation of the solution, hence higher accuracy. For study 3, we applied

a P2+P1 �uid discretization (second order elements for velocity and �rst order elements for

pressure) to solve the Reynolds-averaged Navier-Stokes equations as it captures the behaviour

of �uid �ow more accurately than other numerical methods.[575]

5.4 Ionic Liquids and design of experiments

For this study, we selected twelve imidazolium- and pyrrolidinium-based ILs (Table 5.2) based

on an acidity criteria that is of interest for a few ongoing investigations in our research group.

Table (5.2) The twelve ILs chosen for this study and their molar mass.

IL Cation Anion
Molar
mass
g mol� 1

[Etmim][Ac] 1-Ethyl-3-methylimidazolium Acetate 170.2
[Etmim][Cl] 1-Ethyl-3-methylimidazolium Chloride 146.6
[Etmim][MeSO4] 1-Ethyl-3-methylimidazolium Methyl sulfate 222.3
[Bmim][Ac] 1-Butyl-3-methylimidazolium Acetate 198.3
[Bmim][Cl] 1-Butyl-3-methylimidazolium Chloride 174.7
[Bmim][MeSO4] 1-Butyl-3-methylimidazolium Methyl sulfate 250.3
[Pyrr][Ac] Pyrrolidinium Acetate 131.2
[Pyrr][Cl] Pyrrolidinium Chloride 107.6
[Pyrr][HSO4] Pyrrolidinium Hydrogen sulfate 169.2
[SPMim][Cl] 1-Methyl-3-(3-sulfopropyl)-imidazolium Chloride 242.7
[SPMim][HSO4] 1-Methyl-3-(3-sulfopropyl)-imidazolium Hydrogen sulfate 304.3
[SPMim][PTS] 1-Methyl-3-(3-sulfopropyl)-imidazolium p-Toluene sulfonate 378.5
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5.4.1 Prediction the thermodynamic properties of of ILs

Some of the thermodynamic properties of the ILs under investigation � speci�cally the iso-

baric speci�c heat capacity (CP), speed of sound (c), density (� ), surface tension (� ), and

dynamic viscosity (� ) � have been determined experimentally and are available in the litera-

ture. Nevertheless, we predicted the thermodynamic properties for all the ILs with COnduc-

tor like Screening MOdel for Real Solvents (COSMO-RS)[576, 577, 578, 579], group contri-

bution method (GCM) [580, 581], or via machine learning (ML) algorithms [582, 583]. We

compared the predicted values with the experimental ones and determined the root mean

square deviation (RMSD) to identify �aws and further re�ned the prediction algorithms.

COSMO-RS predictedCP (1 %� RMSD � 23 %), � (RMSD � 10 %), and � (0:4 % � RMSD

� 2:4 %). A ML algorithms determined � (RMSD� 2 %) and c (RMSD� 1 %). The GCM

developed by Sattari et al.[584] predictedCP (3 %� RMSD � 38 %). The GCMs by Lazzús

et al. [585] and Gharagheizi et al. [580] predicted� (RMSD� 1 %). The elevated RMSD for

CP and � only concerned protic ILs (e.g. [Pyrr][Ac]). High deviations stem from factors such

as the proton transfer from acid to base, the pH of the acid/base, the proton a�nity, and

the presence of neutral molecules and ions in the mixture.

For the simulations, we adopted the experimental thermodynamic properties whenever avail-

able, and the predicted ones with the lowest deviations for those unavailable in literature

(Table 5.3).
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Table (5.3) Thermodynamic properties of water and ILs.

CP* c � � � T ref

J kg� 1 K � 1 m s� 1 kg m� 3 mN m� 1 mPa s� 1 K

Water** 4184E 1498E 1000.0E 71.99E 1.00E 298.15
[Etmim][Ac] 1897E 1721M 1101.4E 38.17E 93.0E 298.15
[Etmim][Cl] 1955C 1854M 1123.9E 49.23M 65.0E 353.15

[Etmim][MeSO4] 1568C 1770M 1284.2E 52.66M 78.8E 298.15
[Bmim][Ac] 1854C 1650M 1062.2E 35.31E 293.0E 298.15
[Bmim][Cl] 1963C 1802M 1055.7E 46.38E 123.0E 343.15

[Bmim][MeSO4] 1613C 1676M 1212.2E 42.44M, 213.9E 298.15
[Pyrr][Ac] 1896C 1607M 1121.3E 33.50M 90.4C 298.15
[Pyrr][Cl] 1912C 1761M 1178.6C 56.08M 1379.6G,[585] 298.15

[Pyrr][HSO4] 1529C 1545G,[581] 1424.1E 50.51M 321.8C 298.15
[SPMim][Cl] 1527C 1752M 1287.5C 38.42M 3921.0G,[580] 298.15

[SPMim][HSO4] 1392C 1647M 1395.3C 40.73M 1304.5C 298.15
[SPMim][PTS] 1451C 1519M 1269.5C 46.03M 7113.1C 298.15

*Isobaric, **Distilled, EExperimental [586],CCOSMO-RS [576, 577, 578, 579],GGCM,M ML
[582, 583]

5.5 Design of experiments and statistical analysis

The dependant variables of this study are:

ˆ the ultrasound power,PUS, three levels -20 W (250 W L� 1), 40 W (500 W L� 1), 60 W(750 W L� 1)

ˆ the probe immersion,d, three levels -0:5 cm, 1 cm, 2 cm

ˆ and the thermodynamic properties of the twelve ILs (Table 5.3)

The response variables are the minimum and maximum acoustic pressure generated (Pmin and

Pmax ), the volume of the acoustically active regions (V), and the magnitude of the maximum

acoustic streaming surface velocity (u).

We opted for a full factorial design, for a total of 108 simulations. We conducted a statistical

analysis to establish patterns and relationships within the data. To identify the key dependant

variables that a�ect our response variables, we ran a preliminary predictor screening analysis

with bootstrap forest partitioning (BFP). BFP algorithms randomly select subset of data

and create multiple decision trees (100 trees in this instance) with aleatory features, and

then take the average of all the tree's predictions. BFP reduces the chance of over�tting

and improves the accuracy of the �nal prediction. According to the results of the predictor
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screenings, we then eliminated the non-signi�cant dependant variables to �nd the model that

predicted the response variables with an accuracy within a95 %con�dence interval (CI).

For the sake of clarity, in the Actual vs Predicted plots in the 'Results and discussion'

paragraph, the termactual refers to the simulated data points that were used to develop the

prediction equation.

5.6 Experimental validation of the model

To visualize the sonochemically active regions and acoustic streaming and validate the model,

we conducted sonochemiluminesce (SCL) experiments in a dark room [537]. A20 kHz and

500 W nominal power US processor from Sonics & Materials Inc. with a13 mm replaceable

tip Ti-6Al-4V probe ( 115µm displacement amplitude) sonicated80 mL of liquid in a 4 cm ID

x 7:5 cm H glass reactor.

We conducted experiments in water (at298 K) and in [Bmim][Cl] (at 343 K). SCL in water

required the addition of 0:15 g L� 1 of 5-ammino-2,3-diidro-1,4-ftalazindione (luminol,97 %,

Sigma Aldrich) and 4 g L� 1 of sodium hydroxide (NaOH, 98 %, Sigma Aldrich). SCL in

[Bmim][Cl] utilized 50 gof IL and 30 mL of a0:20 g L� 1 luminol and 4 g L� 1 of NaOH solution.

Luminol reacts with the hydroxyl radicals generated through water sonolysis and oxidizes to

3-aminophthalate in its excited state (3-APA*). 3-APA* then relaxes to 3-APA by emitting

visible sonochemiluminescent blue light at a wavelength of425 nm.

A Fuji�lm X-T1 exposure-controlled digital camera and a lens with56 mm focal length ac-

quired SCL images with a shutter speed of2 s and a F1.2 diaphragm aperture (sensibility

ISO1600). We processed the images and measured the intensity of blue light emission signals

with respect to the position in the sonoreactor. MATLAB (The Mathworks Inc., USA) sub-

tracted the blank obtained in silent conditions (no background light) from the acquired SCL

picture, and concealed parasite pixels with a blue �lter. The software retained pixels with

a light intensity above a 25/255 threshold. The lower threshold of 25 is the intensity of the

blue light of the pixels in silent conditions, which corresponds to the background noise signal

in the camera's blue channel. The upper threshold of 255 is the saturation of the 8-bits SCL

images.

5.7 Results and discussion
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5.7.1 Acoustic attenuation

Cavitation bubbles accumulate at the tip of the sonotrode and locally absorb and scatter

sound waves, thereby reducing the cavitation intensity [554, 555]. Neglecting the presence

of bubbles results in higher acoustic pressure and larger active region volumes, as there is

no attenuation of the acoustic wave travelling throughout the reactor (Figure 5.3). The

absolute di�erence betweenV calculated neglecting acoustic attenuation andV computed

by considering the presence of bubbles ranges between161 % and 197 %. These results

demonstrate the signi�cant impact that cavitation bubbles elicit on acoustic �elds and active

region sizes, highlighting the importance of accounting for their presence in models.

Figure (5.3) Pro�les of acoustic pressure �eld and active volume regions for [Etmim][Cl] at
60 W and d= 2 cm. Comparison between simulations with (pro�les on the right) and without
(pro�les on the left) acoustic attenuation elicited by cavitation bubbles. For [Etmim][Cl], the
volumes of the active regions di�er by193 %.

5.7.2 Acoustic pressure - Pmax and Pmin

Positive pressure and negative pressure during acoustic cavitation refer to the pressure in-

crease and decrease, respectively, in the liquid as the sound wave propagates. Cavitation

bubbles grow under positive pressure, while they collapse and release energy in the form of

shock waves, heat, and light under negative pressure.Pmax and Pmin are the maximum and

minimum acoustic pressure in the reactor, respectively.

The regression analysis of the simulation data (Figure 5.4) yielded the following equation for
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Pmax :

Pmax = 49:1 � 104 + 11:5 � 103 � PUS � � + 736:3 � � (5.16)

Pmax localizes under the sonotrode tip and it increases with the increase ofPUS, � , and �

(Eq. 5.16). CP, c, d, and � do not have a signi�cant e�ect on the magnitude ofPmax within

the reactor as they account for less than0:5 % of the variance (Table 5.4).

Figure (5.4) Actual by Predicted plot of Pmax . �
Regression,� 95 % CI of prediction, RMSE=40647.8,
R2=0.972, p-value<0.0001, � Mean of response
(1080 kPa), � � � Prediction interval.

