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Abstract 

 

 

 In this work, the main objective was to produce high value products from kraft 

lignin with an integrated approach in the pulp and paper industry. Production of vanillin, vanillic 

acid and bio-based vitrimers represent the value-added products that are mainly focused in this 

study. Vanillin is commonly used as a flavoring agent in food, pharmaceutical and chemical 

industries. Recently, vanillic acid is gaining notable interest due to its anti-microbial, anti-

bacterial, and chemo-preventive properties. Vanillin and vanillic acid have both been obtained as 

the main products from oxidation of kraft lignin. Vitrimers represent a new class of plastics that 

are derived from thermosetting polymers which possess self-healing and easy processibility in a 

wide temperature range. The recent development of bio-based vitrimers from oxidation kraft lignin 

has received considerable interest. 

The oxidative conversion of lignin in an alkaline medium using oxygen results in the 

formation of vanillin and vanillic acid. The yield of these products depends on the reaction 

chemistry, time, temperature, oxygen partial pressure, lignin concentration and feedstock. In this 

work, a novel approach using the retro-aldol reaction chemistry was utilized to enhance the yields 

of vanillin and vanillic acid. The amount of oxygen charged during the retro-aldol reaction plays 

a key role in determining the product yield. The conventional oxidation of softwood kraft lignin 

using oxygen at 140°C for 40 min results in a total of 5.17% by wt. of vanillin and vanillic acid. 

In contrast, using the new approach in which oxygen is charged for only 20 min during the 40 min 

reaction improved this yield significantly to 6.95% by wt. The precipitated lignin after the reaction 

has a maximum carboxyl content of 1.41 mmol/g at 130°C. The improvement in the amount 

carboxylic acid groups allows for further utilization of the precipitated kraft lignin. 
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One of the main issues encountered in the valorization of kraft lignin is its incompatibility 

with other components due its branched aromatic structure, high molecular weight, and brittle 

nature. Therefore, it is crucial to understand the structural changes in lignin during oxidation 

especially in the operating conditions of current kraft pulping processes. The softwood kraft lignin 

before and after oxygen and ozone oxidations treated in the LignoForce operating conditions were 

thoroughly characterized using a variety of conductometric titration and 31P NMR techniques. The 

progressive reduction in aliphatic and condensed OH units accompanied by the marked 

improvement in carboxylic OH units are the major structural changes occurring in the softwood 

kraft lignin. Among the oxidizing agents, the amount of carboxylic OH units formed from ozone 

oxidation was higher compared to oxygen oxidation under similar conditions. Furthermore, the 

softwood kraft lignin that is obtained after sequential oxidation treatment from oxygen at 130°C 

and from ozone at 80°C (OxL-COOH) contained 4.06 mmol/g of carboxylic OH units. The higher 

amount of carboxylation obtained after sequential oxidation treatment allows for improved 

compatibility of lignin with other components. 

To further expand the scope of carboxylated softwood kraft lignin, bio-based vitrimers 

were synthesized using polyethylene glycol diglycidyl ether (PEG-epoxy), zinc acetylacetonate 

Zn(acac)2, and sequentially oxidized kraft lignin (OxL-COOH). All OxL-COOH/PEG-epoxy 

showed high mechanical strength, thermal stability and self-healing. For the first time, the 

problems in film formation which are bubble formation and porosity are briefly discussed and 

strategies to troubleshoot these problems are discussed. In aqueous NaOH solutions, the bio-based 

vitrimer exhibited swelling which is one of the prime indicators of the dynamic transesterification 

in the cured network. In 0.1 M NaOH solution, the OxL-COOH/PEG-epoxy system showed a 

swelling ratio of 26.6% in the initial 10 min which further increased to 52.6% in 20 min at a 
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stoichiometric ratio ‘R’ of 1:1 on mole basis. The vitrimers were formed at three different 

stoichiometric ratios 1.0, 1.3 and 1.5 with maximum lignin content of 49.5% by wt. In summary, 

a high lignin content utilization was demonstrated for formation of high value products with lower 

consumption of oxidizing agents and solvents. Overall, this research established a novel and 

integrated approach to valorize kraft lignin into diverse products. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 5 

Acknowledgments 

 

 

 I would like to express my sincere gratitude to my research advisor, Dr. Zhihua Jiang for 

his mentorship and motivation throughout my graduate studies at Auburn University. He supported 

and believed in me throughout my Ph.D. project and without his guidance this dissertation would 

not have been possible. I would also like to express my deepest gratitude towards Dr. Thomas 

Elder for his support and constant encouragement towards achieving research goals. His valuable 

guidance and feedback has helped me become an independent researcher. There were times when 

I faced challenges during my journey, but Dr. Zhihua Jiang and Dr. Thomas Elder have always 

motivated me to look forward and learn from my previous mistakes. 

I would also like to thank my committee members, Dr. Xinyu Zhang, Dr. Maria Soledad Peresin 

and Dr. Andrew Adamczyk for providing their beneficial insights towards completion of this 

dissertation. I would also like to thank Dr. Yucheng Peng for agreeing to serve as the University 

reader on my dissertation committee. Acknowledgement and thanks are also extended to Dr. Ilari 

Filpponen, Dr. Ramsis Farag and Dr. Burak Aksoy for their help in the research activities. I am 

also grateful to the support and guidance of Dr. Dimitris Argyropoulos, Nicolo Pajer, Dr. Melissa 

Boersma, Dr. Suan Shi, Dr. Jing Li, Archana Bansode, Yuyang Wang and Navid Etebari for 

developing and assisting with characterizations in different analytical techniques. I also thank the 

members of the Alabama Centre for Paper and Bioresource Engineering (AC-PABE) for their help 

and support in the laboratory. Finally, I would like to thank my parents, Jayshree and Rajkumar 

More and my brother, Vikrant for their love and support. 

 

 

 

 

 



 6 

Table of Contents 

 

 

Abstract ......................................................................................................................................... 2 

Acknowledgments......................................................................................................................... 5  

List of Tables .............................................................................................................................. 11 

List of Figures ............................................................................................................................. 12 

List of Abbreviations .................................................................................................................. 16 

Chapter 1 Introduction and dissertation outline ........................................................................ 22 

   1.1 Introduction ........................................................................................................................ 22 

   1.2 Dissertation outline ............................................................................................................ 25 

   1.3 References .......................................................................................................................... 28 

Chapter 2 A review of lignin hydrogen peroxide oxidation chemistry with emphasis on aromatic 

aldehydes and acids......................................................................................................... 33 

   2.1 Introduction ........................................................................................................................ 33 

   2.2 Lignin structure .................................................................................................................. 36 

   2.3 Sources of Lignin ............................................................................................................... 40 

    2.3.1 Kraft lignin ............................................................................................................. 40 

    2.3.2 Lignosulfonates ...................................................................................................... 41 

    2.3.3 Biorefinery lignin ................................................................................................... 42 

   2.4 Mechanism of lignin oxidation by oxygen and peroxide................................................... 44 

 2.4.1 Oxygen oxidation ................................................................................................... 45 

 2.4.2 Hydrogen peroxide oxidation ................................................................................ 49 

             2.4.2.1 Effect of pH............................................................................................. 54 

             2.4.2.2 Effect of temperature .............................................................................. 58 



 7 

             2.4.2.3 Effect of metal ions ................................................................................. 61 

             2.4.2.4 Effect of lignin feedstock ........................................................................ 65 

   2.5 The continuous process of kraft lignin oxidation .............................................................. 66 

   2.6 Thermodynamic and kinetic studies of kraft lignin and vanillin oxidation ....................... 71 

           2.6.1 Kinetic laws for kraft lignin and vanillin oxidation ................................................ 71 

           2.6.2 Energy balance for kraft lignin and vanillin oxidation in a batch reactor .............. 72 

                   2.6.2.1. Estimation of heat of reaction of kraft lignin oxidation ∆𝐻𝑟,1 .................... 73 

                   2.6.2.2. Estimation of heat of reaction of vanillin oxidation ∆𝐻𝑟,2 ......................... 74 

           2.6.3 Energy balance for kraft lignin and vanillin oxidation in the column sections in     

                    SBCRs and BCRs ................................................................................................... 76 

   2.7 Conclusion ......................................................................................................................... 77 

   2.8 Scope for future work ........................................................................................................ 78 

   2.9 References .......................................................................................................................... 80 

Chapter 3 Towards bio-based vitrimers from lignocellulosic feedstock ................................... 89 

   3.1 Introduction ........................................................................................................................ 89 

   3.2 Chemistry of vitrimers ....................................................................................................... 91 

 3.2.1 Concerted type network rearrangement ................................................................. 91 

 3.2.2 Dissociative type network rearrangement .............................................................. 92 

 3.2.3 Associative type network rearrangement ............................................................... 92 

   3.3 Bio-based vitrimers ............................................................................................................ 93 

 3.3.1 Lignin-based vitrimers ........................................................................................... 93 

 3.3.2 Cellulose-based vitrimers ....................................................................................... 97 

 3.3.3 Hemicellulose-based vitrimers............................................................................... 99 



 8 

   3.4 Conclusions ...................................................................................................................... 101 

   3.5 References ........................................................................................................................ 102 

Chapter 4 Towards a new understanding of the retro-aldol reaction for oxidative conversion of 

lignin to aromatic aldehydes and acids  .................................................................................... 111 

   4.1 Introduction ...................................................................................................................... 111 

   4.2 Materials and methods ..................................................................................................... 119 

        4.2.1 Chemicals ................................................................................................................. 119 

        4.2.2 Raw materials........................................................................................................... 120 

        4.2.3 Oxidation of lignin ................................................................................................... 120 

        4.2.4 Quantification of yield using high-performance liquid chromatography ................ 122 

        4.2.5 Carboxyl content determination using conductometric titration ............................. 123 

        4.2.6 Comparing results for statistical significance using Tukey test............................... 123 

   4.3 Results and discussion ..................................................................................................... 124 

        4.3.1 Effect of temperature on vanillin and vanillic acid yield ......................................... 124 

        4.3.2 Effect of temperature on carboxyl content of lignin ................................................ 126 

        4.3.3 Effect of time ........................................................................................................... 127 

        4.3.4 Effect of controlling the amount of oxygen charged ............................................... 129 

        4.3.5 Effect of controlling the amount of oxygen charged during the reaction on different   

                 lignin feedstocks ...................................................................................................... 131 

   4.4 Conclusion ....................................................................................................................... 135 

   4.5 References ........................................................................................................................ 136 

Chapter 5 Effect of oxygen and ozone oxidation on functional group content in softwood kraft 

lignin ......................................................................................................................................... 143 



 9 

   5.1 Introduction ...................................................................................................................... 143 

   5.2 Materials and methods ..................................................................................................... 146 

         5.2.1 Oxygen oxidation of SKL ....................................................................................... 146 

         5.2.2 Ozonation of SKL and sequential oxidation of OKL ............................................. 147 

         5.2.3 31P NMR characterization ....................................................................................... 147 

         5.2.4 Carboxyl content determination using conductometric titration ............................ 148 

   5.3 Results and discussion ..................................................................................................... 148 

         5.3.1 31P NMR characterization ....................................................................................... 148 

         5.3.2 Carboxyl content in ozonated and sequentially oxidized kraft lignin..................... 152 

   5.4 Conclusions ...................................................................................................................... 156 

   5.5 References ........................................................................................................................ 156 

Chapter 6 A novel and integrated process for the valorization of kraft lignin to produce lignin-

based vitrimers .......................................................................................................................... 162 

   6.1 Introduction ...................................................................................................................... 162 

   6.2 Materials and methods ..................................................................................................... 166 

         6.2.1 Chemicals ................................................................................................................ 166 

         6.2.2 Carboxyl content determination using conductometric titration ............................ 167 

         6.2.3 Ozonation of SKL and sequential oxidation of OKL ............................................. 167 

         6.2.4 Preparation of OxL-COOH/PEG-epoxy vitrimers .................................................. 168 

         6.2.5 Characterization of lignin-based vitrimers.............................................................. 169 

   6.3 Results and discussion ..................................................................................................... 170 

         6.3.1 Sequential oxidation of softwood kraft lignin ........................................................ 170 

         6.3.2 Film formation ........................................................................................................ 171 



 10 

         6.3.3 Structural characterization ...................................................................................... 173 

                  6.3.3.1 FTIR analysis .............................................................................................. 173 

                  6.3.3.2 Dynamic mechanical properties .................................................................. 176 

                  6.3.3.3 Thermal stress relaxation and repairability ................................................. 177 

                  6.3.3.4 Swelling study ............................................................................................. 181 

                  6.3.3.5 Self-healing ................................................................................................. 184 

   6.4 Conclusions ...................................................................................................................... 184 

   6.5 References ........................................................................................................................ 185 

Chapter 7 Conclusions and future work .................................................................................. 192 

   7.1 Summary .......................................................................................................................... 192 

          7.1.1 Towards a new understanding of the retro-aldol reaction for oxidative     

                    conversion of lignin to aromatic aldehydes and acids .......................................... 193 

          7.1.2 Effect of oxygen and ozone oxidation on functional group content in softwood kraft   

                   lignin ...................................................................................................................... 194 

           7.1.3 A novel and integrated process for the valorization of kraft lignin to    

                    produce lignin-based vitrimers ............................................................................. 194 

   7.2 Potential directions for future work ................................................................................. 195 

          7.2.1 Towards a new understanding of the retro-aldol reaction for oxidative conversion of      

                   lignin to aromatic aldehydes and acids .................................................................. 195 

          7.2.2 Effect of oxygen and ozone oxidation on functional group content in softwood kraft   

                   lignin ...................................................................................................................... 196 

          7.2.3 A novel and integrated process for the valorization of kraft lignin to    

                    produce lignin-based vitrimers ............................................................................. 197 



 11 

List of Tables 

 

 

Table 2.1 Different interunit linkages, their structure, abundance and bond dissociation energies 

found in softwood, hardwoods and grasses ................................................................................ 39 

Table 2.2 Main features of Biorefinery lignin ............................................................................ 43 

Table 2.3 First order reaction rate constants 𝑘1(𝑜𝑏𝑠) for the decomposition of hydrogen ........ 55 

Table 2.4 Effect of lignin feedstock on aromatic aldehyde yield ............................................... 66 

Table 2.5 Advantages and disadvantages of Bubble Column Reactor (BCR) ........................... 68 

Table 2.6 Advantages and disadvantages of Structured Packed Bubble Column Reactor (SPBCR)

..................................................................................................................................................... 68 

Table 2.7 Experimental conditions and results of continuous oxidation of kraft lignin ............. 70 

Table 2.8 Predicted heat capacities of kraft lignin, vanillin and vanillic acid ............................ 75 

Table 2.9 Estimated heat of reaction of vanillin oxidation at different temperatures from 120°C to 

160°C .......................................................................................................................................... 76 

Table 3.1 Effect of oxidation treatments on carboxyl content of kraft lignins ........................... 95 

Table 4.1 Structural characterization of different lignins ......................................................... 120 

Table 4.2 Ash and carbohydrate content of different lignin feedstocks ................................... 132 

Table 4.3 Statistical significance of yield improvements using Tukey honest significance test .... 