Predictor Portion*

PUS 95:5 %

� 3:0 %

� 0:7 %

CP 0:3 %

c 0:2 %

d 0:2 %

� 0:1 %

Table (5.4) Pmax predictor
screening. Statistic signi�cance
in descending order. *Portion
of the variance explained by the
predictor.

The behaviour ofPmin is more complex and di�cult to describe than that of Pmax . Hence,

we divided the dataset in two groups based on their� . For ILs with � � 1 Pa s(high viscosity,

HV), the regression (Figure 5.5) yielded the following equation:

Pmin,HV = � 38:8 � 103 + 80:2 � 103 � exp

( 
� � � � �

p
CP

19:2 � 104

!)

� 18:7 � 103 �

s
PUS � �

c
(5.17)

Pmin decreases (becomes more negative) as� , � , CP, and c increase, and asPUS and � decrease

(Eq. 5.17). d explains less than0:5 % of the variance and is insigni�cant (Table 5.5).
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Figure (5.5) Actual by Predicted plot of Pmin for
ILs with � � 1 Pa s. � Regression, � 95 % CI,
RMSE=4294,R2=0.955, p-value<0.0001,� Mean of re-
sponse (� 19:34 kPa),� � � Prediction interval.

Predictor Portion*

� 24:5 %

� 24:2 %

� 19:0 %

CP 18:5 %

PUS 7:7 %

c 5:8 %

d 0:3 %

Table (5.5) Predictor screening
analysis of Pmin for ILs with
� � 1 Pa s. Statistic signi�cance
in descending order. *Portion
of the variance explained by the
predictor.

For ILs with �< 1 Pa s(low viscosity, LV), the regression (Figure 5.6) provided the following

equation:

Pmin,LV =
� 4:15� 10� 4 � d

� 0:49 + d
�

 
PUS

�

! 0:53

(5.18)

Pmin,LV decreases asd and PUS decrease, and as� increases.� , � , c, and CP account for less

than 2 %of the variance each and their contribution to the prediction ofPmin,LV is statistically

insigni�cant (p-value> 0.05) (Table 5.6).
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Figure (5.6) Actual by Predicted plot of Pmin for
ILs with � < 1 Pa s. � Regression, � 95 % CI,
RMSE=0.1057, R2=0.877, p-value<0.0001,� Mean of
response (� 0:1813 Pa),� � � Prediction interval.

Predictor Portion*

d 86:0 %

PUS 3:9 %

� 3:9 %

� 1:9 %

� 1:7 %

c 1:2 %

CP 1:1 %

Table (5.6) Predictor screening
analysis of Pmin for ILs with
� < 1 Pa s. Statistic signi�cance
in descending order. *Portion
of the variance explained by the
predictor.

The magnitude of acoustic pressure is directly proportional to the speed of sound in a given

medium. c determines how quickly the sound waves travel through the medium. Asc

increases, the particles in the medium vibrate more rapidly in response to the acoustic wave.

More frequent vibrations increase the magnitude of acoustic pressure. Similarly, as the input

PUS increases, so does the amount of energy transferred to the liquid: the magnitude of the

generated sound waves - hence acoustic pressure - increases.

Despite having insigni�cant e�ects on Pmax , � substantially a�ects Pmin . The higher the �

of a liquid, the larger the negative pressure required to break the cohesive forces keeping the

liquid molecules together.[102] When the negative pressure exceeds the tensile strength of the

liquid, the distance between molecules surpasses the critical molecular distance necessary to

hold the liquid intact and cavitation bubbles form. High viscosity ILs, namely [SPMim]-based

ILs, require lowerPmin to cavitate. For example, [SPMim][PTS] (� = 7113:1 mPa s� 1) requires

� 56 kPato � 58 kPato cavitate at 60 W. On the contrary, [Etmim][MeSO4] (� = 78:8 mPa s� 1)

needs8:21� 10� 8 Pa to � 0:46 Pa to cavitate under the same conditions. Moreover, denser

liquids have higherZ and require higher energy inputs to cavitate. This translates into

cavitation bubbles requiring larger negative acoustic pressure to collapse in high density ILs.

The speci�c heat capacity indirectly a�ects the magnitude of acoustic pressure. WhenCP

increases, it becomes harder to compress the medium through which the sound waves are

travelling: c increases and so does the amplitude of the sound waves, resulting in a higher
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magnitude of acoustic pressure.

The surface tension represents the strength of the cohesion forces that oppose the pressure

variation during the compression and expansion phases of an acoustic cycle. When� de-

creases, the attractive forces between the molecules at the surface decrease, which means

that external forces easily displace the liquid. If� is high, cavitation bubbles require more

energy to expand and contract, and hence the amplitude of the sound wave will be lower.

Conversely, if� is low, the bubbles require less energy to expand and contract, resulting in a

higher amplitude of the sound wave and therefore a higherPmax . Nevertheless,� appeared to

have insigni�cant e�ects (p-value> 0.05) onPmin at � < 1 Pa s. d does not have a signi�cant

e�ect on the magnitude of neitherPmax nor Pmin,HV , but it accounts for a large portion of

the variance when� < 1 Pa s

5.7.3 Active region volume - V

The non-linear regression analysis of the simulated data (Figure 5.7) yielded the following

equation for the volumes of the active regions:

V = 0:12 + 0:11� exp
�� � �

3845:19

��

� (PUS)0:41 �
� CP

c

� � 0:27

� (d)0:13 (5.19)

V increases asPUS, d, and CP/ c increase, and as� decreases (Eq. 5.19). The intensity of

US increases with the increase of inputPUS. When the number of acoustic pressure cycles

increases, cavitation bubbles become larger and more numerous, which then collapse more

frequently and intensely, leading to larger V (Figure 5.8).

In water, the immersion depth of a0:3 cm diameter probe does not a�ect the size of the

cavitation region when exposed toPUS from 20 W to 60 W [587]. Instead, Fattahi et al.

demonstrated that a1:9 cm diameter probe at moderate power of70 W ( 424 W L� 1 power

density) originates active zones below the probe and around its neck, resulting in largerV

and higher cavitation yields [537]. Despite having the same probe, their sonicated volumes

were62 %and 106 %larger than in our study. In ILs, the active regions formed only under

the sonotrode tip andV increased withd for all the ILs (Figure 5.9a and Figure 5.9b). When

the immersion depth increases, the hydrostatic pressure of the liquid surrounding the probe

increases, causingPc to increase as well. This, in turn, implies that the same intensity of

ultrasound will subject a larger volume of liquid to cavitation. Moreover, the faster the

sound waves travel through the medium (highc), the quicker and with greater magnitude

the temperature and pressure change throughout the medium. This results in more rapid

cavitation at lower pressures and in regions where cavitation might not otherwise occur,
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hence largerV.

Figure (5.7) Actual by Predicted plot of V . �
Regression,� 95 % CI, RMSE=0.0204, R2=0.982, p-
value<0.0001,� Mean of response (0:50 cm2), � � � Pre-
diction interval.

Predictor Portion*

� 58:7 %

PUS 23:6 %

CP 8:2 %

c 3:8 %

d 3:3 %

� 1:3 %

� 1:1 %

Table (5.7) Predictor screening
of V. Statistic signi�cance in de-
scending order. *Portion of the
variance explained by the predic-
tor.

Figure (5.8) SCL images in [Bmim][Cl] at20 W (left), 40 W (center), and 60 W (right), with
the probe immersed2 cm. The dashed line represents the probe.V and u increase asPUS

increases.

On the contrary, changes in� a�ect bubbles' size and distribution, hence wave attenuation

[588]. The pressure �uctuations in viscous liquids are more gradual, leading to less shock

waves and energy release during acoustic cavitation, resulting is smallerV (Figure 5.10). The
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higher the c and the lower the� of the ionic liquid, the larger theV. At 60 W and d= 2 cm,

V was the largest for [Etmim][Cl] (0:77 cm3) and the smallest for [SPMim][PTS] (0:22 cm3)

(Figure 5.11).

For comparison, water is 65x and 7113x less viscous than [Etmim][Cl] and [SPMim][PTS],

respectively. At 60 W and d= 2 cm, the V of water is 160 %and 800 %larger than that of

[Etmim][Cl] and [SPMim][PTS], respectively.

(a) V vs d at 60 W.

(b) Images of SCL in [Bmim][Cl] at 60 W with the
probe immersed 0:5 cm (left), 1 cm (center), and
2 cm (right). V and u increase asd increases.

Figure (5.9) There is a positive correlation betweenV and d, with a more pronounced en-
largement whend increases from1 cm to 2 cm.
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Figure (5.10) Comparison between SCL images in water (left side) and [Bmim][Cl] (right
side) at 60 W and d= 2 cm. VH2O is 163 %larger than V[Bmim][Cl] . The brighter areas at the
bottom of the reactor in the SCL images in water are a result of light re�ection caused by
engraving on the bottom of the reactor. In water, active regions form around the neck of the
probe.

Similarly to what described in the previous section, the collapse of a bubble in a low-�

liquid produces a more violent collapse due to the lower cohesive forces holding the liquid

molecules together at the surface. Contrary to what expected,� positively correlates withV.

When � increases, the pressure required to cause cavitation also increases. This is because

cavitation occurs when the local pressure in the liquid falls below the vapour pressure of the

liquid, which is related to its density. Therefore, a denser liquid requires a higher pressure to

achieve the same level of cavitation.� and � did not have a signi�cant e�ect on the volume

of the active regions within the reactor and each accounted for less than1:5 %of the variance

(Table 5.7).

5.7.4 Maximum acoustic streaming surface velocity - u

The regression analysis (Figure 5.12) yielded the following equation for the maximum acoustic

streaming surface velocities:

u = 1:7 + 6:3 � exp

( 

�
� � � � 0:06

0:2 � 104

!)

�
� PUS

c

� 0:3

�

 
c
�

! 0:4

�

 
CP

�

! � 0:07

(5.20)

u increases asPUS, c, and CP increase, and as� and � decrease (Eq. 5.20). AsPUS increases,
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Figure (5.11) Bubble plot representing the relationship between ILs'� and c, with the bubble
size representingV at 60 W and d= 2 cm. As c increases, the volume of cavitation active
regions also increases, particularly for �uids with lower� .

so does the gradient of the acoustic pressure amplitude (primary acoustic radiation force),

which results in more intense Bjerknes forces, hence higheru. Acoustic waves also interact

with the acoustic streaming �ow (secondary acoustic radiation force), which contributes to

the increase inu with increasing PUS (Figure 5.13).

When c increases, the wavelength of the acoustic wave also increases, which leads to a larger

acoustic radiation force and a stronger acoustic streaming �ow. As mentioned before,CP

a�ects the amplitude of sound waves. WhenCP increases, the medium through which sound

waves travel becomes less compressible, which results in an increase of the amplitude of

waves and higherc. [Etmim][Cl] and [Bmim][Cl] have the highestc and generated the fastest

acoustic jets with maximum surface velocities of about24 m s� 1 (Figure 5.14). Similarly,

because the acoustic pressure amplitude and gradient are both proportional to the density of

the �uid, the primary acoustic radiation force is also proportional to the density of the �uid.

Therefore, a higher� of the liquid medium leads to a stronger acoustic radiation force and a

higher u.

On the contrary, u decreases as� increases (Figure 5.15). Like forV, the more gradual
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pressure �uctuations in viscous liquids lead to less intense shock waves formation and en-

ergy release during bubbles collapse, resulting is smaller jets with loweru [589]. In fact,

[SPMim]-based ILs, which all have viscosity above1300 mPa s� 1, yielded the lowest maxi-

mum streaming velocity, ranging from1:7 m s� 1 to 14:2 m s� 1.

� and d did not have a signi�cant e�ect on the magnitude ofu within the reactor and they

account for less than0:5 % of the total variance (Table 5.8).

Figure (5.12) Actual by Predicted plot of u. �
Regression,� 95 % CI of prediction, RMSE=0.6478,
R2=0.992, p-value<0.0001, � Mean of response
(16:25 m s� 1), � � � Prediction interval.

Predictor Portion*

PUS 56:25 %

� 26:4 %

c 8:2 %

CP 6:0 %

� 2:7 %

� < 0:1 %

d <0:1 %

Table (5.8) Predictor screening
analysis of u. Statistic signi�-
cance in descending order. *Por-
tion of the variance explained by
the predictor.
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Figure (5.13) u vs PUS at d= 2 cm. Figure (5.14) u vs c at 60 W and d= 2 cm.

Figure (5.15)u of water, [Etmim][Cl], [Pyrr][Cl], and [SPMim][PTS] at 20 W and d= 2 cm. u
decreases with the increase of� .
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5.8 Conclusions

Conducting experiments to study acoustic cavitation in liquid media other than water can be

costly, particularly when a signi�cant number of variables are involved in the experimental

design. In such cases, numerical modelling has emerged as a particularly useful approach,

as it enables the investigation of a vast array of parameters at a fraction of the cost. In

this study, we characterized the acoustic cavitation in twelve ILs in a horn-type ultrasound

reactor. We developed a model that takes into account the presence of numerous cavitation

bubbles in the sonicated medium. The model incorporates the acoustic impedance mismatch

at the geometrical boundaries of the simulation domain, and treats the ILs as incompress-

ible, Newtonian, and saturated with argon. The experimental design studied the e�ect of

ultrasound input power, probe immersion depth, and �ve ILs' thermodynamic properties on

the acoustic pressure �eld, the volume of the active regions, and on the velocity of the acous-

tic streaming jet. The present study is the �rst to consider a large number of ionic liquids

with such a diverse range of thermodynamic properties. A predictor screening analysis de-

termined the portion of the variance explained by each independent variable. The non-linear

regression of the simulation data provided �ve equations correlating acoustic pressure, active

region volume, and streaming velocity to the variables contributing the most to the variance

of the dataset. Viscosity is the most signi�cant thermodynamic property on all the response

variables except the maximum acoustic pressure. The US input power is signi�cant on all

variables but the minimum acoustic pressure. Speci�cally, the volume of the active regions

and the magnitude of the acoustic streaming �eld increase with the increase of ultrasound

power and the decrease of viscosity, whereas the magnitude of the minimum acoustic pressure

increases with ultrasound power and viscosity. Probe immersion depth positively correlates

with the active region volume and negative acoustic pressure at low viscosity, but its impact

on the maximum acoustic streaming velocity and maximum acoustic pressure is insigni�cant

(p-value> 0.05). 1-ethyl-3-methylimidazolium- and 1-butyl-3-methylimidazolium-based ILs

yielded the largest active region volumes and the fastest acoustic jets. At60 W and d= 2 cm,

[Etmim][Cl] generatesV= 0:77 cm3 and u= 24:2 m s� 1, while [Bmim][Cl] producesV= 0:76 cm3

and u= 24:4 m s� 1. 1-methyl-3-(3-sulfopropyl)-imidazolium-based ILs generated the smallest

active region volumes and lowest maximum acoustic streaming surface velocities �0:17 cm3

and 1:72 m s� 1 for [SPMim][PTS] at 20 W. Sonochemiluminescence experiments validated

the results obtained through numerical simulation. This study advances the understanding

of acoustic cavitation behaviour in ionic liquids and provides valuable insights for optimiz-

ing ultrasound-assisted processes in these solvents, whose application have become more and

more frequent due to their tunable properties. Future research will address some limitations
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of this study, such as the fact that the hygroscopicity of some of the ILs was neglected and the

thermodynamic properties of the ionic liquid were considered independent of temperature,

which is equivalent to simulating the �rst stages of a sonication process. Because the ultra-

sound probe vibrates, there is a vertical displacement occurring at the liquid-probe boundary.

Future investigations should consider the ultrasound tip as a moving wall rather than a �xed

wall. Additionally, this study focused on argon gas to saturate the liquid, leaving room for

investigation of other gases.
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Abstract

The simultaneous depolymerization and functionalization of lignin is an economic alterna-

tive to repurpose this complex macromolecule. Lignin's poor solubility in water and most

organic solvents has been a historical impediment to deriving specialty chemicals, relegating

it to its combustion for fuel value. Here we explored, for the �rst time, the simultaneous

ultrasound-assisted depolymerization and esteri�cation of two LignoForce lignins in methyl-

imidazolium ionic liquids using acetic acid, butyric acid, oleic acid, and their corresponding

chlorides. Ultrasound at20 W cm� 2 and 23µm vibration amplitude, at 40°C for 1 h in 1-

butyl-3-methylimidazolium acetate ([Bmim][Ac]) cleaved aryl ether bonds, achieving an85 %

reduction in average molecular weight and a30 %decrease in� -O-4 linkage content. Chloride-

based esterifying agents delivered esteri�cation rates 1.6 to 3.4 times higher and produced

lignin derivatives with greater thermal stability compared to those obtained with organic

acids. Butyryl chloride achieved the highest ester content, with the ultrasound-assisted pro-

cess producing 2.5 times more esters compared to traditional heating over48 h. We evaluated

[Bmim][Ac] recyclability over three cycles. Ester content increased over the �rst two cycles

but decreased by45 % in the third, highlighting the need for further optimization of ionic

liquid recovery and reuse. Future work will focus on improving separation and recovery, and

scaling the reaction in a continuous sonoprocessing setup.
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6.1 Introduction

Lignin is a by-product of the pulp and paper industry: pulp mills separate lignin from

cellulose and hemicellulose during the manufacture of paper and carton. Less than5 %of the

industrial lignin is treated and converted into added-value chemicals. Paper mills combust the

remaining 95 %to sustain manufacturing operations, thus wasting a carbon and oxygen-rich

source that could originate valuable products [9]. Lignin is a complex biopolymer that makes

up, on average,25 %of the biomass. In 2022, the Food and Agriculture Organization of the

United Nations estimated that the global wood pulp production was 158 million tonnes [8],

which corresponds to 39 million tonnes of lignin, with an expected global market net worth

of 1.4 billion USD by 2030 [590].

Industrial lignin can be repurposed in four ways: (1) as is in composite materials as radical

scavenger or to alter the thermal properties; (2) functionalized to produce a large molecule

with enhanced characteristics; (3) depolymerized to obtain monomers or small oligomers like

phenolics through oxidative or reductive catalytic depolymerization; and (4) depolymerized

and functionalized to monomers or small oligomers. These strategies leverage lignin's unique

properties to create value-added products across various industries.

Despite the apparent simplicity of these strategies, lignin's complex structure has thwarted

industry for decades. This biopolymer consists of phenylpropane units � guaiacyl, syringyl,

and p-hydroxyphenyl � interconnected thorugh a variety of ether and carbon-carbon linkages

(Figure 6.1). This intricate molecular architecture renders lignin treatment and characteri-

zation particularly laborious.

The main challenges associated with lignin and its processing are: (i) the macromolecule com-

plex structure that varies with the genetics of the plant and the environmental conditions at

the time of ligni�cation, leading to a variable feedstock composition, (ii) its hydrophobicity

and poor solubility in most organic and/or protic solvents [12, 13], and (iii) its depolymer-

ization requires200°C to 400°C and more than350 bar[14].

The most common and the weakest linkage in lignin is the the� -O-4, which represents about

50 %of all the linkages and it has a dissociation energy of160 kJ mol� 1 to 270 kJ mol� 1 (C� -

O) and 220 kJ mol� 1 to 310 kJ mol� 1 (C� -C� ) [15]. The cleavage of� -O-4 bonds generates

methoxyphenolic compounds that easily convert into other molecules of industrial interest [2,

591]. Among the various reactions that methoxyphenolic compounds undergo, esteri�cation
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Figure (6.1) Generic lignin structure and phenylpropane linkages.

and O-acylation are particularly appealing, as they produce derivatives with enhanced UV

and thermal resistance, hydrophobicity, and solubility � properties that are crucial for a wide

range of applications. For example, esteri�ed lignin encapsulates bioactive compounds like

porphyrin for e�cient drug delivery [592], increases the thermal stability and hydrophobicity

of polylactic acid composites [593] and the thermo-oxidative stability of biolubricants [96].

Lewis and Brauns [93] and Glasser and Jain [94] esteri�ed lignin with the chloride or anhy-

dride of monobasic aliphatic carboxylic acids, both saturated and unsaturated, in pyridine.

O-acylation took 4 h to 48 h. Acid chlorides were twice as more reactive than the corre-

sponding anhydrides. The chain length of the esterifying agent (EA) a�ects the properties

of the product. For molding applications, EAs with less than or equal to 12 C atoms yield

esters that stratify and display adhesiveness between the mold and the molded piece. On

the contrary, EA with longer chains yielded esters with better lubricating properties with

minimal adhesion between the mold and the molded piece and no observable strati�cation

[93]. Guo and colleagues [95] conducted similar reactions in which sebacoyl or terephthaloyl

chlorides acylated Kraft lignin and lignin model compounds in N,N-dimethylacetamide or

N-methyl-2-pyrrolidone as solvents in the presence of triethylamine or pyridine as catalyst.