................................................................................................................................................... 135 

Table 5.1 Acquisition parameters for 31P NMR........................................................................ 148 

Table 5.2 Functional groups content in SKL before and after oxygen oxidation (mmol/g) ..... 150 

Table 5.3 The changes in carboxylic OH groups present in softwood kraft lignin after ozone 

oxidation ................................................................................................................................... 153 

Table 6.1 Different stoichiometric formulations of OxL-COOH/PEG-epoxy systems ............ 175 



 12 

List of Figures 

 

 

Figure 2.1 Monolignols present in the lignin .............................................................................. 36 

Figure 2.2 Nomenclature followed in lignin model compounds ................................................ 37 

Figure 2.3 Major interunit linkages found in lignin .................................................................... 38 

Figure 2.4 Structure of kraft lignin ............................................................................................. 41 

Figure 2.5 Structure of lignosulfonate ........................................................................................ 42 

Figure 2.6 Course of oxygen and hydrogen peroxide oxidation cycle ....................................... 44 

Figure 2.7 Hydrogen peroxide oxidation of phenolic-lignin mechanisms ................................. 51 

Figure 2.8 Hydrogen peroxide oxidation of non-phenolic lignin with aryl-α-carbonyl conjugated 

structures ..................................................................................................................................... 52 

Figure 2.9 Hydrogen peroxide oxidation of non-phenolic lignin with cinnamaldehyde conjugated 

structures ..................................................................................................................................... 53 

Figure 2.10 Hydrogen peroxide oxidation of non-phenolic lignin with α-carbinol structures and 

dimer formation in the reaction of α-carbinols ........................................................................... 53 

Figure 2.11 The effect of pH on the reaction mechanism of apocynol ....................................... 56 

Figure 2.12 The effect of pH on the reactivity of apocynol at 90°C .......................................... 56 

Figure 2.13 Stabilization of quinone methide from apocynol through hyperconjugation .......... 58 

Figure 2.14 Effect of DTMPA and Temperature on Hydrogen Peroxide Stability pH 11.5 ...... 59 

Figure 2.15 Low molecular weight products obtained from the oxidation of kraft lignin by 

hydrogen peroxide ...................................................................................................................... 60 

Figure 2.16 Transition metal induced decomposition of hydrogen peroxide ............................. 62 

Figure 2.17 Proposed mechanisms for lignin depolymerization and aromatic nuclei oxidation, 

aromatic ring cleavage, and formation of final products ............................................................ 65 



 13 

Figure 2.18 Arrhenius plots, 𝑘𝑁𝐶 and 𝑘𝐶𝐼, versus 
1

𝑇
, for the calculation of the activation energy of 

lignin oxidation (eq 9; runs 1, 2, 4-7, and 9) and vanillin oxidation (eq.4; runs 1, 2 and 4-7) 

respectively ................................................................................................................................. 72 

Figure 3.1 Concerted type molecular network rearrangement .................................................... 91 

Figure 3.2 Dissociative type molecular network rearrangement ................................................ 92 

Figure 3.3 Associative type molecular network rearrangement ................................................. 93 

Figure 3.4 Transesterification reaction for lignin-based vitrimers ............................................. 94 

Figure 3.5 Transesterification reaction for CNF based vitrimers ............................................... 97 

Figure 3.6 Transcarbonation exchange reaction for vitrimer based papers ................................ 99 

Figure 3.7 Imine-amine exchange chemistry; equilibrium of imine formation, transamination 

between imines and amines and imine metathesis .................................................................... 100 

Figure 4.1 Structure of kraft lignin ........................................................................................... 112 

Figure 4.2 Mechanism of alkaline oxidation of lignin using oxygen ....................................... 117 

Figure 4.3 Aldol condensation of vanillin and acetone resulting in vanillidenacetone* according 

to the literature .......................................................................................................................... 118 

Figure 4.4 Effect of temperature on the yield of vanillin and vanillic acid .............................. 126 

Figure 4.5 Effect of temperature on carboxyl content of SKL ................................................. 127 

Figure 4.6 Effect of time on the yield of vanillin and vanillic acid .......................................... 128 

Figure 4.7 Effect of controlling the amount of oxygen charged during the reaction on the yield of 

vanillin and vanillic acid ........................................................................................................... 130 

Figure 4.8 Proposed pathway of formation of vanillin, vanillic acid and guaiacol .................. 131 

Figure 4.9 Effect of controlling the amount of oxygen charged during the reaction on the yield of 

vanillin and vanillic acid from different lignin feedstocks ....................................................... 132 



 14 

Figure 5.1 Main depolymerization pathways during kraft pulping and protonation followed by an 

internal nucleophilic substitution of non-phenolic lignin subunits ........................................... 144 

Figure 5.2 31P NMR spectra of derivatized lignin samples ...................................................... 149 

Figure 5.3 The changes in various hydroxyl units present in softwood kraft lignin before and 

after oxygen oxidation .............................................................................................................. 150 

Figure 5.4 A mechanism for the degradation reactions of phenolic units during oxygen de-

lignification of kraft pulps ........................................................................................................ 152 

Figure 5.5 The changes in the amount of ozone charged w.r.t to the duration of the reaction ....... 

................................................................................................................................................... 154 

Figure 5.6 The changes in carboxylic OH groups present in SKL after ozone oxidation ........ 155 

Figure 5.7 Conductometric titration of sequentially oxidized kraft lignin obtained from OKL   

................................................................................................................................................... 155 

Figure 6.1 LignoForce process and modified LignoForce process for the development of high-

value products ........................................................................................................................... 165 

Figure 6.2 Proposed reaction pathway for vitrimer formation; Curing reaction of OxL-COOH 

and PEG-epoxy and transesterification exchange reaction within the cross-linked network ......... 

................................................................................................................................................... 166 

Figure 6.3 Bubble formation in vitrimers before troubleshooting ............................................ 172 

Figure 6.4 Front and back view of vitrimers after post troubleshooting .................................. 173 

Figure 6.5 Comparative FTIR spectra of untreated SKL, oxygen oxidized SKL (L-COOH), and 

ozone & oxygen treated SKL (OxL-COOH) ............................................................................ 174 

Figure 6.6 FTIR spectral changes of the cured OxL-COOH/PEG-epoxy system at different 

stoichiometric ‘R’ values .......................................................................................................... 175 



 15 

Figure 6.7 The storage modulus of OxL-COOH/PEG-epoxy films with different R values ... 176 

Figure 6.8 tan δ of OxL-COOH/PEG-epoxy films with different R values ............................. 177 

Figure 6.9 Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis (DTG) 

study of PEG-epoxy .................................................................................................................. 178 

Figure 6.10 Thermogravimetric analysis (TGA) of OxL-COOH/PEG-epoxy films with different 

R values ..................................................................................................................................... 179 

Figure 6.11 Derivative thermogravimetric analysis (DTG) of OxL-COOH/PEG-epoxy films with 

different R values ...................................................................................................................... 179 

Figure 6.12 The stress relaxation behavior of epoxy thermoset prepared from DGEBA, glutaric 

anhydride and Zn(acac)2 at different temperatures ranging from 80°C to 200°C ..................... 180 

Figure 6.13 Stress relaxation curves of OxL-COOH/PEG-epoxy films with different R values ... 

................................................................................................................................................... 181 

Figure 6.14 Swelling of OxL-COOH/PEG-epoxy with R: 1 in NaOH solution with different 

concentrations (0.01 M, 0.05 M, 0.1 M, and 0.2 M) ................................................................. 183 

Figure 6.15 Swelling of OxL-COOH/PEG-epoxy with R: 1 in 0.1 M NaOH solution at different 

time intervals (0, 5, 10, 15, 20, 30, and 60 min) ....................................................................... 183 

Figure 6.16 Self-healing for R:1 sample after crack, after 15 min curing and after 30 min curing 

................................................................................................................................................... 184 

 

 

 

 

 



 16 

List of Abbreviations 

 

 

SKL Softwood kraft lignin    

OKL Oxidized kraft liquor 

𝑃𝑂2
 Oxygen partial pressure in Parr reactor, bar 

𝑃𝑁𝑎𝑂𝐻 Water partial pressure above the NaOH solution, bar 

𝑝0 Equilibrium partial pressure of water vapor over pure water, bar 

T Temperature of the reaction, Kelvin 

𝑇𝑖 Initial temperature of the reaction, Kelvin 

𝑇𝐹
𝑠𝑒𝑡           Set point of thermostatic bath, Kelvin 

I Ionic strength of the liquid medium 

[𝑂2
𝑙𝑖𝑞

] Concentration of dissolved oxygen, mol per liter 

t Reaction time duration, min 

𝑡𝑚𝑎𝑥
∗  Duration of time in which oxygen is charged in the reactor, min 

LInAT Indulin AT 

H-lignin Enzymatic hydrolysis lignin 

LMarAG Marasperse AG 

COOH carboxylic OH units 

HPLC High-performance liquid chromatography 

SKL80 Precipitated lignin after oxygen oxidation treatment at 80°C 

SKL88 Precipitated lignin after oxygen oxidation treatment at 88°C 

SKL96 Precipitated lignin after oxygen oxidation treatment at 96°C 

LPM Liter per minute 



 17 

ppm  Parts per million  

FTIR  Fourier transform infrared 

ATR  Attenuated Total Reflection 

DMA  Dynamic mechanical analysis 

tan 𝛿  Ratio of the loss modulus to storage modulus in a viscoelastic material 

FWHM  Full width at half minimum 

TGA  Thermogravimetric analysis 

DTG  Derivative thermogravimetric analysis 

NMR  Nuclear magnetic resonance 

UV/vis  Ultraviolet visible 

PEG  Poly (ethylene glycol) diglycidyl ether 

PTFE  Polytetrafluoroethylene 

LCOOH  Carboxylated kraft lignin after oxygen treatment 

TER  Transesterification exchange reaction 

EEW  Epoxy equivalent weight, grams per equivalence 

COOH  Carboxyl content, millimoles per gram 

N.D.  Not detected 

L  Liter 

R  Ratio of the epoxy to the carboxyl group content in vitrimers 

 

A0               parameter of the Antoine equation relating vapor pressure to temperature 

B0               parameter of the Antoine equation relating vapor pressure to temperature 

C0               parameter of the Antoine equation relating vapor pressure to temperature 

∆𝐻𝑟,1         heat of reaction of lignin oxidation kJ mol-1 



 18 

∆𝐻𝑟,2          heat of reaction of vanillin oxidation kJ mol-1 

∆𝑉𝑙             volume of liquid taken from the system in each sample collection, 𝑚3 

∆𝑡               time interval between collection of two consecutive liquid samples, s 

∆𝑉𝑙              volume of liquid taken from the system in each sample collection, m3 

𝜆𝐻2𝑂
𝑣𝑎𝑝

            heat of vaporization of water, kJ/mol 

𝑛𝑖                number of moles of species i, mol 

𝐹𝑖                molar flow rate of species i, mol/s 

𝐻𝑖                enthalpy of formation of species i, mol/s 

𝐸𝑖                total energy of species i, mol/s 

𝑊𝑠               shaft work, W 

CL               concentration of lignin, mol/l 

C𝑣               concentration of vanillin, mol/l 

C𝑂2
              concentration of oxygen, mol/l 

P        partial pressure of species i, bar 

𝑃𝑖                partial pressure of species i, bar 

Q                 heat received by the system from the surroundings, W 

𝐶𝑝𝑖              heat capacity of species or substance i, J mol-1 K-1 or J kg-1 K-1 

𝑟1                rate of formation of vanillin, mol l-1 min-1 

𝑟2                rate of oxidation of vanillin, mol l-1 min-1 

𝑘1               kinetic constant for formation of vanillin, (l/mol)1.75 min-1 

𝑘2               kinetic constant of oxidation of vanillin, l mol-1 min-1 

R                 universal gas constant, l atm mol-1 K-1 

𝐴                 velocity reaction constant for vanillin oxidation, l mol-1 min-1 



 19 

𝐴𝑒𝑥𝑡1          area of the external wall of the cylindrical glass of the reaction, m2 

𝑟𝑒𝑥𝑡1           radius of the external wall of the glass that limits the reaction zone, m 

𝑟𝑖𝑛𝑡             radius of the internal wall of the internal cylindrical glass, m 

𝐴1               internal area of the cylindrical glass limiting the reaction zone, m2 

𝐴2               surface area of the steel plates, m2 

𝐸𝑎               activation energy of lignin oxidation, J/mol 

𝑓(𝑝𝐻)         function of concentration of H+ ions 

ℎ𝑎𝑙𝑠              heat transfer coefficient from the external wall of the lower steel plate to the ambient,   

          W m-2 K-1 

ℎ𝑎𝑢𝑠              heat transfer coefficient from the external wall of the upper steel plate to the ambient,   

          W m-2 K-1 

ℎ𝑓𝑔𝑙              heat transfer coefficient from the thermo fluid to the external glass walls of the reactor,   

          W m-2 K-1 

ℎ𝑔𝑙𝑙              heat transfer coefficient from the internal glass walls to the liquid inside the reactor,   

          W m-2 K-1 

ℎ𝑠𝑔              heat transfer coefficient from the gas inside the reactor to the internal wall of the upper    

                   steel plate, W m-2 K-1 

ℎ𝑠𝑙              heat transfer coefficient from the liquid inside the reactor to the internal wall of the   

                   upper steel plate, W m-2 K-1 

𝑅1              radius of the internal wall of the reactor column, m 

𝑅2              radius of the external wall of the reactor column, m 

𝑅3              radius of the internal wall of the outer jacket tube, m 

𝐴𝑅              internal cross-section area of the column, m2 



 20 

𝐴𝑤              difference between the external and the internal cross-section area of the column, m2 

𝐿                 height of the cylindrical glass, m 

𝐷𝑠              width of stainless steel plates, m 

𝑈1               overall heat transfer coefficient from the thermo fluid in the jacket to the liquid inside   

                    the reactor, W m-2 K-1 

𝑈2               overall heat transfer coefficient from inside of the reactor to the ambient through the  

                    top and bottom stainless steel plates, W m-2 K-1 

𝑘𝑠               thermal conductivity of stainless steel, W m-1 K-1 

𝑘𝑔𝑙              thermal conductivity of glass, W m-1 K-1 

𝑉𝑙               volume of the liquid phase inside the reactor, m3 

𝑉𝑔               volume of the gas phase inside the reactor, m3 

Ɛ𝐺               gas hold up 

Ɛ𝐿              liquid hold up 

Ɛ𝑆              volume fraction of the structured packing 

𝑢𝐺𝑆            superficial gas velocity, m/s 

𝑢𝐿𝑆            superficial liquid velocity, m/s 

𝑈               overall heat transfer coefficient from the thermo fluid in the jacket to the liquid insider           

                  the reactor, W m-2 K-1 

𝑇𝐹              thermo fluid temperature inside the jacket, K 

𝐶𝑝,𝑖            heat capacity of substance i, J kg-1 K-1 

 𝜆𝑒𝑓            effective thermal dispersion coefficient, W m-1 K-1 

𝑘𝐿𝑎            liquid side mass transfer coefficient, s-1 
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Subscripts 

D     vanillic acid 

g     gas phase 

𝐻2𝑂     water 

l     liquid phase 

L     lignin 

NaOH       sodium hydroxide 

others        intermediates that can be formed during lignin degradation 

𝑂2             oxygen 

V     vanillin 

Superscripts 

l     liquid phase 

g     gas phase 
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Chapter 1 | Introduction 

 

1.1 Introduction 

The current challenges of the 21st century involves the large-scale use of non-renewable 

and non-recyclable resources. This calls for development of technologies which are focused on 

producing reusable waste and utilizing renewable bio-based resources [1]. Biomass derived 

materials are promising alternatives to conventional petroleum based products due to their bio-

degradability and sustainability. Lignin and cellulose which comprise the major structural 

components in trees and plants are abundantly available bio-based materials [2]. In the process of 

wood pulping, delignification occurs by chemical degradation of lignin to liberate cellulose. The 

lignin obtained as a by-product from the conventional kraft and sulfite pulping routes are often 

termed ‘technical lignins’ [3]. The structural characteristics of lignin obtained from technical 

processes depend on the wood species, delignification type and recovery process from pulping 

liquors [4, 5].  