For lignin model compounds, pyridine favoured the acylation of aliphatic OH groups, while
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triethylamine favoured phenolic OH groups. No study was conducted on the reactivity of

Kraft lignin OH groups. Koivu et al. esteri�ed softwood LignoBoost lignin in a THF-DMF-

pyridine solution with fatty acid chlorides at 65°C for 48 h. The C2 acyl chlorides reacted

with any available OH regardless of their chemical nature, whereas C8-C16 acyl chlorides

reacted preferentially with aliphatic hydroxyl groups [97].

Unlike reactions in pyridine that takes several hours or days, OH acylation in 1-methyl

imidazole is faster with reactions times of minutes to a few hours [99]. This is because

the anhydride reacts with 1-methyl imidazole to form a N-alkyl-N'-methylimidazolium ion,

which in turn reacts irreversibly with the alcohol group. During the latter step, 1-methyl

imidazole acts as the proton scavenger. For example, Thielemans and Wool [100] esteri�ed

both hardwood and softwood lignin with various anhydrides in 1-methyl imidazole at50°C

in 2 h.

Interestingly, methyl imidazole-based ionic liquids (ILs), speci�cally protic ILs (PILs), not

only dissolve lignin, but they also depolymerize it by cleaving the� -O-4 linkage between

130°C to 200°C [594, 595, 596, 597, 598]. 1-H-3-methylimidazolium chloride hydrolyzed

more than 70 % guaiacylglycerol-� -guaicyl ether and veratrylglycerol-� -guaicyl ether � two

lignin reference compounds � to guaiacol at150°C [599].

0:5 g1-methyl-3-(3-sulfopropyl)-imidazolium hydrogen sulfate in30 mLof 1:5 v/v H2O:CH3OH

mixture cleaved most aryl-ether bonds in1 h at 120°C, achieving a78 %yield of THF-soluble

products (124 Dato 196 Da) [600].

The PILs' anion plays a primary role in lignin dissolution while the cation only a secondary

role [31]. The presence of extra hydroxyl groups in the anion chain hinders lignin dissolution.

Speci�cally, � -hydroxyl groups increase the anion polarity thereby promoting hydrogen bond-

ing within the PIL while reducing the interactions with lignin, hence its solubility [31, 601].

Certain aprotic ILs that are synthesized through quaternization followed by anion exchange,

display acid-base equilibrium, hence acting like PILs. Imidazolium-based ILs combined with

basic anions (e.g. acetate) belong to this category [602, 603] They easily exchange the proton

on the C2 position [604].

Achinivu et al. developed amine-acetate PILs that solubilized more than50 %of Kraft lignin

at 90°C with no hemicellulose or cellulose dissolution and no sign of� -O-4 bond cleavage

[41].

Besides the ability to dissolve and depolymerize lignin, ILs have excellent solvent properties,

non-�ammability, low vapour pressure, and high thermal stability [15]. However, ILs cost 2

to 100 times more than traditional organic solvents and certain types are toxic to enzymes
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and microorganisms applied in downstream stages of biomass valorization. Moreover, while

ILs are recyclable, their recovery is di�cult due to the presence of impurities [605].

Ultrasound-assisted processing has emerged as a promising technique for enhancing lignin

valorization. This method employs high-frequency sound waves to create cavitation bubbles

in the reaction medium, which collapse and generate localized hot spots of up to10 000 K

and 100 000 bardepending on the system [606]. These conditions cleave lignin's complex

structure, particularly the aryl ether linkages. Ultrasound (US) cavitation accelerates reac-

tion rates, including esteri�cation [529, 607] and transesteri�cation [528], reduce processing

times [16, 17], and improve yields in lignin depolymerization [515] and functionalization

processes [522]. When combined with ILs, US processing o�ers a more e�cient and less

energy-intensive approach to lignin valorization compared to traditional heating and mix-

ing methods, with energy savings of about55 % and volumetric productivity 10- to 30-fold

superior when continuous [? ].

In this work, we investigated the US-assisted, one-pot depolymerization and esteri�cation/O-

acylation of two LignoForce lignins in two methylimidazolium-based ILs, comparing the re-

sults to those obtained using traditional heating and mixing protocols. We chose 1-butyl-3-

methylimidazolium acetate and 1-butyl-3-methylimidazolium chloride based on their acidity

pro�le and their ability to cavitate and generate large active zones under US irradiation [608].

We evaluated the recovery and reutilization of the ILs post-processing and put forward con-

siderations regarding process complexity and scalability.

6.2 Materials and methods

6.2.1 Chemicals

All listed chemical were used without further puri�cation.

Lignins: LignoForce softwood lignin in hydrogen form (Lignin A), LignoForce softwood lignin

in sodium salt form (Lignin B).

Ionic liquids (ILs) : 1-butyl-3-methylimidazolium acetate ([Bmim][Ac], 98 %, MuseChem),

1-butyl-3-methylimidazolium chloride ([Bmim][Cl], 98 %, MuseChem).

Esteri�cation Agents (EAs) : Acetyl chloride (98 +%, Sigma Aldrich), butyryl chloride (98 %,

Sigma Aldrich), oleoyl chloride (89 %, Sigma Aldrich), acetic acid (99 %, Sigma Aldrich),

butyric acid (99 %, Sigma Aldrich), oleic acid (90 %, Sigma Aldrich)

Organic Solvents: Ethanol (EtOH, anhydrous USP, Commercial Alcohols), 2-propanol (iPrOH,

99:5 +% Sigma Aldrich), dimethyl sulfoxide (DMSO, Fisher Chemicals), tetrahydrofuran
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(THF, 99 +% with with 0:025 wt% butylated hydroxytoluene as stabilizer, Fisher Chemi-

cals), acetonitrile (ACN, 99:8 +%, Sigma Aldrich)

Analyticals and others: 2-chloro-4,4,5,5-tetramethyl-1,2,3-dioxaphospholane (Cl �TMDP,95 %

Sigma Aldrich), N-hydroxy-5-norbornene-2,3-dicarboxyimide (e-NHI,99 +%, TCI America—),

tris(2,4-pentanedionato)chromium(III) (TPDCr, 98 +%, TCI America—), deuterated chloro-

form (99:8 +%, Sigma Aldirch), pyridine (99 %, Sigma Aldrich), 3-nitroaniline (98 %, Sigma

Aldrich), sulfuric acid (98 %, Sigma Aldrich), acetic acid (99 vol%, Reagent Plus—), acetyl

bromide (99 %, Merck).

6.2.2 Design of experiments and statistical analysis

This work incorporates two experimental designs (DOEs). The objective of DOE 1 was to de-

termine the extent of depolymerization of lignin A and lignin B under US exposure in two ILs

([Bmim][Ac] and [Bmim][Cl]) without adding any EA, as well as to identify which IL yielded

the most depolymerized lignin and the greatest reduction of aryl ether linkages. Through

the results of DOE 1, we calculated the necessary equimolar amount of EA for the one-pot

reactions of DOE 2. DOE 1 identi�ed the optimal lignin, IL, and US power for subsequent

one-pot depolymerization and esteri�cation experiments, considering not only the degree of

depolymerization but also recovery e�ciency and ease of handling (i.e. sonoprocessing and

reaction work-up). The objective of DOE 2 was to determine which EA type � i.e. acid or

chloride and EA chain length � produced the highest ester content, and whether aliphatic

or aromatic esters predominated for each EA type. The latter correlates dispersibility, hy-

drophobicity, and thermal stability, especially when esteri�ed lignin is employed as lubricant

additive.[96, 609] For both experimental designs, tests were randomly repeated three times to

estimate the variability due to errors and strengthen the internal validity of the experiments

(Test repeats and relative standard deviation range in Table 6.6 and Table 6.8).



146

Table (6.1) DOE 1 � A and P I are the US operating vibration amplitude and power density,
respectively. BDA and BDB are the silent depolymerization tests (no US) in lignin A and
lignin B, respectively. D# are the US-assisted depolymerization tests.

Test code Lignin IL US
Type Ash Type H0 A PI
A/B % Acetate or Chloride µm W cm� 2

BDA-BA A 1 [Bmim][Ac] 3.5 - -
D1 A 1 [Bmim][Ac] 3.5 23 20
D2 A 1 [Bmim][Ac] 3.5 34 26
D3 A 1 [Bmim][Ac] 3.5 46 32

BDA-BC A 1 [Bmim][Cl] 3.1 - -
D4 A 1 [Bmim][Cl] 3.1 23 14
D5 A 1 [Bmim][Cl] 3.1 34 19
D6 A 1 [Bmim][Cl] 3.1 46 25

BDB-BA B 22 [Bmim][Ac] 3.5 - -
D7 B 22 [Bmim][Ac] 3.5 23 20
D8 B 22 [Bmim][Ac] 3.5 34 26
D9 B 22 [Bmim][Ac] 3.5 46 32

BDB-BC B 22 [Bmim][Cl] 3.1 - -
D10 B 22 [Bmim][Cl] 3.1 23 14
D11 B 22 [Bmim][Cl] 3.1 34 19
D12 B 22 [Bmim][Cl] 3.1 46 25
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Table (6.2) DOE 2 � EB# are silent esteri�cation tests (no US). E# are one-pot US-assisted
depolymerization and esteri�cation tests,A and P I are the US operating vibration amplitude
and power intensity, respectively. EA is the esterifying agent. For all tests, [Bmim][Ac] was
the IL and lignin B the substrate

Test EA C# A PI T t
µm W cm� 1 °C h

EB1 acetic acid 1 - - 150 48
EB2 acetyl chloride 1 - - 150 48
EB3 butyric acid 4 - - 150 48
EB4 butyryl chloride 4 - - 150 48
EB5 oleic acid 18 - - 150 48
EB6 oleoyl chloride 18 - - 150 48

E1 acetic acid 1 23 20 40 1
E2 acetyl chloride 1 23 20 40 1
E3 butyric acid 4 23 20 40 1
E4 butyryl chloride 4 23 20 40 1
E5 oleic acid 18 23 20 40 1
E6 oleoyl chloride 18 23 20 40 1

We conducted statistical analyses on the response variables to identify signi�cant predictors,

quantify their e�ects, test hypotheses, evaluate the signi�cance of the experimental results,

and optimize the response factors by determining the optimal combination of dependent

variables (Table 6.3).

For each DOE, (i) a predictor screening with bootstrap forest partitioning (100 decision trees)

identi�ed the most signi�cant predictors, (ii) a t-test or ANOVA determined which groups

are statistically di�erent and con�rmed which factors have the most signi�cant impact on

the outputs.