 Oxidation is one of the most extensively studied lignin valorization processes [6-12]. It 

produces low molecular weight phenolic compounds which are high value chemicals. Vanillin (4-

hydroxy-3-methoxybenzaldehyde) is one of the most prominent value-added chemicals produced 

from this process. It is predominantly used as a flavoring agent and has wide range of applications 

in food, cosmetic, chemical and pharmaceuticals industries. Recently, the interest in vanillin is 

growing due to its antioxidant and anti-cancer properties and its role in bacterial cell to cell 

signaling [13, 14]. It is a key constituent of vanilla flavor, and sold as a crystalline solid in two 

grades, technical and Food Chemicals Codex (FCC) grade. Vanillic acid (4-hydroxy-3-

methoxybenzoic acid), the oxidized form of vanillin, is a dihydroxybenzoic acid derivative that is 

also used as a flavoring agent. Recently, it is gaining significant interest due to its role in preventing 
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human diseases. It also has antimicrobial, antibacterial, and chemo-preventive properties which 

are significant [15]. 

 Vanillin production using guaiacol first began in the late 18th century by Haarmann and 

Reimer. About 40 years later, it was then discovered that vanillin could be produced from the 

lignin present in the sulfite liquor of pulp and paper industry [16]. The first lignin based production 

of vanillin from sulfite liquor started in the United States in the year 1936 as a joint venture 

between Marathon Paper Mills Co. of Wisconsin and Salvo Chemical Corp. using the technology 

developed by Howard [17]. However, by the end of 1990’s, majority of lignin to vanillin plants 

were shut down due to growing environmental concerns, reduced lignin availability due to the 

dominance of the kraft process and also due to the increasing availability of cheap chemical 

intermediates from petroleum [18]. Today, only about 20% of vanillin in the market is produced 

from lignin and the remaining 80% is produced from crude oil. Vanillin produced from lignin has 

a higher demand in specific market sectors including perfume industry, European chocolate 

manufacturers and in the Japanese market. The difference in price of lignin and guaiacol based 

vanillin is approx. $1 to $2 per kg and their market value according to Smolarski is about 12,000 

USD/MT [19, 20]. 

 Among technical lignins, kraft lignin accounts for 85% of all the lignin produced in the 

world, which accounts to approximately 45 millions tons/year produced worldwide [21]. The 

highly modified structure of kraft lignin is a result of sulfidolytic cleavage of phenolic propane 

units and alkaline cleavage of non-phenolic propane units [22]. In this aspect, the addition of an 

oxygen stage in lignin recovery cycle is recently gaining interest in the LignoForce process [23]. 

The structural changes before and after oxidation in the operating conditions of Lignoforce process 

are crucial to develop an integrated process for valorization of softwood kraft lignin. Modern NMR 
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techniques represent the most powerful approach to elucidate structural details of lignin [24-28]. 

It allows for quantitative analysis of various phenolic OH, aliphatic OH and carboxylic OH units 

present in the softwood kraft lignin in detail. 

 The development of bio-based vitrimers from the oxidation of kraft lignin is a relatively 

new field of research [29-31]. Vitrimers represent a new category of polymers in addition to 

thermoplastics and thermosetting polymers. Thermoplastic polymers exhibit melting when 

sufficient thermal energy is provided. When heated beyond a specific temperature level, 

thermoplastics behave like viscoelastic liquid and flow. They also dissolve when exposed to good 

solvents. In contrast, thermosetting polymers become soft, but do not flow when heated above a 

certain temperature range. Thermosetting polymers do not dissolve in good solvents and only 

exhibit swelling when immersed into a good solvent. Vitrimers are unique polymers which behave 

like a viscoelastic liquid when heated but exhibit swelling when exposed to good solvents [32]. In 

these types of cross-linked networks, the introduction of exchangeable chemical bonds leads to 

dynamic cross-linking mechanism allowing vitrimers to possess plasticity in the network. Polymer 

networks which are comprised of exchangeable bonds are termed as ‘Covalent Adaptable 

Networks (CAN)’.  

CANs are classified into three main categories depending upon the exchange mechanism: 

concerted, dissociative and associative. In the concerted cross-link exchange mechanism, the 

original cross-link is only broken when a new covalent bond to another position has been formed 

without any kind of intermediate step. In practical scenarios, the chemical bond exchange takes 

place via an intermediate step, therefore, the concerted cross-link exchange mechanism is 

considered as an ‘ideal’ scenario for vitrimer formation. In contrast, in a dissociative exchange, 

bonds are broken and formed again at another place via a less cross-linked intermediate state.  One 
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of the key criteria for formation of vitrimeric polymer materials is that the overall cross links 

should not decrease upon heating. Therefore, dissociative CANs do not meet the ideal 

requirements about topology and network fluctuations for vitrimer formation. In the third group of 

CANs, the original cross-link is only broken when a cross-link to another position has been formed 

via a more cross-linked intermediate state. As a result, network de-crosslinking is not possible and 

this scenario is expected to meet or at least approach ideal vitrimer formation requirements. This 

type of network re-arrangement allows vitrimers to possess notable self-healing, swelling and 

stress relaxation properties. 

1.2 Dissertation outline 

 Chapter 2 provides a review of lignin hydrogen peroxide oxidation chemistry with 

emphasis on aromatic aldehydes and acids. It highlights the basic patterns, mechanisms and 

optimal conditions for utilizing hydrogen peroxide for oxidation of lignin. It also provides 

commonalities between the oxidative chemistries of lignin by oxygen and peroxide and the current 

challenges of valorizing lignin using nitrobenzene, oxygen and hydrogen peroxide. In this review, 

the effect of pH, temperature, metal ions and lignin feedstock on the hydrogen peroxide oxidation 

of lignin are briefly discussed. The results and mechanisms discussed provide details on 

developing processes for production of the aromatic aldehydes and acids from hydrogen peroxide 

oxidation of lignin. 

 Chapter 3 provides a background information on the development of bio-based vitrimer 

polymers from lignocellulosic feedstock. Vitrimers are novel materials that exhibit permanent 

molecular networks which can change their molecular configuration through segmental diffusion 

simultaneously preserving network integrity. This allows vitrimers to have interesting properties 

such as self-healing, solvent swelling and shape memory. The development of bio-based 
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technologies is interesting since it allows to address the major limitations in valorization of 

lignocellulosic feedstock. This background review addresses the current technologies for 

producing bio-based vitrimers in an integrated biorefinery. 

Chapter 4 is focused on oxidation of softwood kraft lignin using oxygen in alkaline 

medium to produce vanillin and vanillic acid. Currently, the industrial production of vanillin is 

mainly focused from the oxidation of lignosulfonates despite the fact that they represent less than 

10% of the total lignins extracted [33]. Typically, higher yields of vanillin ranging from 5 to 7% 

are obtained from lignosulfonates in the presence of transition metal catalysts [34]. Kraft lignin 

which represents the main source of lignin is currently used as a source of low-grade fuel in the 

pulping operation and only about 100,000 tons of kraft lignin available are valorized every year 

[35]. Oxygen is preferentially used as an oxidizing agent due to its high atom economy, 

environmental friendliness, and low price. However, due to the lower yields attained in this 

process, catalysts in combination with oxygen are required to improve the yield by a factor of 1.5-

2 [36]. In an integrated approach, it is critical to avoid the use of catalysts for downstream 

processing of kraft liquor in evaporators and recovery boilers. Other problems with the 

conventional processes include high consumption of oxygen and solvents, lower yields of products 

and large amounts of unutilized lignin after the oxidation reaction [37]. This part of work was 

focused on addressing these problems encountered in the oxidation of kraft lignin to vanillin and 

vanillic acid. Through analyzing the reaction mechanism and kinetics thoroughly, we identified a 

novel approach to enhance the yield of vanillin and vanillic acid. Specifically, instead of applying 

oxygen throughout the entire reaction processes, we discovered that oxygen should be applied only 

in the initial reaction phase.  
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 Chapter 5 of this research is focused on understanding the effect of oxygen and ozone 

oxidation on functional group content in softwood kraft lignin under the operating conditions of 

LignoForce process. Lignin is one of the most abundant natural polymers, however, it shows 

incompatibility with other components due to its branched aromatic structure, high molecular 

weight, and brittle nature. For this reason, understanding the structural changes in lignin during 

oxidation is crucial for its applications. The softwood kraft lignins before after oxygen and ozone 

oxidations were thoroughly characterized using a variety of conductometric titration and 31P NMR 

techniques.  Among the oxidizing agents, the amount of carboxylic OH units formed from ozone 

oxidation was higher compared to the oxygen oxidation under similar conditions. These results 

indicate the importance of an ozonation stage at lower temperatures to induce carboxylic OH units 

in softwood kraft lignin. The higher amount of carboxylation obtained after ozone treatment allows 

for improved compatibility of lignin with other components. Further, the optimized conditions 

were there used for sequential oxidation with oxygen and ozone. 

Chapter 6 of this research is focused on developing bio-based vitrimer polymer films with 

novel self-healing and swelling properties. Currently, finding a long term solution to the disposal 

thermoset waste remains one of the main challenges to be addressed. Most of the thermoset waste 

is disposed of by incineration and landfill due to the lack of suitable methods. To address this issue, 

researchers have considered the modification of thermosetting polymers using vitrimer chemistry. 

The associative bond exchange mechanism in vitrimers allows for dynamic covalent linkages 

which imparts repairability and recyclability to the thermosetting polymers. In this part of work, 

we utilized oxidized kraft liquor available after oxidation from oxygen to further utilize the lignin. 

Further, the kraft liquor was subject to ozone treatment to improve the carboxyl content in lignin. 

The sequentially oxidized kraft lignin was cured with polyethylene glycol diglycidyl ether (PEG-
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epoxy) to vitrimer films with a high thermal stability, self-healing and fast relaxation due to the 

presence of bond exchangeable cross-linked networks. The vitrimer films also exhibited notable 

swelling properties in aqueous alkaline solutions which is a key indicator of the dynamic 

transesterification in the cured network. 

The organization of this dissertation is as follows: Chapter 2 provides a review of lignin 

hydrogen peroxide oxidation chemistry with emphasis on aromatic aldehydes and acids. Chapter 

3 provides a background information on the development of bio-based vitrimer polymers from 

lignocellulosic feedstock. Chapter 4 describes a new insight of the retro-aldol reaction for 

oxidative conversion of lignin to vanillin and vanillic acid. Chapter 5 highlights the effect of 

oxygen and ozone oxidation on functional group content in softwood kraft lignin. Chapter 6 

highlights a novel and integrated approach for the valorization of kraft lignin to produce lignin 

based vitrimers. Chapter 7 outlines the conclusions and discusses the future work of this research. 
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Chapter 2 | A review of lignin hydrogen peroxide oxidation chemistry with emphasis on 

aromatic aldehydes and acids 

This review discusses the main factors that govern the oxidation processes of lignins into aromatic 

aldehydes and acids using hydrogen peroxide. Aromatic aldehydes and acids are produced in the 

oxidative degradation of lignin whereas mono and dicarboxylic acids are the main products. The 

stability of hydrogen peroxide under the reaction conditions is an important factor that needs to be 

addressed for selectively improving the yield of aromatic aldehydes. Hydrogen peroxide in the 

presence of heavy metal ions readily decomposes, leading to minor degradation of lignin. This 

degradation results in quinones which are highly reactive towards peroxide. Under these reaction 

conditions, the pH of the reaction medium defines the reaction mechanism and the product 

distribution. Under acidic conditions, hydrogen peroxide reacts electrophilically with electron rich 

aromatic and olefinic structures at comparatively higher temperatures. In contrast, under alkaline 

conditions it reacts nucleophilically with electron deficient carbonyl and conjugated carbonyl 

structures in lignin. The reaction pattern in the oxidation of lignin usually involves cleavage of the 

aromatic ring, the aliphatic side chain or other linkages which will be discussed in this review. 

2.1. Introduction 

Practically viable and economic conversion of lignocellulosic biomass to value added 

products is an important challenge that requires integrated processing and effective utilization of 

lignin [1]. Lignin is nature’s second most abundant polymer after cellulose and it contributes as 

much as 30% of the organic carbon content in the biosphere [2, 3]. Lignin obtained from paper 

and biofuel production is currently being used as energy, however it can be further converted to 

value added chemicals [4, 5]. Several studies have reported on the conversion of lignin to value 

added chemicals including aromatic fine chemicals, carboxylic acids and monomers for polymer 
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production [6-9]. The controlled breaking of carbon-carbon and carbon-oxygen bonds in lignin 

represents a very selective de-polymerization that could produce a whole series of monomeric, 

aromatic species [10, 11]. 

 Oxidation is one of the most widely studied lignin valorization processes. Over the years 

different routes have been followed to study lignin oxidation [12-19]. Oxidative degradation of 

lignin produces low molecular weight phenolic compounds which are value-added chemicals. 