6.2.3 Depolymerization reactions - DOE 1

For all tests, the lignin concentration was60 g L� 1. 50 mL of IL dissolved lignin for 90 min

under magnetic stirring at 360 rpm in a thermostatic beaker. Dissolution in [Bmim][Ac]

occurred at 40°C, while dissolution in [Bmim][Cl] (solid at room temperature) took place

at 70°C. After complete lignin dissolution, a20 kHz and 500 W nominal power ultrasonic

processor from Sonics&Materials Inc. with a13 mm replaceable tip sonicated the reaction

mixture for 60 min, with the thermostatic jacket of the reactor set at40°C to prevent over-

heating of the piezoelectric ceramic in the US transducer. The probe (115µm max vibration
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Table (6.3) Summary of the predictor and response variables investigated in DOE 1 and DOE
2

Variable Description

A US probe vibration amplitude, in µm
PI US power intensity, in W cm� 2

H0 IL Hammett acidity
T Temperature, in °C
t Time, in h
EA Esteri�cation agent type, acid or chloride
C# EA chain length
[aOH] Aliphatic hydroxyl content. From 31P-NMR
[PhOH] Phenolic hydroxyl content. From 31P-NMR
[cPhOH] Conjugated phenolic hydroxyl content. From 31P-NMR
[COOH] Carboxyl hydroxyl content. From 31P-NMR
[aOH]/[ArOH] Ratio of aliphatic to total phenolic content. From 31P-NMR
MW Weight-average molecular weight. From GPC
PDI Polydispersity index (PDI). From GPC
H=L Ratio of the areas of the high MW (> 600 Da) to

low MW peaks (� 600 Da). From GPC
S=G Syringol to guaiacol ratio. From 31P-NMR
Abs C=O Maximum absorbance of ester C=O stretching

vibration. From ATR-FTIR

amplitude [610]) was positioned in the center of the reactor and immersed1:5 cm[608]. The

operating US vibration amplitude varied according to the DOE (Table 6.1)2.

At the end of the reaction, the IL/lignin mixture was poured in a beaker containing450 mL

of acetonitrile. The mixture stirred and rested for20 min, during which lignin phased out

and precipitated at the bottom of the beaker. The slurry was stirred and split into various

centrifuge falcon tubes. Each tube centrifugated at 6000 rpm for20 min. EtOH and/or

iPrOH washed the solid to remove any IL residue:30 mL of solvent was added to each tube

containing the solid lignin. The mixture then spun at 6000 rpm for20 min. After discarding

the liquid, the solid dried overnight at95°C and it was then ground with a mortar and stored

in a scintillation vial for further characterization.

6.2.4 One-pot depolymerization and esteri�cation reactions - DOE 2

The esteri�cation tests followed the same procedure as the depolymerization reaction, with

minor adjustments: the EA mixed in with the IL/lignin mixture just before sonication. After

2The US system was calibrated through the calorimetric method to determine the correlation between
amplitude and power delivered to the system.
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5 min, pyridine was added to neutralize the HCl originating from the O-acylation with the

chlorinated EAs. For the control tests, the esteri�cation took place on a heating plate for

48 h at 150°C under magnetic stirring at 360 rpm.

The amount of EA added was 1.5 times the total OH content of the depolymerization test

(DOE 1) that yielded the highest molecular weight reduction and the highest� -O-4 cleavage

(test D7, total OH: 2:5 mmolOH =glignin , EA added: 3:75 mmolOH =glignin ).

6.2.5 Characterization

Fourier-transform infrared

A ThermoScienti�c Nicolet iS5 Fourier-transform infrared (FTIR) spectrometer with an at-

tenuated total re�ectance (ATR) iD7 accessory scanned the samples 35 times with a resolution

of 1 cm� 1 in a spectral range from4000 cm� 1 to 500 cm� 1. ATR-FTIR analyzed both liquid

and solid samples, the latter before and after vacuum drying in a desiccator.

31 P-NMR and hydroxyl content

A Varian 500 nuclear magnetic resonance spectrometer tuned for phosphorus (31P-NMR)

scanned the samples 128 times at22°C with a spectral width of 85 kHz, pulse �ip angle of

90°, acquisition time of 2 s, and relaxation delay of5 s.

Prior to the analysis, samples were phosphitylated following the method reported by Granata

and Argyropoulos [611]. Cl �TMDP phosphitylated the samples, e-NHI was the internal

standard [612], and TPDCr was the relaxation agent[97]. Deuterated chloroform and pyridine

were the solvents. Spectra were recorded about12 h after phosphitylation.

We applied a 3 Hz apodization to the 31P-NMR signal and corrected the baseline with a

Bernstein polynomial (order 10). We manually phased the spectra and referenced them to the

peak of 4,4,5,5-tetramethyl-1,2,3-dioxaphospholan-2-ol (OH�TMDP), the reaction product

of Cl �TMDP and H 2O at 132.2 ppm[97].

The hydroxyl content was calculated from31P-NMR data following Argyropoulos' procedure[615].

Syringol to guaiacol ratio (S/G) and aliphatic OH to total phenolic OH (aOH/ArOH) were

extrapolated thereafter.

13 C-NMR and ester content

A Bruker Avance II 400 (400:1 MHz) nuclear magnetic resonance spectrometer tuned for

carbon (13C frequency: 100:6 MHz) conducted all solid-state13C-NMR experiments. 13C
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Table (6.4) 31P-NMR integration regions[97, 613, 614]

Compound Integration range (ppm)

Unreacted Cl �TMDP 175.0-174.5
e-NHI 152.4-151.5

Aliphatic OH 150.0-145.0
Condensed phenolic OH 145.0-140.0

Non-condensed phenolic OH 140.0-137.5
Carboxylic acid OH 137.0-134.0

OH�TMDP 132.5-131.5

CPMAS experiments: spectral width50 kHz, aquisition time 20 ms, 3400 scans, repetition

time (d1) 1 s, contact time (P15) 2 ms. RF �eld in 1H: 71 kHzfor 90° for pulse and decoupling,

79 kHz for CP; 55 kHz for CP in 13C. 13C DPMAS experiments: spectral width50 kHz,

aquisition time 20 ms, 1400 scans, repetition time (d1)5 s, 10° to 30° for 1H pulse.

Gel permeation chromatography and molecular weight

A ThemoScienti�c UltiMate 3000 HPLC system adapted to gel permeation chromatography

(GPC) determined the molecular weight (MW) distribution and polydispersity index (PDI) of

untreated, depolymerized, and esteri�ed lignins upon calibration with polystyrene standards

(SL-105, Shodex). THF eluted the samples in isocratic mode at a �owrate of0:5 mL min� 1

and 25°C in a PLgel MIXED-D, 7.5 x 300 mm, 5µm column. Lignin and esteri�ed lignin

are partially soluble or insoluble in THF. Therefore,2:5 mL of a 8:92 acetyl bromide and

acetic acid mixture acetobrominated10 mg of product for 2 h under mild stirring at 70°C

prior to GPC analysis to increase their solubility. A rotary evaporator removed the excess

acetyl bromide and acetic acid solution. Samples dried overnight in an oven at90°C. Prior

to analysis,2 mL of THF dissolved the samples and PTFE syringe �lters (13 mm diameter,

0:2µm pore size) removed the undissolved solids.

Thermogravimetric analysis and thermal stability

A 550 thermogravimetric analyzer (TGA) from TA Instruments determined the weight loss of

our samples with a ramp of10°C min� 1 until 780°C . Analyses were conducted in nitrogen at

40 mL min� 1 to prevent lignin oxidation. Prior to analysis, a vacuum oven dried the samples

at 60°C for 48 h.
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UV-Vis spectrophotometry and Hammett acidity

To determine the Hammett acidity function (H0), we followed the spectrophotometric method

reported by Cox et al.[594]. A ThermoScienti�c Evolution 220 UV-Visible spectrophotometer

measured the absorbance of the samples. 3-Nitroaniline was the indicators tested, sulfuric

acid was the standard, and DMSO diluted the ILs.

6.3 Results and discussion

6.3.1 DOE 1 � Depolymerization

US (A and P I combined) accounts for82 % of the [aOH] variance (Table 6.5), exhibiting

a negative correlation with a probability of less than0:03 % that this variance was due to

chance.

Table (6.5) DOE 1 Predictor screening. Percentages indicate variance explained by each
predictor. A is the US vibration amplitude, P I is the US power intensity,H0 is the Hammett
acidity of the ionic liquid

Response
Predictors (Variance Explained)
Lignin H0 A PI

[aOH] 10 % 8 % 57 % 25 %
[PhOH] 56 % 21 % 8 % 15 %
[cPhOH] 63 % 10 % 13 % 14 %
[COOH] 34 % 37 % 11 % 18 %
[aOH]/[PhOH] tot 50 % 15 % 24 % 11 %
S/G 28 % 32 % 28 % 12 %
MW 23 % 44 % 18 % 15 %
PDI 35 % 37 % 16 % 12 %
H/L 24 % 48 % 16 % 12 %

Under silent conditions (i.e., without US), both [Bmim][Ac] and [Bmim][Cl] e�ectively de-

polymerize lignin A and lignin B, reducing their MW by 15 %to 51 %(Table 6.6). However,

under US irradiation, signi�cant depolymerization only occurs in [Bmim][Ac]. US com-

bined with [Bmim][Cl] cleaves a few bonds, leading to the formation of small highly reactive

oligomers that rapidly react with larger ones. This reaction increases both the average MW

distribution and the PDI, with notable di�erences between the two types of lignin (Table

6.6). In [Bmim][Ac], depolymerization of lignin A was minimal. Although the GPC-UV de-

tected fractions below1500 Dain samples D1, D2, and D3, the overall MW reductions were

only between1 % and 5 % compared to untreated lignin. In constrast, lignin B underwent
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substantial depolymerization in [Bmim][Ac], with MW reductions between50 % and 86 %

compared to untreated lignin.

Table (6.6) Response variables of DOE 1. MW is inDa. Tests D2, D5, D7, D8, D11, and
D12 were repeated three time. Relative standard deviation (RSD) is2 % to 7 % depending
on the characterization technique

Sample MW PDI H/L S/G aOH/ArOH

Lignin A 4718 2.04 14.3 0.23 0.56
BDA-BA 4031 3.3 2.5 0.31 1.11

D1 4495 2.15 11.5 0.25 0.57
D2 4620 2.07 13.3 0.27 0.62
D3 4691 3.41 12.8 0.26 0.63

BDA-BC 2652 2.11 8.4 0.33 0.74
D4 6826 2.62 14.0 0.28 0.55
D5 5381 2.38 13.6 0.31 0.55
D6 7216 2.7 18.2 0.27 0.53

Lignin B 4533 2.41 6.0 0.18 1.17
BDB-BA 2234 2.59 1.8 0.30 0.89

D7 676 1.65 0.4 0.35 0.82
D8 2132 2.36 1.1 0.34 0.78
D9 2373 2.06 1.8 0.32 0.78

BDB-BC 2652 2.11 8.4 0.24 0.89
D10 16652 7.89 12.0 0.31 0.97
D11 17439 8.29 19.4 0.35 0.81
D12 13188 7.44 12.0 0.41 0.88

The correlation observed between MW and lignin type, and MW and IL, also applies to the

H/L ratio. The combination of lignin B and [Bmim][Ac] results in the lowest H/L ratios,

ranging from 0.4 to 1.8, indicating the highest level of depolymerization (Table 6.6 and Figure

6.2).

The phenolic content ([PhOH] and [cPhOH]) is signi�cantly (p-value: 0.0008 and 0.0004,

respectively) higher in lignin A samples compared to lignin B samples, while [COOH] is sig-

ni�cantly higher in lignin B samples than lignin A samples (p-value: 0.026). However, there

is no signi�cant di�erence in the means of A and B samples when compared to untreated

lignin. This indicates that the type of lignin investigated � LignoForce with 1 % and 22 %

of ash � doesn't in�uence the variations in PhOH and cPhOH content following treatment.

For [cPhOH] the type of IL doesn't signi�cantly a�ect nominal concentrations but it does in-

�uence the variation compared to untreated lignin (p-value: 0.008). Speci�cally, [Bmim][Ac]

leads to lower concentrations than [Bmim][Cl], particularly in lignin B. Based on S/G ratios,
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Figure (6.2) Gel permeation chromatograms of untreated lignin B, silent (no US) depolymer-
ization of lignin B in [Bmim][Ac] (BDB-BA) and samples D7, D8, and D9. The number next
to each curve represents H/L � the abundance of high MW fractions with respect to low MW
faction.

Lignin A appears to contain a higher proportion of aryl ether linkages than lignin B. Follow-

ing treatment, S/G increases for both lignin types, suggesting that treatment preferentially

cleaves� -O-4 bonds associated with syringyl units while preserving guaiacyl units. Although

US contributes to the cleavage of� -O-4 linkages, it is the IL that has the largest variance

compared to untreated lignin, with no signi�cant di�erence between acetate and chloride ILs.

In addition to the MW and S/G variation, [aOH]/[ArOH] assesses the overall aryl ether bond

cleavage. The two lignins display a signi�cant di�erence in aliphatic to phenolic content (p-

value: 0.005), with lignin B samples showing larger reductions. This indicates that the lignin

B is more subsceptible to aryl ether bond cleavage than lignin A, resulting in the release of

phenolic units in the process. Notably, lignin B has an ash content of22 %, 1 % of which

is potassium. Previous studies report that potassium promotes the cleavage of� -O-4 and

� -O-4 bonds in lignins [616, 617], which may explain the observed di�erences between lignin

A and B in this study, and our previous study [522]. US at20 W cm� 2 and 23µm vibration

amplitude in [Bmim][Ac], lignin B yielded the product, D7, with the lowest MW and PDI

(Table 6.6) with the highest S/G and the lowest aOH/ArOH, indicating the most aryl ether

bond cleavage (Figure 6.3). D7 exhibits increased aromaticity with unchanged ester C=O

stretching (Figure 6.4), which is consistent with the depolymerization of the macromolecule
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through aryl ether bond cleavage, which releases additional phenolic units in the solution

thereby increasing the intensity of the peaks associated with aromaticity.[618, 619]

Figure (6.3) Bubble plot representing the relationship between syringol to guaiacol ratio
(S/G) and aliphatic OH to total phenolic OH ratio (aOH/ArOH), with the bubble size
representing the average molecular weight obtained through GPC analysis. Warm colours:
Lignin A and its derivatives; cold colours: lignin B and its derivatives. The darkness of
the colours intensi�es with increasing US vibration amplitude and power intensity. D7 has
the lowest MW and the highest� -O-4 cleavage rate based on S/G increase and aOH/ArOH
decrease with respect to untreated lignin B.

Although the ester C=O stretching is usually in the range176 cm� 1 to 1720 cm� 1 for aliphatic

and aromatic esters, in lignins the peak shifts towards lower wavenumbers because of the

strong intramolecular hydrogen bonding. For example, for Induline AT and Protobind (from

non-wood sources) lignins, the ester C=O stretching (conjugated and non-conjugated) peak

is between1700 cm� 1 and 1640 cm� 1[620]. Similarly to Rashid et al. [621], the LignoForce

lignins investigated in this work have stronger hydrogen bonding, with C=O stretching peaks

around 1600 cm� 1.

Based on the results from DOE 1, we retained the depolymerization conditions established

in test D7 for DOE 2.
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Figure (6.4) ATR-FTIR of lignin B and D7. Aromaticity as C=C, =C-H in-plane, and C=C-
H stretching vibrations increases upon treatment in D7, while the C=O stretching remains
unchanged.

6.3.2 DOE 2 � One-pot Depolymerization and Esteri�cation

The EA caused the most variance in the response variables. Speci�cally, the form of the EA

� organic acid or chloride � signi�cantly a�ects the content of aryl ether linkages, while the

EA chain length a�ects the MW distribution, as well as the esteri�cation extent (Table 6.7).

Table (6.7) DOE 2 Predictor Screening. Percentages indicate variance explained by each
predictor. EA type is acid or chloride, C# is the chain length of the EA

Response
Predictors (Variance Explained)

A P I EA type EA C# t T
[aOH]/[ArOH] 6 % 3 % 33 % 21 % 19 % 17 %
S/G 3 % 3 % 19 % 63 % 7 % 5 %
MW 2 % 2 % 1 % 73 % 11 % 11 %
PDI 11 % 10 % 3 % 21 % 23 % 32 %
H/L 4 % 5 % 6 % 81 % 2 % 2 %
Abs C=O 6 % 6 % 26 % 38 % 13 % 11 %

The aromaticity and the ester content increases for all samples, suggesting that simultaneous

depolymerization and functionalization occur regardless of the esteri�cation method and

EA (Table 6.8). This con�rms that the simultaneous depolymerization and esteri�cation
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occurs both in silent and US-assisted conditions. However, US-assisted depolymerization

and esteri�cation at 20 W cm� 2 for 1 h at 40°C yielded products with an ester content within

� 20 %that of silent esteri�cation for 48 h at 150°C (based on C=O stretching absorption).

The reactivity of acid-EAs increases with the length of their aliphatic chain, regardless of es-

teri�cation conditions (silent vs US-assisted). On the contrary, the reactivity of chloride-EAs

decreases with the increase of the aliphatic chain length for silent esteri�cations. However,

under US irradiation, the reactivity of C4 and C8 chloride-EAs is higher than that of C2.

The reactivity di�erence between acid and chloride EAs under US irradiation varies with

chain length due to two primary factors: (i) US generates hot spots that promote C-Cl bond

dissociation, especially in longer-chain chloride-EAs, where the increasing electron-donating

e�ects of alkyl chains progressively destabilize the bond's electronic structure, and (ii) US-

induced mass transfer overcomes the steric hindrance of longer aliphatic chains, facilitating

their interaction with the substrate. Conversely, US fails to enhance acid EA reactivity be-

cause of the stronger C=O-H bond, the distinct reaction mechanism involving proton transfer

steps, and water formation as a byproduct. These characteristics render acid-catalyzed es-

teri�cation less responsive to US e�ects. As a result, longer-chain chloride-EAs demonstrate

higher reactivity under US conditions compared to silent esteri�cation, while acid-EAs ex-

hibit consistent reactivity patterns regardless of US application.

Among all esteri�cations, silent esteri�cation yields the products with the lowest MW, with

reductions ranging from82 % to 87 % compared to lignin B. US-assisted tests, while still

e�ective, results in a more moderate MW reduction of67 %to 75 %. Among the US-assisted

reactions, E4 with butyryl chloride as EA yielded the highest esteri�cation degree (2.5 times

higher than EB4, Figure 6.5) and the most substantial MW reduction with a �nal MW of

1134 Da. The enhanced reactivity of chloride EA under US, combined with the signi�cantly

lower steric hindrance of butyryl chloride compared to oleoyl chloride�a di�erence of 12

carbon atoms�emerges as a critical factor driving the esteri�cation e�ciency.

While 13C-NMR con�rmed the presence of esters and their aliphatic chain length, their

quanti�cation was not possible due to the presence of residual [Bmim][Ac] (traces, ppm),

whose peaks partially overlap with those of the esteri�ed lignins. Nevertheless, the intensity

of the carboxylic carbons (170-175 ppm) follows the same trend observed for the FTIR C=O

stretching absorbance.

The TGA analyses of depolymerized and esteri�ed lignins corroborate the observations from

GPC, FTIR, and 31P-NMR analysis. Thermal stability decreases with the reduction in MW

and the increased cleavage of� -O-4 linkages. Notably, samples EB4 and E4 exhibit lower

onset decomposition temperature compared to lignin B and D7. All treated samples retain
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Figure (6.5) ATR-FTIR spectra of lignin B, its silent esteri�cation (EB4) and US-assisted
esteri�cation (E4) with butyryl chloride. Both aromaticity and C=O content increases for
EB4 and E4, which is consistent with GPC data.

about 20 % of their initial weight at 780°C (Figure 6.6), aligning with the ash content of

lignin B (22 %). This suggests complete degradation of the organic fraction, consistent with

the signi�cant MW reduction observed following treatment.

Acetate and chloride EAs produce esteri�ed lignins with similar onset degradation tempera-

tures. However, lignin esteri�ed with acetate-EAs degrade faster than lignin esteri�ed with

chloride-EAs, regardless of the esteri�cation method. Chloride EAs are indeed more reac-

tive than their acetate counterparts, and lead to higher esteri�cation degrees (consistent with

FTIR data) and possibly more stable molecular complexes due to intramolecular crosslinking.

Despite crosslinking reactions have been reported between the chlorides of organic acids and

lignin [622, 623], GPC and FTIR analysis indicate no sign of crosslinking following treatment.