Vanillin is one of the main value-added chemicals produced from this process. It is the major flavor 

constituent of vanilla and has a wide range of applications in the food and perfume industries. It is 

sold as a crystalline solid in two grades, technical and Food Chemicals Codex (FCC) grade. The 

FCC grade requires a minimum assay of 97.0% on dried basis. The technical grade is applied 

where there are no standards for quality and impurity levels and generally sells for about $2.00/kg 

less than FCC grade [20]. 

The commercial route for vanillin synthesis is being carried out by Solvay which is the 

world’s leading producer of synthetic vanillin under the brand name Rhovanil® [21]. It is followed 

by Borregaard, the second largest producer of vanillin which also has ethyl vanillin production 

capacity and is the main supplier of vanillin to Europe [20]. The Borregaard process uses 

lignosulfonate as the starting lignin source which is catalytically oxidized at high pH with a 

transition metal catalyst at elevated temperature and pressure resulting in vanillin yields ranging 

from 5-7% with respect to lignosulfonate using oxygen as the oxidizing agent [22]. Over the recent 

years the demand for natural vanilla flavors from flavor manufacturers and from the food industry 

in general has been increasing. To answer the demand for natural vanillin, Solvay and Borregaard 

have developed Rhovanil® Natural and EuroVanillin respectively as an alternative to synthetic 
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vanillin [21, 23]. However, the raw material costs for natural vanillin are more expensive than the 

synthetic counterpart which makes synthetic vanillin more competitive and widely used [24]. 

From an industrial point of view, only sulfite lignin is currently used to prepare vanillin, 

despite the fact that it accounts for less than 10% of the total lignins extracted [24]. Kraft lignin 

which represents the majority of lignins separated, is mainly used as a low grade fuel in the pulping 

operation [25]. Therefore, there is a tremendous opportunity and economic incentive to use kraft 

lignin as a source to produce medium to high added value aromatic aldehydes. It is key to note that 

nitrobenzene is the oxidant that gives the highest yields of aromatic aldehydes and acids from kraft 

lignin. Nitrobenzene, however, is an expensive oxidant and its reduction products are harmful and 

difficult to separate, limiting its industrial application [26]. Oxygen is the preferred choice for 

producing value added products such as vanillin from kraft lignin, mainly because of its 

environmental friendliness, high atom economy and low price. However, catalysts in combination 

with oxygen are required to improve the yield of aromatic aldehydes by a factor of 1.5-2 [27]. In 

the kraft pulping process, it is imperative to avoid the use of catalysts so that downstream 

processing of kraft liquor is easily handled in evaporators and recovery boilers. Also, the oxidation 

of lignin with oxygen and nitrobenzene usually requires high temperatures and pressures and may 

result in many undesirable byproducts [28].  

Hydrogen peroxide is an industrially attractive and environmentally benign chemical 

which is commonly used in pulp and paper industry [28]. It is easy to use and doesn’t require any 

special equipment. Higher reactivity of hydrogen peroxide also enables it to cause significant 

degradation of non-phenolic lignin structures unlike oxygen [29]. The reduction potential of 

H2O2/H2O pair is +1.763 V, compared to only +1.229 V for the O2/H2O pair in acidic medium 

whereas, in alkaline medium the reduction potential of H2O2/H2O pair is +0.994 V, compared to 
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only +0.401 V for the O2/H2O [27, 30]. In contrast, nitrobenzene has a reduction potential 

(nitrobenzene to phenyl hydroxylamine) of -1.1 V in aqueous alkaline medium and -0.37 V in 

acidic medium [31]. A significant amount of experimental data in the field of lignin oxidation 

using oxygen and nitrobenzene has been accumulated and there are a number of modern reviews 

available based on these reagents. However, the recently published reviews only briefly discuss 

the use of hydrogen peroxide as an oxidizing agent for lignin [26, 27, 32]. The purpose of this 

review is to highlight the basic patterns, mechanisms and optimal conditions for utilizing hydrogen 

peroxide for oxidation of lignin. 

2.2. Lignin Structure 

Lignin is an amorphous high molecular mass biopolymer with a chemical structure distinct 

from the other constituents of wood. The chemical structure of the lignin is made up of phenyl-

propane units that are not linked to each other in any systematic order. In general, lignins are 

categorized into three major groups: softwood, hardwood, and grass lignins. They arise from 

radical coupling of three main precursors: p-coumaryl, coniferyl and sinapyl alcohols (Figure 2.1) 

[33].  

 

Figure 2.1. Monolignols present in the lignin [33]  (reproduced with permission from John 

Wiley & Sons) 
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Peroxidase and laccase enzymes in the plant cell wall oxidize the phenolic OH groups of 

the monolignols, generating free radicals. Subsequently the complex lignin polymer is formed by 

homo-coupling or cross-coupling the monolignol radicals. Its composition is generally 

characterized by the relative abundance of p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) 

units (derived from each of the 3 major precursors) and by the distribution of interunit linkages in 

the polymer. The nomenclature followed in lignin model compounds is highlighted in Figure 2.2. 

Softwood, hardwood and grasses differ in major interunit linkages, abundance, methoxyl content 

and bond dissociation energies which are represented in (Table 2.1 and Figure 2.3).  

 

Figure 2.2. Nomenclature followed in lignin model compounds  
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Figure 2.3. Major interunit linkages found in lignin [34] (reproduced with permission from John 

Wiley & Sons) 
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Major 

interunit 

linkages 

found in 

lignin 

β – 

aryl 

ether 

Resinol Phenyl-

coumaran 

Biphenyla + 

Dibenzodioxicinb 

Spirodienone Diaryl 

ether 

Interunit 

linkage 

β-O-4 (β-β) +   

(γ-O-α)  

(β-5) +   

(α-O-4) 

5-5a 

(5-5)+(α-O-4)+ ( 

β-O-4)b 

β-1 +  

(α-O-α) 

4-O-5 

Softwood 

(%) 

45-50 2-6 9-12 5-7b 1-9 2 

Hardwood 

(%) 

60-62 3-16 3-11 <1b 1-7 2 

Grasses (%) 74-84 1-7 5-11 n.d n.d n.d 

Bond 

Dissociation 

Energy 

(kcal/mol) 

Cβ-O-

C4’ 

54-72 

Cα-Cβ 

75-80 

Cα-O 

68 

Cα-Cβ 

67 

Cγ-O 

79 

Cβ-Cβ 

81 

Cα-O-C4’ 

50-56 

Cα-Cβ 

54-63 

 

C5- C5’ 

115-118 

Cβ- C1’ 

65-69 

(for open 

structure) 

 

C4-O-C5 

78-83 

 

Table 2.1. Different interunit linkages, their structure, abundance and bond dissociation energies 

found in softwood, hardwoods and grasses [34] 
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2.3. Sources of lignin 

Lignins present in the raw plant biomass are termed native lignins. The extraction of native 

lignins from lignocellulosic biomass may be future targets. The byproduct lignin obtained from 

conventional pulping routes such as kraft and sulphite processes are often called as technical 

lignins [32]. The largest source of lignin comes wood pulping processes, most of which is derived 

from the kraft and sulphite processes [35]. In some mills, part of the liquor/lignin produced is 

diverted to increase the pulp production capacity. Since kraft technology is evolving, the utilization 

of kraft lignin to make value added products seems a viable approach. 

2.3.1. Kraft lignin 

Kraft lignin accounts for 85% of all the lignin produced in the world which is industrially 

produced from the kraft pulping process, and approximately 45 million metric tons/year of kraft 

lignin is produced worldwide. The aim of the kraft process is conversion of wood into pulp which 

is the main raw material for paper. Kraft lignin is commonly found in black liquor, the byproduct 

stream of pulp and paper mills. β-aryl ether bonds are broken via sulfidolytic cleavage in phenolic 

phenyl propane units and via alkaline cleavage in non-phenolic phenyl propane units to result in a 

highly modified structure of kraft lignin (Figure 2.4). It has low average molecular weight (Mn) 

of about 1000 – 3000 Da with a polydispersity between 2 and 4 and an estimated average monomer 

molecular weight of 180 Da. It is soluble in alkali and highly polar organic solvents [6]. 
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Figure 2.4. Structure of kraft lignin [36] (reproduced with permission from Elsevier) 

2.3.2. Lignosulfonates  

Sulfite lignins or lignosulfonates (Figure 2.5) are obtained from sulfite pulping of wood. The 

annual global production of lignosulfonates is 2 million metric tons/year [25]. In this process the 

wood is made soluble by sulfonation mainly at benzyl alcohol, benzyl aryl ether and benzyl alkyl 

ether linkages on the side chain of phenyl propane units [37]. Hardwood lignosulfonates and 

softwood lignosulfonates are obtained from waste pulping liquor concentrated by the Howard 

process after stripping and recovery of sulphur [38]. They have an average monomer molecular 

weights in the range of 188 Da, and 215-154 Da, for softwood and hardwood lignosulfonates 

respectively. They exhibit number-average molecular weight (Mn) from 1000 Da to 140,000 Da, 

with the majority lying between 5000 Da and 20,000 Da [6]. Lignosulfonate is soluble in acidic, 

basic and aqueous solutions, and in highly polar organic solvents but hydrolysis reactions, and 

eventually excessive sulfonations can occur. 
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Figure 2.5. Structure of lignosulfonate [6] (reproduced with permission from Elsevier) 

2.3.3. Biorefinery lignin 

Biorefinery lignin refers to lignin that is isolated from both woody biomass and agricultural 

residues by different pretreatment methods. The structural characteristics of biorefinery lignin vary 

depending upon the pretreatment methods [39]. As the biomass refinery is emerging over the 

recent years, tremendous amounts of biorefinery lignin is becoming available in addition to kraft 

and sulfite lignin [10]. The main features of biorefinery lignin are represented in Table 2.2. 



43 

 

Spectral region Number of moieties per aromatic ring 

Milled 

Wood 

lignin  

 

(MWL) 

Deep 

Eutectic 

Solvent 

based lignin  

(DESL) 

Dilute acid-

pretreated 

corn-stover 

lignin  

(DACSL) 

Steam-

exploded 

spruce 

lignin 

(SESPL) 

Soda-

pretreated 

wheat-straw 

lignin 

(Soda-WSL) 

Methoxy content 0.97 0.90 1.19 0.97 1.25 

CAr-H 2.75 3.09 2.45 2.46 2.67 

CAr-C 1.66 1.69 1.93 2.12 1.80 

CAr-O 1.59 1.22 1.62 1.42 1.53 

phenolic 

hydroxyl 

0.05 0.49 0.22 0.30 0.01 

aliphatic 

hydroxyl 

1.62 1.54 0.95 1.03 1.30 

saturated CH2 or 

CH3 on aliphatic 

side chain 

1.83 1.97 2.33 2.41 1.93 

Cγ in β-5 and  

β-O-4 with C=O 

0.65 ND[a] 0.26 0.29 0.36 

Cα in β-O-4 0.57 ND[a] 0.21 0.28 0.51 

Cβ in β-O-4 0.42 0.16 0.36 0.20 0.21 

[a] ND = not determined 

Table 2.2. Main features of Biorefinery lignin [39]  
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2.4. Mechanism of lignin oxidation by oxygen and peroxide 

It is well documented that there are clear commonalities between the oxidative chemistries of 

lignin by oxygen and peroxide [27, 30, 40]. Both oxygen and peroxide are present and involved in 

the oxidation of lignin by oxygen and peroxide because hydrogen peroxide is formed during 

oxygen oxidation while oxygen is generated during peroxide oxidation [29, 30, 40, 41]. The 

chemistry of oxygen oxidation is also linked to hydrogen peroxide within the oxidation cycle via 

superoxide anion radicals as shown in Figure 2.6 [40]. 

 

Figure 2.6. Course of oxygen and hydrogen peroxide oxidation cycle [40] (reproduced from 

Holzforschung) 
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2.4.1. Oxygen oxidation 

The mechanism of lignin oxidation using oxygen has been proposed by various authors [20, 26, 

27, 42]. The reaction mechanism of oxygen proceeds via formation of following species [30]: 

∙ O − O ∙  + 𝑒−  ⇌  O2
−∙ 

O2
−∙ + HOO∙  → ∙ O − O ∙  + HOO− 

HOOH + HOO− → O2
−∙ +  H2O + HO∙ 

HO∙ + O2
−∙  → ∙ O − O ∙  + HO−  

The mechanism of lignin oxidation using oxygen typically involves radicals. In the absence of 

catalysts, the oxidation proceeds via chain reactions involving alkoxyl, hydroxyl and peroxyl 

radicals that are too active to achieve process selectivity [27]. In alkaline conditions, the reaction 

begins with dehydration of Cα -Cβ bond followed by electron abstraction from the phenoxyl anion 

(Step 1).  The oxygen oxidation is initiated by single electron transfer from activated phenoxyl 

anion species with the formation of a superoxide anion radical O2
−∙ and phenoxyl radical. This step 

happens at elevated temperatures or in the presence of traces of heavy metals which act as redox 

catalysts. This may further yield a substrate linked peroxide anion. The formation of a quinone 

methide intermediate can take place by the disproportionation of the phenoxyl radical [43] (Step 

2a) or by the oxidation of this radical preceded by proton detachment (Step 2b). Under 

thermodynamic control, the addition of nucleophilic agents to quinone methides (Step 3) occurs 

mainly at the γ-position whereas under kinetic control the addition occurs at the α-position [42]. 

The formation of vanillin from retroaldol cleavage of an α – unsaturated aldehyde (Step 5a) 

requires strong alkalinity and if the conditions are not maintained, byproducts are formed by the 

oxidation of unsaturated aldehydes. The retro-aldol cleavage is a reversible reaction and the 

probability of the reaction favoring vanillin formation is dependent on the pH, thermodynamic and 

kinetic control of the reaction conditions. The final step proceeds through dissociation of C-H bond 
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of the phenoxyl anion [27]. Hence, from the mechanism proposed below, vanillin formation from 

lignin requires proper control of desired conditions. The following is the step by step explanation 

of the proposed mechanism. 

Step 1: Initiation with electron detachment of phenoxyl anion to form phenoxyl radical 

 

Step 2a: Disproportionation of phenoxyl radical to form quinone methide 

 

Step 2b: Oxidation of phenoxyl radical preceded by proton detachment 
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Step 3: Nucleophilic addition of hydroxide ion to form coniferyl alcohol structure from quinone 

methide 

 

Step 4: Oxidation of coniferyl alcohol structure to 𝛾-carbonyl group 

 

Step 5a: Retroaldol reaction of ɑ- unsaturated aldehyde to form vanillin 

 

The formation of substrate linked peroxide anion from superoxide anion radicals may also further 

yield  aromatic aldehydes such as vanillin (Step 5b) [30, 40]. This proceeds through cleavage of 
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conjugated double bonds. The drawback of this pathway is that it cannot be extrapolated towards 

selective oxidants such as nitrobenzene or copper oxide [27].  

Step 5b: Formation of aromatic aldehydes via attack of superoxide anion radical O2
−∙ 

 

(Figures in Step 1 to 5b are reproduced from open access article published by MDPI) 

Besides C-C cleavage, superoxide anion radicals may also undergo proton and heavy metal 

catalyzed dismutation under alkaline conditions (pH > 6) to form oxygen and hydrogen peroxide 

Figure 2.6. In presence of alkali promoted, heavy metal-catalyzed reactions, hydrogen peroxide 

may disproportionate to form hydroxyl and re-form superoxide anion radicals [40]. The hydroxyl 

radical is the most reactive among all the reactive oxygen species. The formation of the hydroxyl 

radical is accelerated in the presence of transition metal catalysts required in the oxygen oxidation 

of lignin [10, 27, 44]. In this oxidation cycle in the presence of metal catalysts, the Haber-Weiss 

reaction generates hydroxyl radicals from hydrogen peroxide and superoxide anion radical [45]. 

The following reactions occur:  

a) Fe(III) reduction by O2
∙− 

       Fe3+ + O2
∙− → Fe2+ + O2                                                                        (a) 

b) Fe(II) oxidation by hydrogen peroxide (Fenton reaction) 

Fe2+ + H2O2 → Fe3+ + OH− + OH∙                                                           (b) 

O2
∙− + H2O2 → OH∙ + OH− + O2                                            (net reaction) 
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The presence of transition metal catalysts is crucial for the Haber-Weiss reaction since the rate of 

reaction in the absence of catalysts is negligible. The effect of the hydroxyl radical in the oxidation 

processes can be explained through the redox potential. In alkaline media, the redox potential of 

hydroxyl radical is +1.89 V, whereas the superoxide anion radical is close to the redox potential 

of molecular oxygen +0.40 V [27, 40]. The hydroxyl radical is too active for vanillin preservation. 

Therefore, it is evident that to enhance the yield of vanillin, it is important to decrease the impact 

of oxygen and its reactive radical forms such as hydroxyl radicals. This may be addressed by using 

hydrogen peroxide which is relatively stable compared to other reactive oxygen species. Also, 

non-phenolic lignin structures are not attacked by oxygen to any noticeable extent since the initial 

step of electron transfer (Figure 2.6) from the non-phenolic substrate to oxygen does not take place 

[40]. Hydrogen peroxide is moderately active and does not have unpaired electrons unlike oxygen 

radicals. Another major advantage of using hydrogen peroxide is that non-phenolic lignin 

structures are also reactive during oxidation reaction unlike oxygen [29]. An effort to address the 

developments in oxidation of lignin using hydrogen peroxide is made in following sections to 

further develop the understanding. 

2.4.2. Hydrogen peroxide oxidation 

Phenolic cinnamaldehyde structures of the coniferaldehyde type are readily cleaved by alkaline 

hydrogen peroxide giving rise to corresponding aromatic aldehyde such as vanillin which can be 

further converted to aromatic acids such as vanillic acid [30, 46]. The reaction proceeds with 

nucleophilic attack of hydrogen peroxide at Cα position forming an intermediate epoxide. The α-

carbonyl structures in phenolic units are quantitatively cleaved to form the corresponding 

methoxy-hydroquinone derivatives [29, 30].  In the presence of phenolic units, the reaction 

proceeds via a Dakin-reaction and the intermediate formation of an epoxide which under alkaline 
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conditions is rapidly hydrolyzed accompanied by cleavage of the Cα – C1 forming the 

corresponding methoxy hydroquinone derivatives. The mechanism representing this cleavage 

reactions is shown in Figure 2.7, scheme A. 
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Figure 2.7. Hydrogen peroxide oxidation of phenolic-lignin mechanisms: A) conjugated 

side-chain oxidation, B) aromatic ring oxidation to benzoquinone structures, C) aromatic ring 

cleavage [30] (reproduced with permission from John Wiley & Sons) 

For α-carbinol structures, the reaction proceeds via formation of a quinone methide 

intermediate followed by the Daikin-like reaction as represented in Figure 2.7, scheme B. The 

corresponding hydroperoxide is formed when the quinone methide rapidly reacts with superoxide 

ions [41]. The hydroperoxide derivative then forms p-quinone type structures. In the case where 

reactive moieties are absent in the α- position, nucleophilic attack by the hydroperoxide takes place 

at ortho- position, where the methyl group is eliminated. Subsequently, o-quinone type structures 

are then formed. Multiple reaction sites present in the o- and p- quinone rings are feasible for attack 

by hydroperoxide anions leading to ring opening products as shown in Figure 2.7, scheme C. 

Unlike oxygen oxidation of lignin, hydrogen peroxide can react with non-phenolic lignin 

structures. In the case of non-phenolic units with aryl-α-carbonyl conjugated structures, 

intramolecular nucleophilic attack leads to formation of a new phenolic hydroxyl group and a 

dioxetane intermediate which decomposes to the corresponding benzaldehyde which can further 
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oxidize [29]. The Dakin reaction is precluded in this case due to absence of a free-phenolic 

hydroxyl group as shown in Figure 2.8. 

 

 

Figure 2.8. Hydrogen peroxide oxidation of non-phenolic lignin with aryl- α-carbonyl 

conjugated structures [29] (reproduced with permission from American Chemical Society) 

  In non-phenolic cinnamaldehyde type structures, the hydroperoxide anion nucleophilically 

attacks α-carbon. An intermediate epoxide is formed after elimination of a hydroxide ion, which 

subsequently forms veratraldehyde type structures as shown in Figure 2.9. The side chain of these 

compounds is simultaneously oxidized to form an intermediate glyoxal which further results into 

the formation of formic acid [46]. In the case of α-carbinol structures like veratryl alcohols, the 

reaction proceeds via formation of veratric acid as shown in Figure 2.10. Scheme A. The reaction 

proceeds by way of an SN2 mechanism due to the presence of an etherified phenolic hydroxyl 

group. An intermediate formation of veratraldehyde takes place due to deprotonation-oxidation of 

hydroperoxide formed from veratryl alcohol. Veratraldehyde is further nucleophilically attacked 

by the hydrogen peroxide anion to form hydroperoxyacetal which is a highly unstable tetrahedral 

intermediate. This intermediate finally results in veratric acid via deprotonation followed by 

oxidation [47]. Due to the low 𝑝𝐾𝑎 of the perhydroxy anion, competition between oxidation and 
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dimerization takes place between veratryl alcohol and its corresponding hydroperoxide 

intermediate as shown in Figure 2.10. Scheme B. 

 

Figure 2.9. Hydrogen peroxide oxidation of non-phenolic lignin with cinnamaldehyde 

conjugated structures [46] (reproduced with permission from John Wiley & Sons) 

 

 

Figure 2.10. Scheme A. Hydrogen peroxide oxidation of non-phenolic lignin with α-carbinol 

structures. Scheme B. Dimer formation in the reaction of α-carbinols [47] (reproduced from 

Holzforschung) 
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2.4.2.1. Effect of pH 

Hydrogen peroxide is a powerful oxidizing agent reacting both as an electrophile and 

nucleophile depending upon the pH of the medium. Under acidic conditions, it acts as an 

electrophile by forming OH+species [48]. The reaction is summarized as follows: 

H2O2 + H+ ↔ H2
+OOH ↔ H2O + OH+ 

Whereas, under alkaline conditions it mainly works by forming the perhydroxyl ion OOH− as 

shown in the following reactions [49, 50] 

1) H2O2 + OH− ↔ OOH− + H2O 

2) OOH− + chromophore → bleaching (chromophore destroyed) 

In nucleophilic reactions, it is commonly accepted that the conjugate base perhydroxyl 

anion HOO− is the active species. This improved nucleophilicity is due to unshared pair of 

electrons on the atom adjacent or the alpha to the nucleophilic atom and is termed as ‘the alpha 

effect’ [29]. At 30°C, the rate of decomposition of hydrogen peroxide is maximized at pH 11.5. In 

a study of reaction of hydrogen peroxide with α-methyl syringyl alcohol, it was found that the rate 

of decomposition of peroxide was directly related to the rate of degradation of phenol. Hence, the 

maximum degradation of phenol was obtained at pH of 11.5 [41]. The rate constants for the 

decomposition of hydrogen peroxide as a function of pH are shown in Table 2.3. Another study 

showed that reactivity of p-hydroxybenzyl alcohols is yet another factor dependent on the pH of 

the system [47]. It also affects the formation of quinone methide and the reactivity of hydroperoxyl 

intermediate Figure 2.11. As the pH is increased, the amount of quinone methide is decreased 

resulting in a decrease in reaction rate as shown in Figure 2.12. Also, the 𝑝𝐾𝑎 of the hydroperoxyl 

intermediate is likely to be 12-12.5, thereby contributing to the decrease in reactivity of apocynol 

at higher alkalinity [47]. Hence, pH control is an important parameter and should be maintained at 
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pH 11.5 to prevent ionization of the hydroperoxyl intermediates that are formed and maximize 

lignin oxidation. 

pH Temperature 

°C 

𝒌𝟏(𝒐𝒃𝒔)

/𝟏𝟎−𝟑 𝒎𝒊𝒏−𝟏 

10.0 30 3.09 

10.5 25 3.24 

10.5 30 5.50 

10.5 40 12.08 

11.0 30 10.38 

11.5 30 11.72 

12 30 3.36 

12.5 30 0.68 

Table 2.3. First order reaction rate constants 𝑘1(𝑜𝑏𝑠) for the decomposition of hydrogen 

peroxide [41]. 
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Figure 2.11. The effect of pH on the reaction mechanism of apocynol [47] (reproduced 

from Holzforschung) 

 

Figure 2.12. The effect of pH on the reactivity of apocynol at 90°C [47] (reproduced 

from Holzforschung) 
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In the mechanism of p-hydroxyacetophenone oxidation, the reaction rate was profoundly 

dependent on the base type and concentration [51]. The reaction rate proceeds at a maximum when 

the base concentration is about 0.3 M. It was also found that hydroquinone monoacetate – HMA 

(reaction intermediate) can be hydrolyzed to hydroquinone and acetate if hydroxide ions are 

present in excess of the amount required to produce hydroperoxide anion. Hence, hydroxide ions 

can compete with the hydroperoxide anion for the available HMA causing a lower steady state 

concentration of both HMA and peracetate, and a slower reaction. Therefore, aqueous sodium 

carbonate can provide enough alkalinity in this case with a lower concentration of hydroxide ions 

compared to sodium hydroxide solution. At higher pH, o-hydroxyacetophenone reacted by the 

same mechanism whereas m-hydroxyacetophenone does not react with hydrogen peroxide under 

these conditions due to electronic reasons [51]. 

The degradation of precipitated hardwood lignin (PHL) using hydrogen peroxide was 

investigated at moderate to high temperatures [48]. It was found that under alkaline conditions, the 

reaction proceeds even at low temperatures (80-90°C) compared to higher temperatures of (130-

160°C) required under acidic conditions. Mono- and dicarboxylic acids were obtained as the major 

products. Under alkaline conditions, the main mono- and dicarboxylic acids detected were oxalic 

acid and formic acid with maximum yields of 17.4% (w/w) and 15.8% (w/w) respectively at 90°C 

for short reaction time of 10 min. Aldehydes and aromatic acids which are the intermediate 

products were detected only in trace amounts [48]. The yield of vanillin and vanillic acid was 

0.12% (w/w) and 0.15% (w/w) under alkaline hydrogen peroxide oxidation of PHL. On the other 

hand, these compounds were not detected by GC-MS in acidic condition of oxidation. This was 

due to the acid insoluble nature of PHL and aromatic structure instability of phenolic aldehydes in 

acidic conditions. The yield of mono- and dicarboxylic acids were lower compared to similar 
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operating conditions in basic conditions. The maximum yields of formic and acetic acid were 

26.6% (w/w) and 10.1% (w/w) respectively obtained at 140°C for the reaction period of 30 min. 

2.4.2.2. Effect of Temperature 

 The dissociation constants for various phenols depends on the temperature of the system. 

As the temperature is increased, the dissociation constants for various phenols decrease. This in 

turn increases the amount of quinone methide intermediate because it depends on the ionization of 

the phenol and the tendency of α-hydroxide elimination [47]. Also at higher temperatures, the 

stabilization effects due to hyperconjugation (Figure 2.13) can be eliminated due to the thermal 

energy of the system.  

 

 

Figure 2.13. Stabilization of quinone methide from apocynol through hyperconjugation [47] 

(reproduced from Holzforschung) 

Higher temperatures also enable ionization of hydrogen peroxide. The effect of 

stabilization on hydrogen peroxide at higher temperatures by using DTMPA 

(diethylenetriaminepentamethylene phosphonic acid) is shown in Figure 2.14. In this study of the 

oxidation of lignin model compounds using hydrogen peroxide at 90°C, phenolic compounds such 

as apocynol and p-hydroxybenzyl alcohol reacted completely in the presence of DTMPA at a pH 

of 11.2 [47]. At lower temperatures of around 50°C, the formation of the quinone methide is the 

rate determining step and is under thermodynamic control. Whereas at higher temperatures of 
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around 90°C, oxidation of the hydroperoxy intermediate determines the rate and extent of reaction. 

Hydrogen peroxide decomposition at 90°C and 110°C is bimolecular with 2nd order rate constants 

of 1.67 × 10−4 and 3.98 × 10−4𝑙𝑚𝑜𝑙−1𝑠−1(𝑅2 = 0.99) respectively [52]. 

 

Figure 2.14. Effect of DTMPA and Temperature on Hydrogen Peroxide Stability pH 11.5 [52] 

(reproduced from Holzforschung) 

In a study of oxidation of pine kraft lignin (Indulin AT), the highest percentage reduction 

of phenolic hydroxyl group/methoxyl group as a function of hydrogen peroxide consumed (g/l) 

was observed at 90°C in the presence of DTMPA [52]. The compounds that were identified as the 

products of hydrogen peroxide oxidation of kraft lignin are shown in Figure 2.15. 
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Figure 2.15. Low molecular weight products obtained from the oxidation of kraft lignin 

by hydrogen peroxide [52] (reproduced from Holzforschung) 

A significant amount of the lignin (around 80%) was degraded at 110°C which was the highest 

degradation based on yield and it accounted for 90% hydrogen peroxide consumption under 

stabilized conditions. Since the presence of radical species limits the extent of lignin degradation 

by consuming oxidizing agents, the extensive degradation of the lignin along with low residual 

hydrogen peroxide implies radicals may not be involved under these operating conditions. 