The chain length of the EAs did not a�ect the thermal stability of products obtained through

traditional heating (EB samples). However, for samples esteri�ed using US, thermal stability

decreased with the increase of the the chain length (Figure 6.7). Traces of [Bmim][Ac] in
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Table (6.8) Response variables of DOE 2. MW is inDa, and C=O stretching absorption
is in arbitrary units. Tests EB4, EB5, E4, E5, and E6 were repeated three time. Relative
standard deviation (RSD) is1 % to 8 % depending on the characterization technique

Sample MW PDI H/L S/G aOH/ArOH Abs C=O

Lig B 4533 2.4 6.0 0.18 1.17 0.03
EB1 834 1.7 8.5 -* -* 0.13
EB2 580 1.6 6.3 0.07 0.93 0.21
EB3 742 1.6 8.8 -* -* 0.19
EB4 721 1.6 7.9 0.17 0.82 0.19
EB5 772 1.6 2.5 0.18 0.86 0.20
EB6 799 1.7 2.3 0.22 0.92 0.18

E1 1471 2.1 13.0 0.11 1.01 0.11
E2 1171 1.9 8.9 0.16 1.30 0.18
E3 1469 1.8 8.8 0.10 0.77 0.13
E4 1134 1.8 9.1 0.18 1.56 0.46
E5 1194 1.8 2.6 0.25 1.15 0.24
E6 1271 1.8 2.8 0.19 1.12 0.20

*31P-NMR analysis showed no free hydroxyl groups and ratio is
unavailable

Figure (6.6) Thermograms of lignin B, D7, EB4, and E4. Thermal stability decreases follow-
ing depolymerization and esteri�cation.
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the esteri�ed lignin interfered with 13C-NMR analysis, making it not possible to determine

whether esteri�cation targeted aliphatic or phenolic OH groups or whether the type and

chain length of the esterifying agent in�uenced this preference.

Figure (6.7) Thermograms of lignin esteri�ed with acetate-EAs of varying chain lengths � E1
(acetic acid), E3 (butyric acid), and E5 (oleic acid). Thermal stability decreases as EA chain
length increases. Lignin samples esteri�ed under US irradiation with chloride EAs exhibit
the same thermal behavior.

6.3.3 IL separation and recycling tests

Lignin isolation and IL separation and recovery presented signi�cant challenges. We ex-

plored various strategies, including Soxhlet extraction, distillation, selective precipitation,

acidi�cation, evaporation, �ltration, and membrane-based separation, both individually and

in combination. Most conventional lignin isolation methods proved ine�ective for the inves-

tigated systems.

The most successful approach involved precipitating lignin with an anti-solvent, followed by

multiple centrifugation-washing cycles, decantation, and vacuum drying.

While Koivu et al. [97] and Suzuki and Iwata [624] precipitated esteri�ed LignoBoost kraft

and kraft lignins, respectively, by adding water or water and ethanol, their methods were

ine�ective for our work. Water e�ectively precipitated lignin and dissolved the ILs, but
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incomplete IL removal led to ester hydrolysis during drying above60°C. After testing various

solvents, we found acetonitrile and isopropanol, alone or combined, to be the most e�ective

for lignin recovery and IL recycling, especially when ester hydrolysis was a concern. Post-

centrifugation washing with dry ethanol or isopropanol yielded the cleanest product (as per

ATR-FTIR). However, traces of IL were still detectable via 13C-NMR. Aqueous mixtures

of various organic solvents (e.g., acetonitrile, butanol, propanols, ethanol, methanol, ethyl

acetate, acetone) were ine�ective in precipitating esteri�ed lignin and removing ILs from the

product.

We explored the reusability of [Bmim][Ac] through a systematic investigation of the one-

pot depolymerization and esteri�cation reaction, using test E6 as our reference point and

repeating the process across three additional cycles. During this process, we discovered

that the IL retained small lignin oligomers with MW below 300 Da, which resisted removal

through standard techniques like soxhlet extraction (with THF) or distillation, causing the IL

to darken from its original pale yellow colour. These persistent oligomers actively participated

in subsequent reactions, re-bonding with lignin: both the S/G and aOH/ArOH ratios increase

during the second and third cycle, to then decrease in the fourth, suggesting non-linear

structural changes (Table 6.9). FTIR reveals a decrease in the absorbance of O-H stretching

(3620 cm� 1 to 3180 cm� 1) and an increase of the absorbance of the bands associated with the

stretching of C-O in ethers (1040 cm� 1), suggesting a re-etheri�cation process over the three

cycles (Figure 6.8).

Table (6.9) Response variables of recycling tests. MW is inDa, and C=O stretching absorp-
tion is in arbitrary units

Sample MW PDI H/L S/G aOH/ArOH Abs C=O

Lig B 4533 2.4 6.0 0.18 1.17 0.03
E6 1271 1.8 2.8 0.19 1.12 0.20

E6R1 2051 2.5 6.5 0.20 1.79 0.28
E6R2 1407 2 5.6 0.23 1.42 0.36
E6R3 1151 1.7 2.3 0.13 1.07 0.11

Despite these dynamic structural rearrangements lead to variations in MW and PDI, the

thermal stability of E6R1, E6R2, and E6R3 remains consistent with the original E6 sample,

as evidenced by an unchanged onset degradation temperature. This stability suggests that

the fundamental thermal characteristics of the lignin remain robust throughout the recycling

process. The �rst two cycles demonstrated signi�cant esteri�cation enhancement, with ester

content increasing by40 % (E6R1) and 80 % (E6R2) compared to the initial E6 sample.

However, the third cycle exhibited a notable decline, with ester content dropping45 %below
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Figure (6.8) ATR-FTIR spectra of lignin B after US-assisted depolymerization and esteri�ca-
tion with oleoyl chloride in [Bmim][Ac] after one (E6R2) and three (E6R3) reuse cycles. O-H
stretching decreases while ether C-O stretching increases, suggesting that the small oligomers
trapped in the IL rebond to lignin via etheri�cation, aligning with 31P-NMR data (S/G and
aOH/ArOH).

the original E6 level.

6.4 Conclusions

The simultaneous depolymerization and esteri�cation/acylation of lignin is and economic

alternative to repurpose and valorize this waste biopolymer. This work investigated, for the

�rst time, the simultaneous depolymerization and esteri�cation/acylation of two LignoForce

lignins in two methyl-imidazolium ionic liquids with six esterifying agents. [Bmim][Ac] and

[Bmim][Cl] depolymerized both lignins under silent conditions (no US). Depolymerization

under ultrasonic cavitation was successful only in [Bmim][Ac] and the lignin containing22 %

of inorganic ash, lignin B. The highest depolymerization degree and the highest� -O-4 was

attained with an US power intensity of20 W cm� 2 at 40°C in 1 h. At the same US processing

conditions, lignin B simultaneously depolymerized and esteri�ed upon the addition of an EA

before sonication. The esterifying agents investigated were organic carboxylic acids or the

chlorides of carboxylic acids, with varying aliphatic chain length (C2, C4, and C18). Acetyl

chloride, butyryl chloride, and oleoyl chloride were more reactive than the corresponding
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organic acids, leading to esteri�cation rates 1.6 to 3.4 times higher, and products with higher

thermal stability. The chain length of the EAs didn't a�ect the thermal stability of the

products obtained through traditional heating. Instead, for US-assisted esteri�ed lignins, the

thermal stability decreased with the increase of the length of the aliphatic chains.

The US-assisted one-pot depolymerization and esteri�cation reaction in 1-butyl-3-methyl

imidazolium acetate demonstrated in this work is still in its preliminary stages. Scaling

up the process requires thorough evaluation, not only in terms of the US batch operation,

which is relatively straightforward, but also from the perspective of ionic liquid separation

and recovery � a more challenging aspect. Developing and re�ning a continuous system for

lignin precipitation, as well as for ionic liquid recovery and puri�cation, remains a critical

need. Additionally, it is important to consider the potential for material corrosion caused by

ionic liquids, which are salts with medium to high conductivity. Corrosion risks increase at

elevated temperatures, leading to higher equipment maintenance and replacement costs.[625]
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CHAPTER 7 GENERAL DISCUSSION

This PhD project aimed to study the ultrasound-assisted depolymerization and functional-

ization of LignoForce lignin. The �rst part of the project covered the analysis of the liter-

ature surrounding the various types of biomass deligni�cation methods. Lignin extraction

from biomass is a necessary step during the manufacture of paper and cardboard prod-

ucts. Given the heterogeneity of lignin, there is no universal extraction method and each

method yields a technical lignin with its own characteristics � phenylpropane unit compo-

sition and linkages, purity, and molecular weight. Therefore, a range of techniques, each

with its own advantages and limitations, is discussed. This review article provides valuable

insights for tailoring extraction methods to speci�c needs, optimizing lignin's characteristics

for a given application or process, and promoting the sustainable utilization of lignocellulosic

biomass. Speci�cally, through this comprehensive review, we identi�ed the optimal lignin

for this doctoral project, determined which ionic liquids dissolve the substrate while poten-

tially catalyzing its depolymerization and/or functionalization, and established the initial

ultrasound operating conditions. Speci�cally, LignoBoost and LignoForce pulping methods

yield Kraft lignins but with higher purity through acidi�cation steps that promote lignin

separation and precipitation from Kraft pulping reagents. LignoForce involves the oxidation

of the Kraft black liquor by O2 before the two acidi�cation steps via CO2 and H2SO4. Black

liquor oxidation destroys the total reduced sulfur compounds (hydrogen and dimethyl sul-

�des, methyl mercaptanes), resulting in a lignin with a sulfur content below2 %. LignoForce

lignin is therefore more amenable to valorization as the risk of poisoning the catalysts or

interfering with the functionalization reactions is minimized. LignoForce was patented by

FPInnovation, a Canadian company with headquarters in Montréal, Québec. We therefore

chose LignoForce as the substrate due to its purity and ease to source it locally. Two Lig-

noForce softwood lignins were studied in this project: lignin A in hydrogen free form, and

lingin B in sodium salt form. The former contains1 % of inorganic ash, while the latter