Significant amounts of isophthalic acid and aliphatic dicarboxylic acids were generated at these 

conditions. Isophthalic derivatives such as compound 10 and 12 are a result of oxidation of 

phenolic phenylcoumaran structures. Compound 12 comprised over 60% of the isolated 
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compounds at 110°C.  In non-stabilized systems the amount of compound 12 was extremely low 

at 90°C.  The reduced yield at 90°C in the absence of DTMPA is due to the consumption of 

available oxidant by radical species limiting lignin degradation. On the contrary, the higher yield 

obtained at 110°C under stabilized conditions suggests that the use of extreme conditions facilitate 

the degradation of condensed lignin structures and enhance the formation of new phenolic 

hydroxyl groups [52].  Therefore, the percentage reduction of phenolic group/methoxy group at 

90°C was higher compared to 110°C under stabilized conditions. The effect of temperature was 

also observed in case of aliphatic dicarboxylic acids. Trace levels of aliphatic acids were obtained 

at 70°C with and 90°C without DTMPA. Substantial amounts of malonic acid 1, maleic/fumaric 

acid 2, and succinic acid 3 from ring opening reactions of transient quinone intermediates were 

formed from lignins at 90°C and 110°C with DTMPA. Vanillin (compound 6) and acetoguaiacone 

(compound 5) were only detected in the non-stabilized system at 90°C. It is suggested that rapid 

decomposition of H2O2 avoids the further degradation of these compounds. The amount of vanillin 

formed in this study is unclear [52], but it can be concluded that the amount of vanillin formed in 

non-stabilized conditions will be significantly lower compared to stabilized conditions due to 

enhanced degradation of condensed lignin structures and formation of new phenolic hydroxyl 

groups. 

2.4.2.3. Effect of metal ions 

Transition metal catalysts in their highest oxidation state enhance the process of electron 

abstraction as shown in Figure 2.16 [10, 44]. The phenoxyl radical is formed by abstraction of an 

electron from phenolate anion (PhO−). It is evident that presence of catalytic amounts of copper 

(II), iron (III) or manganese (IV) increases the rate of reaction of phenolic lignin model compounds 

[10, 41, 46].  



62 

 

 

Figure 2.16. Transition metal induced decomposition of hydrogen peroxide [47] (reproduced 

from Holzforschung) 

Hydrogen peroxide is also susceptible to thermal and transition metal induced homolytic 

fragmentation reactions in which hydroxyl (HO·) and superoxide anion (O2
·−) radicals are 

generated [29]. Peroxides in alkaline conditions decompose via a disproportionation reaction with 

a maximum rate at the pH of its 𝑝𝐾𝑎 of 11.6 at 25°C [48] 

 

HOOH + HOO− →  HO· + HOO· + HO−                                               (1) 

HOOH + HOO− →  HO− + O2 +  H2O                                                  (2) 

Disproportionation leads to autocatalytic decomposition of hydrogen peroxide. The following 

reactions occur in aqueous media which provide the base induced decomposition of hydrogen 

peroxide into oxygen and water [29]. 

HOO− + HO· →  O2
∙− +  H2O                                                                   (3) 

HOOH + HO· →  HOO·  +  H2O                                                               (4) 

HOO· ↔  O2
∙−  +  H+                                                                                 (5) 

HO· + O2
∙− → HO− + O2                                                                            (6) 

HOOH + O2
∙− → HO· + HO− + O2                                                            (7) 
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As discussed in earlier sections, hydrogen peroxide decomposes in aqueous media to form 

hydroxyl and superoxide radicals.  The HO· radical is one of the strongest thermodynamically 

stable one-electron oxidants in aqueous media. The reduction potential in acidic solution E0 (HO·, 

H+/ H2O) = +2.72 V and in neutral and alkaline solution E0 (HO·/ HO−) = 1.89 V [53, 54]. It 

exhibits strongly electrophilic properties and selectively attacks electron-rich aromatic and olefinic 

moieties in lignins. It can also react with the aliphatic side chains at a comparatively lower rate. In 

strongly alkaline conditions (pH > 12), the hydroxyl radical HO· is converted into its conjugate 

base O·_, the oxyl anion radical. The oxyl anion can only react with aliphatic side chains in lignins. 

In contrast to HO·, the superoxide anion radical (O2
·_, H+/ HO2

_ ) =+0.2 V; (O2
·_, 2H+/ H2O2) = +0.87 

V, does not oxidize lignin to a substantial extent [40]. Kraft lignin and phenolic model compounds 

were not degraded when reacted with potassium superoxide at room temperature [55]. The 

decomposition products of hydrogen peroxide such as hydroxyl radicals, superoxide ions and 

oxygen can attack phenols present in lignin [41]. The phenoxyl radicals also have the tendency to 

react with superoxide ions that are formed due to decomposition giving rise to hydroperoxide 

which is subsequently degraded to low molecular weight compounds.  

The formation of aliphatic acids such as malonic, succinic, malic acid from aromatic ring 

opening of lignin and its model compounds have been reported in the literature [10, 48, 52]. It has 

been hypothesized that initial ring hydroxylation is responsible for the formation of dicarboxylic 

acids. This reaction takes place due to the reactive species such as HO· and HO+. HO· radicals 

react with aromatic and aliphatic structures initially generating radical sites but are unable to result 

in direct degradation by opening aromatic rings or fission of conjugated structures [40]. The 

depolymerization of lignin by side chain substitution and/or oxidative side chain cleavage using 

HO+ is the initial step to form low molecular weight aromatic compounds. They are further 
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oxidized to p- and o- quinone derivatives. Quinones further convert to maleic/fumaric acid and 

muconic acid derivatives by aromatic ring cleavage. It is probable that quick conversion of 

muconic acid takes place to form maleic/fumaric acid. This acid then forms malonic/succinic acid 

by hydrolysis. The reaction scheme is shown in Figure 2.17. Radical formation can be inhibited 

by addition radical scavenging agents. Hence, the ring opening reactions can be minimized, and 

aromatic ring stability can be improved [10]. 
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Figure 2.17. Proposed mechanisms for A) lignin depolymerization and aromatic nuclei 

oxidation, B) aromatic ring cleavage, and C) formation of final products [10] (reproduced with 

permission from John Wiley & Sons) 

2.4.2.4. Effect of lignin feedstock 

The origin of lignin is yet another important parameter affecting the aldehyde yields [27]. The 

use of low molecular weight lignin provides better yields whereas the presence of impurities such 

as sugars can negatively impact the yield. The isolation processes also modifies lignin structure. 

Hence, chemically treated lignins such as technical lignins show reduced yields compared to native 

lignins. This is due to the condensation reactions happening at C-5 position as a result of acid 

preparation of lignin [26]. The low yields obtained from various lignin sources are shown below 

in Table 2.4. The effect of lignin feedstock on yield of aromatic aldehydes using hydrogen 

peroxide as an oxidizing agent is still a matter of study [41, 46, 47]. Hence, this section highlights 

the available literature to show the effects lignin feedstock on yield of aromatic aldehydes. 

Sr 

No 

Lignin source Literature source Oxidizing 

agent 

Yield % 

1 Pinus spp. kraft [56] Nitrobenzene V: 13 

2 Calcium salt in alcohol 

precipitated kraft 

[57] Nitrobenzene V+S: 14 
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3 Indulin AT kraft [20] Oxygen V: 3.7 

4 Lignoboost softwood kraft [58] Oxygen V: 3.1 

5 Hardwood kraft [59] Oxygen, 

CuO 

V: 1.1, S: 3.5  

SA: 1.5 

6 Lignosulfonates  [60] Oxygen, 

Cu(OH)2 

V: 12a 

7 Lignosulfonates [22],[61] Oxygen, 

CuSO4 

V: 5 – 7b  

8 Precipitated hardwood kraft [48] Hydrogen 

Peroxide 

V: 0.12 VA: 0.15 OA: 

17.4 FA: 15.8 

Table 2.4. Effect of lignin feedstock on aromatic aldehyde yield 

Note: a – 65 wt.% of lignosulfonates assumed, b – ash content of lignosulfonate is unclear 

(V-vanillin, S-syringaldehyde, VA-vanillic acid, SA-syringic acid, OA-oxalic acid, FA-Formic 

acid) 

2.5. The continuous process of kraft lignin oxidation 

In an integrated process for lignin valorization, a continuous mode of lignin oxidation is more 

attractive than the batch mode due to the high volumes of kraft liquor that are treated in a pulp and 

paper industry [62]. Also, the relative ease of operation and constant product characteristics 

combined with lower overall investment and operating costs is advantageous in a continuous mode 

of operation. The two main type of reactor configurations that are studied in continuous mode for 

lignin oxidation are [20, 63]: 1) Bubble Column Reactor (BCR) and 2) Structured Packed Bubble 

Column Reactor (SPBCR). The main advantages and disadvantages of BCR and SBCR are 

discussed in Table 2.5 and 2.6 respectively. 
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Parameter Advantages Disadvantages 

Mass transfer Efficient liquid mixing, lower 

pressure drop and suitable for 

highly exothermic reactions 

Lower mass transfer from gas to 

liquid phase due to absence of 

structured packing limiting 

product yields 

Heat transfer and axial 

dispersion 

High heat transfer coefficients 

providing uniform 

temperature distribution even 

with highly exothermic 

reactions 

Radially non-uniform 

distribution of gas bubbles and 

lower initial temperature rise 

compared to SBCRs affecting 

vanillin formation 

Lignin oxidation and 

vanillin formation 

No shaft sealing is required, 

enabling the operation of 

aggressive substances at high 

temperatures and pressures 

which is crucial for lignin 

oxidation in alkaline medium 

As vanillin yields are lower, 

catalysts in combination of BCR 

operation will be required. 

Significant problems are present 

with respect to catalyst 

separation and integrating into 

the pulp and paper mill 

Cost of operation Adaptable type of reactor, 

reasonable in price and can be 

built in large sizes 

Relatively lower maximum 

vanillin yields compared to 

SPBCRs thereby limiting the 

scope for scale up of lignin 

oxidation to vanillin in pulp & 

paper industry 
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Table 2.5. Advantages and disadvantages of Bubble Column Reactor (BCR) 

Parameter Advantages Disadvantages 

Mass 

transfer  

Reduced back-mixing of the liquid phase and 

improved overall mass transfer from gas to 

liquid phase enabling higher product yields 

Reduced liquid hold up ƐL and 

higher gas hold up ƐG 

compared to BCRs.  

Heat 

transfer and 

axial 

dispersion 

Superficial velocity can be varied in a broad 

range without significant change in the axial 

dispersion accompanied by excellent radial 

dispersion and possibility of counter-current 

operation without flooding 

Heat transfer, hydrodynamic 

and transport coefficients are 

altered by the presence of 

internals. Scope to develop 

reliable models for predicting 

large scale unit performance 

Lignin 

oxidation 

and vanillin 

formation 

Initial temperature increase is relatively 

higher compared to BCRs due large amounts 

of lignin degradation which may be 

accompanied by higher initial vanillin 

formation 

Experimental validation of 

model predicted operating 

conditions for maximum 

vanillin yield is still under 

investigation 

Cost of 

operation 

Theoretical yield from model prediction is 1.8 

g/L of vanillin (85% of max. vanillin yield in 

batch reactor) which has potential to 

overcome additional costs incurred due to 

structured packing 

Relatively higher initial costs 

compared to BCRs due to the 

added cost of structured 

packing 

Table 2.6. Advantages and disadvantages of Structured Packed Bubble Column Reactor 

(SPBCR) 
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A study was conducted to evaluate the performance of structured packed bubble column 

reactor (SPBCR) and bubble column reactor (BCR) on the oxidative conversion of kraft lignin to 

vanillin under similar operating conditions [20]. The nitrogen flow rate (𝑄𝑁2
), oxygen flow rate 

(𝑄𝑂2
), volumetric flow rate of the inlet stream (𝑄𝐿), concentration of lignin at the inlet (𝐶𝐿

𝑖𝑛), pH 

at the inlet (𝑝𝐻𝑖𝑛) and the total pressure inside the reactor (P) were kept constant as shown in 

Table 2.7. The steady state vanillin concentrations obtained were around 0.73 g/L and 0.56 g/L, 

for the SPBCR and BCR experiments respectively. It can be concluded that higher vanillin yields 

can be obtained in SPBCR compared to BCR under similar operating conditions. However, the 

vanillin concentration from SPBCR is still relatively low compared to the maximum vanillin 

concentration of 2.0 g/L that can be for the oxidation of the same kraft lignin in a batch reactor.  

Parameters Bubble Column Reactor 

(BCR) 

Structured Bubble Column 

Reactor (SPBCR) 

𝐶𝐿
𝑖𝑛 (𝑔/𝑙) 60 60 

𝑝𝐻𝑖𝑛 14 14 

𝑄𝐿 (𝑙/ℎ𝑟) 2.12 2.12 

𝑄𝑂2
(𝑚𝑙𝑁𝑇𝑃/𝑚𝑖𝑛)  1000 1000 

𝑄𝑁2
(𝑚𝑙𝑁𝑇𝑃/𝑚𝑖𝑛)  1000 1000 

𝑃 (𝑏𝑎𝑟) 10 10 

Set point of thermostatic 

bath 𝑇𝐹
𝑠𝑒𝑡 

443 K (t < 2410 s) 

440 K (t > 2410 s) 

443 K 

Type of packing used N/A Mellapak 750Y 
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Mass transfer coefficient, 

𝑘𝐿𝑎* 

6 × 10−4 𝑠−1 8.1 × 10−4 𝑠−1 

Steady state vanillin 

concentration 

0.56 𝑔/𝐿 0.73 𝑔/𝐿 

% of max. yield for the 

oxidation of same kraft 

lignin obtained in a batch 

reactor 

28% 37% 

Table 2.7. Experimental conditions and results of continuous oxidation of kraft lignin [20] 

(*predicted by fitting experimental observations into equations) 

To understand the effect of operating parameters to maximize the vanillin yield in a 

SPBCR, a mathematical model was developed by Araujo et al [63]. A new set of operating 

conditions was proposed to maximize the steady state vanillin concentration from 0.73 g/L to 1.8 

g/L, close to 2.0 g/L that was the maximum concentration of vanillin obtained in batch experiments 

using kraft lignin. The following were the proposed operating conditions: 𝑄𝐿 = 10 𝑙/ℎ𝑟, 𝑇𝐹
𝑠𝑒𝑡 =

433𝐾, oxygen partial pressure (𝑃𝑂2
) = 10 𝑏𝑎𝑟, 𝑃 = 10 𝑏𝑎𝑟, gas flow rate (𝑄𝐺) = 40000 𝑚𝑙𝑁𝑇𝑃/

𝑚𝑖𝑛, and 𝑘𝐿𝑎 = 1.5 × 10−2𝑠−1. It was experimentally verified that the use of Mellapak 750Y 

modules increased the mass transfer coefficient by 35% comparted to BCR without the internals.   

It was observed that the liquid and gas flow rates should be adjusted to prevent excessive oxidative 

capacity of the media avoiding excessive vanillin oxidation. However, it can be concluded from 

this study that one of the most important tasks related to the continuous reactor unit that remain to 

be performed is a deeper experimental study about the hydrodynamics of the SPBCR configuration 

and its parameters (axial dispersion coefficient, gas and liquid hold-ups) and experimental 
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validation of the proposed operating conditions to achieve the model predicted steady state vanillin 

concentration of 1.8 g/L. 

2.6. Thermodynamic and kinetic studies of kraft lignin and vanillin oxidation: The following 

sections briefly highlight the thermodynamic and kinetic parameters of kraft lignin and vanillin 

oxidation in batch and continuous reactors. 

2.6.1. Kinetic laws for kraft lignin and vanillin oxidation:  

The kinetic law for the production of vanillin from the oxidation of kraft lignin was determined 

in the literature [64] as: 

𝑟1 = 𝑘1CO2

1.75CL 

The reaction constant (𝑘1) has an exponential dependence with temperature according to: 

𝑘1 = 𝑘1
0 exp(−

𝐸𝑎

𝑅𝑇
) 

From the slope of the lines from Figure 2.18, the activation energies (Ea) for the vanillin 

production (𝐸𝑎
𝑁𝐶) and oxidation (𝐸𝑎

𝐶𝐼)  are calculated as 29.1 and 46.0 kJ/mol respectively.  
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Figure 2.18. Arrhenius plots, 𝑘𝑁𝐶 and 𝑘𝐶𝐼, versus 
1

𝑇
, for the calculation of the activation energy 

of lignin oxidation (eq 9; runs 1, 2, 4-7, and 9) and vanillin oxidation (eq.4; runs 1, 2 and 4-7) 

respectively [64] (Note*- 𝑘𝑁𝐶 and 𝑘𝐶𝐼 denote 𝑘1 and 𝑘2 respectively) 

The kinetic constant for vanillin production (𝑘1) can then be expressed as: 

 𝑘1 = 1.376 × 107 exp (−
3502

𝑇
) (

𝑙

𝑚𝑜𝑙
)

1.75

𝑚𝑖𝑛−1 

For vanillin oxidation, the following kinetic law was found for two different mechanisms [65]: 

(a) for pH ≥ 11.5                                               𝑟2 = 𝑘2C𝑂2
C𝑣 

where, C𝑣 is the concentration of vanillin and 𝑘2 is expressed by [64] 

where, 𝑘2 = 4.356 × 106 exp (−
5530

𝑇
) (

𝑙

𝑚𝑜𝑙.𝑚𝑖𝑛
) 

(b) for pH < 11.5,                                             𝑟2 = 𝐴𝑓(𝑝𝐻)C𝑣
2
 

where, 𝐴 = 4071 exp(−
3103.7

𝑇
); 𝑓(𝑝𝐻) = (

𝐵×10−𝑝𝐻

1+𝐵×10−𝑝𝐻)
2

and 𝐵 = 8.88 × 1012 exp(−
1936.6

𝑇
) 

2.6.2. Energy balance for kraft lignin and vanillin oxidation in a batch reactor: 

In general the energy balance equation can be written as: 

𝑄 − 𝑊𝑠 + ∑(𝐹𝑖𝐻𝑖)𝑖𝑛 − ∑(𝐹𝑖𝐻𝑖)𝑜𝑢𝑡 = ∑ 𝐻𝑖

𝑑𝑛𝑖

𝑑𝑡
+ ∑ 𝑛𝑖

𝑑𝐻𝑖

𝑑𝑡
 

To simplify the general energy balance, the following assumptions are made [20]: 

1) perfectly mixed reactor, constant spatial values of all variables within the reactor system; 

2) constant total pressure during the reaction; 

3) mass transfer resistances are neglible (due to strong agitation); 

4) irreversible oxidation reactions; 
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5) ideal behaviour of the gas phase 

In general, the unsteady state energy balance to the system can then be written as [20, 65]: 

𝑄 − 𝑟1𝑉𝑙∆𝐻𝑟,1 − 𝑟2𝑉𝑙∆𝐻𝑟,2 = 𝜆𝐻2𝑂
𝑣𝑎𝑝 ([

−𝐵0

(𝐶0 + 𝑇)2
−

1

𝑇
]

𝑉𝑔𝑃𝐻2𝑂

𝑅𝑇

𝑑𝑇

𝑑𝑡
+

∆𝑉𝑙

∆𝑡

𝑃𝐻2𝑂

𝑅𝑇
) + ∑ 𝑛𝑖𝐶𝑝𝑖

𝑑𝑇

𝑑𝑡
 

The energy balance of the heat exchanged between the system and the surroundings can be 

expressed by 

𝑄 = 𝑈1𝐴1(𝑇𝐹 − 𝑇) − 𝑈2𝐴2(𝑇 − 𝑇𝑎𝑚𝑏) 

in which the overall heat transfer coefficients 𝑈1 and 𝑈2 are defined as: 

𝑈1 =
1

(
1

ℎ𝑔𝑙𝑙
) + 𝐴1 (

ln (
𝑟𝑒𝑥𝑡1

𝑟𝑖𝑛𝑡
)

2𝜋𝐿𝑘𝑔𝑙
) + (

1
ℎ𝑓𝑔𝑙

)(
𝐴1

𝐴𝑒𝑥𝑡1
)

 

𝑈2 =
1

(
1

ℎ𝑠𝑔
) + (

𝐷𝑠

𝑘𝑠
) + (

1
ℎ𝑎𝑢𝑠

)
+

1

(
1

ℎ𝑠𝑙
) + (

𝐷𝑠

𝑘𝑠
) + (

1
ℎ𝑎𝑙𝑠

)
 

2.6.2.1. Estimation of heat of reaction of kraft lignin oxidation ∆𝑯𝒓,𝟏 

Considering that in the initial moments of reaction (𝑡 = 0) there is no vanillin oxidation, 

the energy balance equation can be reduced to: 

𝑄𝑖 − 𝑟1
𝑖𝑉𝑙

𝑖∆𝐻𝑟,1

= 𝜆𝐻2𝑂
𝑣𝑎𝑝 ([

−𝐵

(𝐶 + 𝑇𝑖)2
−

1

𝑇𝑖
]

𝑉𝑔
𝑖𝑃𝐻2𝑂

𝑖

𝑅𝑇𝑖
(

𝑑𝑇

𝑑𝑡
)

𝑡=0
+

∆𝑉𝑙

∆𝑡

𝑃𝐻2𝑂
𝑖

𝑅𝑇𝑖
) + (𝑛𝑁2

𝑖 𝐶𝑝𝑁2
+ 𝑛𝑂2

𝑖 𝐶𝑝𝑂2
+ 𝑛𝐿

𝑖 𝐶𝑝𝐿

+ 𝑛𝑁𝑎𝑂𝐻
𝑖 𝐶𝑝𝑁𝑎𝑂𝐻 + 𝑛𝐻2𝑂

𝑖 𝐶𝑝𝐻2𝑂 + 𝑚𝑔𝑙𝐶𝑝𝑔𝑙) (
𝑑𝑇

𝑑𝑡
)

𝑡=0
 

All the variables can be determined or calculated except (
𝑑𝑇

𝑑𝑡
)

𝑡=0
 and ∆𝐻𝑟,1.  

The value of (
𝑑𝑇

𝑑𝑡
)

𝑡=0
 was determined by the temperature vs time data collected for the two 

experiments conducted in the study – one consisted of 𝑃𝑂2

𝑖  (4 bar) out of the total 𝑃 (9 bar) and the 
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other consisted of 𝑃𝑂2

𝑖  (6.5 bar) out of the total 𝑃 (9.5 bar) while the other operating conditions 

𝐶𝑁𝑎𝑂𝐻
𝑖 = 80 𝑔/𝑙, 𝐶𝐿

𝑖 = 60 𝑔/𝑙, 𝑇𝑖 = 123°𝐶 kept constant. Substituting the values in the equation, 

the value for the heat of reaction of vanillin formation from lignin oxidation ∆𝐻𝑟,1 was obtained 

as -29460 kJ mol-1 and -29913 kJ mol-1 for two the experiments conducted [20]. The average value 

of ∆𝐻𝑟,1 of -29687 kJ mol-1 or -12769 kJ kg-1 was used. The heat of reaction in the total combustion 

of pine wood is -19620 kJ kg-1 [66] and a heat value of -37143 kJ kg-1 for a kraft lignin extracted 

from black liquor was presented by P. Axegard [67]. These values were in the same order of 

magnitude of the ∆𝐻𝑟,1 determined above.  

2.6.2.2. Estimation of heat of reaction of vanillin oxidation ∆𝑯𝒓,𝟐 

In a general assumption, the heat of reaction of vanillin oxidation in the literature is given 

as [20]: 

∆𝐻𝑟,2(140℃) = ∆𝐻𝑓
140℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑛) − ∆𝐻𝑓

140℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑐 𝑎𝑐𝑖𝑑) 

Based on the experimental results in the literature [22, 24, 58] , vanillic acid formation may not 

be necessary linked to vanillin formation. Therefore, the new modified version of heat of 

reaction of vanillin oxidation can be given as:  

∆𝐻𝑟,2(140℃) = ∆𝐻𝑓
140℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑛) − ∆𝐻𝑓

140℃(𝑜𝑡ℎ𝑒𝑟𝑠)∗ 

{Note* - the modified equation represents that vanillin oxidation may result in the formation of 

vanillic acid and other by-products from ring opening.}  

The enthalpy change when the temperature of aqueous vanillin is raised from 25°C to 140°C: 

∆𝐻𝑓
140℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑛) = ∆𝐻𝑓

25℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑛) + ∆𝐻𝑠𝑜𝑙
25℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑛) + ∫ 𝐶𝑝𝑣𝑑𝑇

140℃

25℃

 

The heats of solution of vanillin and vanillic acid are -21.8 kJ mol-1 and -21.59 kJ mol-1, 

respectively as reported in the literature [68]. 
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∆𝐻𝑓
140℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑛) = −485.7 − 21.8 + ([∫ (0.6996𝑇 + 52.54)𝑑𝑇] ×

1

1000
)

413.15𝐾

298.15𝐾
  

∆𝐻𝑓
140℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑛) = −472.84 𝑘𝐽/𝑚𝑜𝑙 

∆𝐻𝑓
140℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑐 𝑎𝑐𝑖𝑑) = ∆𝐻𝑓

25℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑐 𝑎𝑐𝑖𝑑) + ∆𝐻𝑠𝑜𝑙
25℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑐 𝑎𝑐𝑖𝑑) + ∫ 𝐶𝑝𝐷𝑑𝑇

140℃

25℃

 

∆𝐻𝑓
140℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑐 𝑎𝑐𝑖𝑑) = −755.6 − 21.59 + ([∫ (0.8218𝑇 + 36.93)𝑑𝑇

413.15𝐾

298.15𝐾

] ×
1

1000
) 

∆𝐻𝑓
140℃(𝑣𝑎𝑛𝑖𝑙𝑙𝑖𝑐 𝑎𝑐𝑖𝑑) = −739.33 𝑘𝐽/𝑚𝑜𝑙 

Estimated heat capacities of kraft lignin, vanillin and vanillic acid were found using the 

Missenard group activity method from the literature [20, 69] Table 2.8: 

Source Heat capacity at 

25°C (J mol-1 K-1) 

Heat capacity at 

50°C (J mol-1 K-1) 

Heat capacity at 

75°C (J mol-1 K-1) 

Heat capacity at 

100°C (J mol-1 K-1) 

Kraft lignin N/A 3298.95 N/A 3700.42 

Vanillin 261.30 N/A 296.23 313.60 

Vanillic acid 281.80 N/A 324.27 342.89 

Table 2.8. Predicted heat capacities of kraft lignin, vanillin and vanillic acid [20, 69] 

Temperature 

(𝑻𝑭
𝒔𝒆𝒕) (°C) 

∆𝑯𝒇

𝑻𝑭
𝒔𝒆𝒕

(𝒗𝒂𝒏𝒊𝒍𝒍𝒊𝒏) 

(kJ mol-1) 

∆𝑯𝒇

𝑻𝑭
𝒔𝒆𝒕

(𝒗𝒂𝒏𝒊𝒍𝒍𝒊𝒄 𝒂𝒄𝒊𝒅) 

(kJ mol-1) 

∆𝑯𝒓,𝟐(𝑻𝑭
𝒔𝒆𝒕)  

(kJ mol-1) 

120 -479.54 -746.70 -267.16 

130 -476.23 -743.06 -266.83 

140 -472.84 -739.33 -266.49 

150 -469.39 -735.53 -266.13 

160 -465.87 -731.64 -265.77 
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Table 2.9. Estimated heat of reaction of vanillin oxidation at different temperatures from 120°C 

to 160°C* (*Assumption – oxidation of vanillin is solely linked vanillic acid) 

Based on thermodynamic concepts, reported literature and the above mentioned equations, 

the value of heat of reaction of vanillin oxidation ∆𝐻𝑟,2 was determined to be -266.49 kJ mol-1 at 

140°C. However, it can be deduced from Table 2.9 that the heat of reaction of vanillin oxidation 

decreases as the temperature of the reaction increases from 120°C to 160°C. 

2.6.3. Energy balance for kraft lignin and vanillin oxidation in the column sections in SBCRs 

and BCRs 

The energy balance for both the SBCRs and BCRs considering the axial dispersion model is made 

by considering the following assumptions [63]: 

1) constant gas composition with the axial position and time; 2) isobaric reactor; 3) the oxygen 

gas-liquid mass transfer is dominated by the resistance in the liquid film: the resistance in the gas 

film is neglected and dissolved oxygen is in equilibrium with the gas at the interface; 4) ideal 

behavior of gas phase; 5) for the same axial position, the temperatures of the packing, gas and 

liquid phases are equal (pseudo-homogeneous model for the energy balance). 6) the external tube 

of the reactor jacket is thermally insulated from the surroundings, and the temperature of the outer 

tube of the column is equal to the temperature of the thermo-fluid flowing inside the jacket. 7) no 

heat losses in the thermo-fluid between the exit of the bath and the entrance of the reactor jacket. 