22 %. The lignin valorization route dictates the solvent selection. The valorization pathway

chosen for this project included the concomitant depolymerization and functionalization to

produce carboxyalkylated lignin and esteri�ed lignin. Carboxyalkylation introduces func-

tional groups that enhance lignin's anionic charge density, water solubility, and dispersing

ability for applications such as biodispersants and rheology modi�ers. On the other hand,

esteri�cation grafts hydrophobic functional groups onto lignin, improving its compatibility

with non-polar matrices and enhancing its thermal stability, broadening its potential use in

polymer composites, coatings, and lubricants. We chose alkaline water as the solvent for the
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carboxyalkylation reaction, and ionic liquids for the esteri�cation reaction via Fisher ester-

i�cation and O-acylation. Methylimidazolium- and pyrrolidinium-based ionic liquids stood

out for their potential to dissolve lignin and potentially catalyze its depolymerization as well

as its esteri�cation. To intensify lignin depolymerization and functionalization, we opted for

ultrasound as process intensi�cation technique. Ultrasound is an emerging green technology

that exploits acoustic cavitation to accelerate reactions and enhance mass transfer. Through

this review on deligni�cation, we also established the initial ultrasound operating condi-

tions (20 kHz to 100 kHz and above5 W cm� 2) to achieve active cavitation in the selected

solvents. In the second part of the project, we developed the ultrasound-assisted depoly-

merization and carboxymethylation of LignoForce lignin. Ultrasound at20 kHz 15 W cm� 2

provides enough energy to intensify the carboxymethylation of LignoForce lignin. Com-

pared to traditional carboxymethylation, this process is 8 times faster, consumes30 % less

energy compared to traditional heating methods and yields products with dispersing abil-

ity comparable to that of dioctyl sulfosuccinate sodium salt, a petroleum-derived dispersant

benchmark. The process also reduced the average molecular weight by at least50 %, re-

sulting is dispersants with applicability in sectors where steric hindrance plays a key role in

the workability of the suspensions, like in the formulations for application in cosmetics, oil

recovery, and water treatment [626]. The third and fourth parts of the project addressed the

synthesis of lignin esters. While sonoprocessing is widely investigated in aqueous systems,

there is little to no research on sonoprocessing in ionic liquids. In the �rst part, we had

selected nine methylimidazolium ionic liquids and three pyrrolidinium ionic liquids based

on their acidity and ability to form hydrogen bonds with lignin. We had yet to determine

which ionic liquids produced the largest active cavitation volumes based on their thermody-

namic properties, on the ultrasound input power, and on the reactor geometry. Therefore,

before delving into the development of the ultrasound-assisted esteri�cation process, we sim-

ulated the acoustic cavitation in the twelve ionic liquids in a horn-type ultrasound reactor.

The model accounts for the ultrasound damping e�ect of bubbles and acoustic impedance

mismatch at the interfaces, and sonochemiluminescence experiments validated the model.

Through this work, we determined that viscosity and ultrasound input power are the most

signi�cant variables a�ecting the intensity of the acoustic pressure �eld, the volume of cav-

itation zones, and the magnitude of the maximum acoustic streaming velocity. The active

volume and the streaming velocity increase with the increase of ultrasound input power and

the decrease in viscosity. The immersion of the horn-type probe immersion depth positively

correlates with active volume, but its impact on the pressure �eld and streaming velocity

is insigni�cant. 1-alkyl-3-methylimidazolium-based ILs yielded the largest active volumes

and the fastest acoustic jets �0:77 cm3 and 24:4 m s� 1 at 60 W. 1-methyl-3-(3-sulfopropyl)-
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imidazolium-based ionic liquids generated the smallest active volumes and lowest streaming

velocities � 0:17 cm3 and 1:7 m s� 1 for 1-methyl-3-(3-sulfopropyl)-imidazoliump-toluene sul-

fonate at 20 W. Based on these results, we discarded sulfonated ionic liquids and proceeded

to develop the ultrasound-assisted depolymerization and esteri�cation of LignoForce with

two 1-alkyl-3-methylimidazolium-based ionic liquids in the fourth part of the project. We

chose 1-butyl-3-methylimidazolium acetate ([Bmim][Ac]) and 1-butyl-3-methyl imidazolium

chloride ([Bmim][Cl]) as ionic liquids. This part contains two experimental designs. The �rst

DOE aimed at determining the extent of depolymerization through aryl ether bond cleavage

under ultrasound exposure in the two ionic liquids without adding any esteri�cation agent,

with the objective to identify the optimal lignin type, ionic liquid, and ultrasound power

for subsequent one-pot depolymerization and esteri�cation experiments. The second DOE

determined which esterifying agent � i.e. acid or chloride and their chain length � produced

the highest ester content, and whether aliphatic or aromatic esters predominated for each

esterifying agent type. Ultrasound at20 W cm� 2 and 23µm vibration amplitude, at 40°C for

1 h in [Bmim][Ac] cleaved aryl ether bonds, achieving an85 %reduction in average molecular

weight and a30 %decrease in� -O-4 linkage content. Chloride-based esterifying agents deliv-

ered esteri�cation rates 1.6 to 3.4 times higher and produced lignin derivatives with greater

thermal stability compared to those obtained with organic acids. Butyryl chloride achieved

the highest ester content, with the ultrasound-assisted process producing 2.5 times more es-

ters compared to traditional heating over48 h at 150°C. The chain length of the esterifying

agents didn't a�ect the thermal stability of the products obtained through traditional heat-

ing. Instead, for ultrasound-assisted esteri�ed lignins, the thermal stability decreased with

the increase of the length of the aliphatic chains. We also evaluated [Bmim][Ac] recovery and

reuse over three cycles. Ester content increased over the �rst two cycles but decreased by

45 %in the third, highlighting the need for further optimization of ionic liquid recycling.
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CHAPTER 8 CONCLUSION

8.1 Summary of Works

In an era where sustainable practices and resource e�ciency are paramount, the valorization

of lignin stands at the frontier in the transition towards a bio-based economy. As the second

most abundant biopolymer on Earth, lignin represents an untapped reservoir of aromatic

compounds, potentially serving as a renewable alternative to petroleum-based chemicals and

materials. However, its complex and recalcitrant structure has long posed signi�cant obstacles

to its e�cient conversion and utilization. Traditionally, lignin valorization has focused on

either depolymerization or functionalization as separate processes, rarely combining these

strategies. This separation often leads to ine�cient repurpose of lignin limiting its potential

as a renewable feedstock.

This work addresses this gap by introducing ultrasound irradiation as a strategy to enable

simultaneous lignin depolymerization and functionalization in a one-pot reaction. Ultrasound

irradiation at 20 kHz and 20 W provides su�cient energy to cleave induce aryl ether bonds

cleavage in LignoForce lignin in water and various ionic liquids. The ultrasound input power

and the viscosity of the sonicated medium play a crucial role in the volume of active cavitation

region and in the velocity of the liquid jets generated upon bubble collapse, which ultimately

dictate the extent of lignin depolymerization and functionalization. Ultrasound with a power

intensity of 15 W cm� 2 reduces the molecular weight of LignoForce lignin in water by at least

50 %, and shortens its carboxymethylation by 8 fold. The US-assisted carboxymethylation

process consumes about30 %less energy compared to the functionalization under traditional

heating. Compared to water, ionic liquids require a higher input power intensity to achieve

active cavitation and intensify the the cleavage of aryl ether bonds and the esteri�cation or

O-acylation of the substrate. The volume of active cavitation zones, as well as the speed of

the acoustic jets arising from bubbles collapse are modelled and quanti�able in multi-bubble

systems. Speci�cally, the volume of the active regions and the magnitude of the acoustic

streaming �eld increase with the increase of ultrasound power and the decrease of viscosity,

whereas the magnitude of the minimum acoustic pressure increases with ultrasound power

and viscosity. Probe immersion depth positively correlates with the active region volume and

negative acoustic pressure at low viscosity, but its impact on the maximum acoustic streaming

velocity and maximum acoustic pressure is insigni�cant. 1-alkyl-3-methyl imidazolium-based

ionic liquids yield active zones 3.5 times larger and acoustic jets 10 times faster compared

to pyrrolydinium- and S-methyl imidazolium-based ionic liquids. Speci�cally, in 1-butyl-3-
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methyl imidazolium acetate, ultrasound at20 kHzand 19:8 W cm� 2 and 40°C for 1 h cleaved

30 % of the aryl ether bonds, with molecular weight reductions up to85 %. Chloride-based

esterifying agents delivered esteri�cation rates 1.6 to 3.4 times higher and produced lignin

derivatives with greater thermal stability compared to those obtained with organic acids.

Butyryl chloride achieved the highest ester content, with the ultrasound-assisted process

producing 2.5 times more ester compared to traditional heating at150°C over48 h. Moreover,

the ionic liquid is recyclable and maintains activity for three cycles, after which esteri�cation

e�ciency reduces by 45 %, highlighting the need for further optimization of the recycling

process.

By demonstrating the feasibility of concurrent depolymerization and functionalization, this

research opens new avenues for more e�cient and versatile lignin utilization, contributing to

the development of more sustainable and economically viable biore�nery strategies.

8.2 Limitations and future research

While this thesis advances the knowledge in lignin valorization through ultrasound-assisted

simultaneous depolymerization and functionalization, the research was conducted at a lab-

oratory scale, providing proof-of-concept and valuable insights into the process. As with

many bench-scale studies, there are considerable challenges to address before this technology

is implementable at an industrial scale. The limitations and the areas requiring development

and optimization are:

1. The study applied LignoForce lignin, which is notably purer than other industrial

lignin streams. While this choice simpli�ed the process, it does not fully represent

the challenges posed by lignins with molecular weight above10 kDa and sulfur content

above2 wt% in real-world applications. Future work should explore the process' e�cacy

with a broader range of lignin types and qualities.

2. The current process operates in batch mode, which, while suitable for laboratory-scale

investigations, is not ideal for industrial-scale operations. Transitioning to a continuous

process is necessary for large-scale implementation, requiring signi�cant re-engineering

and optimization of reaction conditions.

3. From a modeling perspective, incorporating the vibration of the ultrasound emitter to

the equations governing the propagation of pressure waves in multibubble system is a

critical next step. Developing a comprehensive equation system that accurately cap-

tures the complex interactions between ultrasound waves and bubbles in compressible
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and non-compressible solvent is essential for optimizing reactor design and predicting

large-scale performance.

4. Post-reaction lignin puri�cation and solvent recycling, while functional at the labora-

tory scale, indeed require further optimization for both small and large-scale operations.

Enhancing the e�ciency of these unit operations is crucial to improve the overall perfor-

mance, economic viability, and environmental sustainability of the process. Streamlin-

ing these steps will signi�cantly reduce waste generation, minimize solvent consumption,

and lower energy requirements for a more sustainable valorization process.

While scaling up ultrasound processes is traditionally viewed as a daunting and costly en-

deavour, advancements in sonochemistry and industrial capabilities in the past decade have

begun to mitigate these issues. An increasing number of companies now o�er custom-made

reactors tailored to speci�c process requirements, which makes the transition from lab-scale

to industrial-scale more feasible and less �nancially burdensome. To optimize the ultrasound

reactor design, I recommend (i) replacing the cylindrical geometry with a polyhedrical one

and insert �at emitters positioned along its faces, (ii) operating the emitters di�erent frequen-

cies, chosen based on bubble resonance and the desired cavitation intensity in the processing

medium, (iii) positioning the emitters to ensure the constructive interference of sound waves,

(iii) and modulating the emitters height to create pressure gradients to enhance cavitation

intensity and mixing e�ciency.
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