The energy balance to the reaction media can be then simplified as: 
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𝜆𝑒𝑓

∂2𝑇

∂𝑧2

= (𝑢𝐿𝑆𝜌𝐿𝐶𝑃,𝐿 + 𝑢𝐺𝑆𝜌𝐺𝐶𝑃,𝐺)
∂𝑇

∂z
− 휀𝐿[(−∆𝐻𝑟,1)𝑟1 + (−∆𝐻𝑟,2)𝑟2] −

2𝜋𝑅2

𝐴𝑅
𝑈(𝑇𝐹 − 𝑇)

+ (휀𝐿𝜌𝐿𝐶𝑃,𝐿 + 휀𝐺𝜌𝐺𝐶𝑃,𝐺 + 휀𝑆𝜌𝑆𝐶𝑃,𝑆 + 𝜌𝑊

𝐴𝑊

𝐴𝑅
𝐶𝑃,𝑊)

∂𝑇

∂t
 

The energy balance to the fluid in the jacket can be given as: 

𝜌𝐹𝑢𝐹𝐶𝑃,𝐹

∂𝑇𝐹

∂z
+

2𝑅1

𝑅3
2 − 𝑅2

2 𝑈(𝑇𝐹 − 𝑇) + 𝜌𝐹𝑢𝐹𝐶𝑃,𝐹

∂𝑇𝐹

∂t
= 0 

 

2.7. Conclusion 

Alkaline hydrogen peroxide can be used at high temperatures for the peroxide degradation 

of kraft lignin using stabilization agents. It not only increases the amount of lignin oxidation but 

also improves peroxide utilization more efficiently [52]. pH control is crucial and should be 

maintained at pH 11.5 to prevent ionization of the hydroperoxy intermediates and maximize lignin 

oxidation [47]. Under these conditions, chromophoric groups are generated through Dakin and 

Dakin-like reaction pathways. In contrast, under acidic conditions aromatic compounds are not 

well preserved due to attack by HO+ and other radicals [48]. 

Among the oxidizing agents used for degradation of lignin into aromatic aldehydes, 

nitrobenzene is the oxidant that gives the highest yields, followed by oxygen [20]. However, 

nitrobenzene is expensive and its reduction products are harmful and difficult to separate [70]. 

This makes industrial scale up of this process more complex. Another unresolved problems in 

oxidation of lignins into aromatic aldehydes in high consumption of oxygen – over 10 mol per mol 
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of obtained vanillin [42]. These challenges with oxygen and nitrobenzene remain to be addressed 

and hence, hydrogen peroxide can be an important oxidant to tackle these challenges. 

The differences in oxidative chemistries between oxidizing agents such as hydrogen 

peroxide, oxygen and nitrobenzene do not allow for a straightforward comparison as represented 

by the yields. The extent of oxidation for each of these mechanisms can be weighed based on the 

amount of carboxylic acids produced in this process. Peroxide treatment also improves the 

carboxylic acid groups on lignin thereby enhancing its hydrophilicity and facilitating its 

dissolution. Since carboxylic acids are formed as the end products of aromatic ring degradation, 

the extent of oxidation can be evaluated based on their yields [10, 48]. 

Transition metals catalyze the decomposition of hydrogen peroxide into highly reactive 

radical species. Therefore, in order to utilize hydrogen peroxide and its corresponding anion on 

lignin and its model compound oxidation a sequestering agent is necessary. By using chelating 

agents, it is possible to use hydrogen peroxide at higher temperatures [46]. These conditions are 

also favorable for the reactions of non-phenolic lignin structures which are predominant in all 

different sources of lignin discussed above [29, 48, 59] and otherwise unreactive at conventional 

oxidation conditions. 

 

2.8. Scope for future work 

Vanillin, which is a high value-added product from oxidation of lignin is formed as a 

reaction intermediate, however, there is a scope to improve the yield of this product. A recent study 

showed that vanillin and vanillic acid were produced by hydrolysis in the absence of oxygen which 

started at 100°C [22]. Vanillic acid was formed in this process without the presence of oxygen, 

suggesting that vanillic acid was not the oxidation product of vanillin. The yield of vanillin by 
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hydrolysis in the absence of oxygen did not increase upon the addition of catalyst [22]. Based on 

this study, there is a scope to utilize hydrogen peroxide at lower temperatures to further develop 

the understanding of hydrolysis. The inclusion of molecular oxygen in combination with hydrogen 

peroxide has been shown to improve the extent of lignin degradation [52]. The optimum 

combination of both these oxidizing agents for degradation of lignin is still under investigation. 

Another factor that can impact vanillin yield is the characteristics of lignin molecule that 

is used as a feedstock for oxidation treatment. The understanding of the lignin molecule should 

not be limited to mean molecular weight or ratio of lignin precursors but also details at the level 

of chemical structure which includes types and amounts of functional groups that deviate the 

purpose of oxidation of lignin molecule [20]. Technical lignins are obtained as byproducts from 

various conventional pulping routes such as kraft and sulphite processes [32]. The differences in 

these processes causes technical lignins to have different structures and impurities. Compared to 

native lignins, technical lignins have more condensed structures resulting in higher C-C linkages. 

Native lignins, on the other hand, have a higher proportion of C-O inter-unit linkages. This 

undesired condensation reactions occur during delignification process and efforts are being made 

by researchers to minimize condensations. Successful methods to address condensation reactions 

are split into two main categories: (1) strategies that are focused on in situ trapping of the reactive 

intermediates to convert them into stable molecules and (2) strategies that are focused on directly 

stabilizing the β-O-4 ether linkages (either physically or chemically) [71]. The use of phenolic 

compounds as additives during kraft pulping is also a promising approach to minimize 

condensation reactions.  Addition of phenolic compounds such as 2, 4–xylenol during kraft pulping 

can reduce Kappa number by 13.9% [72]. There are other factors such as molecular weight, 

polydispersity, moisture, ash content, homogeneity, certain functional groups that should also be 
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taken into account for valorization of technical lignins [73, 74]. Biorefinery lignin which mainly 

consists of native lignin structures is an important feedstock to selectively utilize the uncondensed 

unit linkages for oxidation reactions. Lignosulfonates can produce higher yields phenolic 

aldehydes and acids due to the elimination of sulfonic group at C-α position under alkaline 

oxidative conditions. Due to the more severe conditions carried out in kraft pulping, the availability 

of reactive structures in the non-condensed fraction is comparatively lower in kraft lignins [35]. 

Hence, selective sulfonation of kraft lignin at the C-α position is a critical parameter to evaluate 

for improving vanillin yield from kraft lignins. Also, the treatment of lignosulfonates with 

hydrogen peroxide has not been reported in various literatures and there is a scope for investigation 

[10, 41, 47, 48, 52]. The results and mechanisms discussed provide details on developing processes 

for production of the aromatic aldehydes from hydrogen peroxide oxidation of lignin. Under 

optimized process conditions, there is a scope to develop value-added products using hydrogen 

peroxide as an oxidant. 
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Chapter 3 | Towards bio-based vitrimers from lignocellulosic feedstock 

Vitrimers are novel materials that exhibit permanent molecular networks which can change their 

molecular configuration through segmental diffusion simultaneously preserving network integrity. 

This allows vitrimers to have interesting properties such as self-healing, shape memory and solvent 

swelling. Bio-based vitrimers developed from lignocellulosic feedstock have shown excellent 

shape memory and repairing properties. The development of bio-based technologies is interesting 

since it allows to address the major limitations in valorization of lignocellulosic feedstock. This 

review addresses the current technologies for producing bio-based vitrimers in an integrated 

biorefinery. 

3.1. Introduction 

Currently, disposal of thermoset waste in our environment is one of the most challenging 

problems that needs to be addressed [1]. The available technologies focused on recycling can be 

classified into mechanical, thermal and chemical methods. However, these processes are not 

energy efficient and do not consider the recycling of the thermoset matrix. The modification of 

thermosetting polymers is, hence, crucial to address this issue. Novel development of vitrimer 

chemistries have the potential to tackle this challenge due to their  repairing and recycling 

properties [2, 3]. These properties are a result of permanent network integrity that remains 

unchanged at all temperatures and during the entire experimental time. 

Currently reported vitrimers are mainly derived from petrochemical feedstock. Hence, the 

use of bio–based vitrimers seems to be attractive in a sustainable biorefinery. Bio–based vitrimers 

are promising in industrial contexts due their preparation from commercially available monomers. 

These monomers include hemicellulose, cellulose and lignin which are readily available from pulp 

and paper industries.  
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Lignin is an amorphous high molecular mass biopolymer with a chemical structure distinct 

from the other constituents of wood. The chemical structure of the lignin is made up of phenyl-

propane units that are not linked to each other in any systematic order [4]. The byproduct lignin 

obtained from pulping routes such as kraft, soda, organosolv, hydrolysis and sulphite processes 

are often called as technical lignins. Kraft lignin accounts for 85% of all the lignin produced in the 

world. Approximately, 45 million metric tons/year of kraft lignin is produced worldwide, however 

the majority of it is used as a low-grade fuel in the kraft pulping operation [5]. Due to the large 

commercial production scale of kraft lignin, there is a tremendous opportunity and economic 

incentive to find value-added uses. 

Cellulose is the most abundant organic compound in the world which is produced by plants 

[6]. It is the predominant component of wood making up about 40 – 44% by dry weight [7]. It is 

hydrophilic in nature and insoluble in most organic solvents [8]. It is mainly obtained from wood 

pulp and cotton for industrial applications such as paper products. Cellulose extracted by chemical 

solubilization such as pulping has a refined structure. Cellulose nanofibrils (CNF) and cellulose 

nanocrystals (CNC) have a tremendous potential as components in bio-based vitrimers. 

Hemicelluloses belong to a group of hetero-polysaccharides containing glucose, mannose, 

galactose, xylose and arabinose [9, 10]. In the process of converting wood into pulp, significant 

changes in the amounts, locations and structure of hemicellulose takes place. Compared to 

cellulose, they have a higher tendency toward degradation and dissolution. The sugars present in 

hemicellulose can be converted into value added products such as furfural, xylitol, ethanol, and 

arabitol. There are also opportunities to utilize these products from hemicelluloses for bio-based 

vitrimers. 
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3.2. Chemistry of vitrimers 

Vitrimers are derived from thermosetting polymers (thermosets) and are very similar in nature 

to them. Vitrimer are based on dynamic associative bond-exchange reactions which allows them 

to retain the integrity of the crosslinked structure and impart self-healing properties. Due to their 

permanent network at all temperatures except their degradation temperatures, they usually swell 

in chemically inert solvents but do not dissolve when heated. The distinct properties of vitrimers 

are a result of bond-exchange reactions which are discussed briefly in the following sections.  

3.2.1. Concerted type network rearrangement 

In an ideal scenario for molecular network rearrangement, a new network bond can be formed 

at the same time as the old network bond is broken without a reactive intermediate as shown in 

Figure 3.1. The transition involves a temporary more cross-linked stage which is 

thermodynamically unstable [11]. In this case, the network integrity is maintained as the network 

exhibits same number of bonds at any given time. The permanent nature of crosslinking also avoids 

the possibility of side reactions. However, a single step molecular network rearrangement in a 

polymer is less likely and an actual polymer will more likely feature a multi-step pathway. 

 

Figure 3.1. Concerted type molecular network rearrangement (Reproduced from open access 

article published by Royal Society of Chemistry) 
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3.2.2. Dissociative type network rearrangement 

In the dissociative stepwise molecular network re-arrangement, the polymer chain undergoes 

formation of a temporarily de-crosslinked intermediate state as shown in Figure 3.2. In this case 

bonds are broken and formed again at another place. This results in temporary disruption of 

network integrity which results in a sudden viscosity drop. Upon cooling, the extent of crosslinking 

can be restored enabling the desirable thermosetting properties. 

 

Figure 3.2. Dissociative type molecular network rearrangement (Reproduced from open access 

article published by Royal Society of Chemistry) 

3.2.3. Associative type network rearrangement 

In the case of associative stepwise molecular network re-arrangement, the original cross-link 

is only broken when a new covalent bond at another point takes place. This type of rearrangement 

is expected to meet the ideal vitrimer requirements. In this case, a reactive intermediate is involved 

during the bond breaking and reforming as shown in Figure 3.3. The transition to reactive 

intermediate causes temporary increase in cross-link density however, this effect is negligible since 

the new bond is formed soon after the former is cleaved [11].  
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Figure 3.3. Associative type molecular network rearrangement (Reproduced from open access 

article published by Royal Society of Chemistry) 

3.3. Bio-based vitrimers 

Lignocellulosic materials which are widely available from pulp and paper industry can be used 

as monomers for preparation of ‘green’ vitrimers. However, there are technical and economic 

challenges for valorization limiting their application. For this reason, development of technologies 

which are sustainable and techno-economically feasible is crucial in an integrated biorefinery 

approach. Bio-based vitrimers are novel materials which have the potential to address these 

challenges. The following section highlights the current development of bio-based vitrimers from 

the point of view of an integrated biorefinery. 

3.3.1. Lignin-based vitrimers 

In general, vitrimers can be prepared by different chemistries such as transesterification, 

transamination, transalkylation, olefin metathesis exchange, disulfide exchange and imine amine 

exchange [2, 12-18]. Preparation of lignin based vitrimers from a transesterification exchange 

reaction is commonly studied in literature. The reaction involves initial nucleophilic attack by the 

hydroxyl of carboxylic acid groups on the electron deficient carbon on the epoxy group of a 

polymer. Further proton transfer from the oxygen of the hydroxyl group to the electron rich oxygen 

on the epoxy takes place to form a polymer containing both an ester and a hydroxyl function (step 

1). This is followed by exchange of alkyl groups among the alcohol and ester at higher 
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temperatures and in the presence of catalysts (step 2) known as transesterification exchange 

reaction (TER). It is critical to note that the alcohol groups within the epoxy matrix can be self-

sufficient to create TERs. This is highlighted in the reaction scheme shown in Figure 3.4. 

Reaction scheme 

 

Figure 3.4. Transesterification reaction for lignin-based vitrimers (Reproduced from open access 

article published by Royal Society of Chemistry) 

It is critical to note that untreated lignin contains a low amount of carboxyl groups [19]. To 

utilize lignin as a feedstock for transesterification reaction, the content of carboxylic acid groups 

should be increased within the lignin macromolecule. The carboxyl content in lignin can be 

increased by oxidizing agents such as oxygen, hydrogen peroxide and ozone. The oxidation of 

lignin results in formation of carboxylic acid via number of pathways either as monomer fragments 

or functional groups at the end of side chains of lignin. The side chain elimination of lignin results 

in phenolic compounds such as vanillin and vanillic acid which can further degrade to monomeric 

carboxylic acid fragments [20, 21]. Another pathway involves electrophilic attack at electron rich 

centers on the aromatic ring of lignin resulting in a four membered cyclic peroxide intermediate 

termed as dioxetane. This dioxetane can rearrange causing efficient cleavage of C–C bonds. The 

strategy for oxidation of lignin should target higher carboxylation on the lignin since more 

carboxyl groups induce efficient TERs and lignin content can be reduced less than the critical limit. 
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Table 3.1 shows the effect of oxidation treatments on the carboxyl content of lignin 

macromolecule. 

Source  Oxidizing 

agent 

Temp 

(°C) 

Time 

(min) 

Carboxyl 

content 

(mmol/g) 

Literature source 

Residual kraft lignin O2 140 80 1.50 [19] 

Kraft lignin O3 80 360 4.20 [22] 

Kraft lignin H2O2 90 60 1.65 [23] 

Alkali lignin (NH4)2S2O8 90 120 1.62 [24] 

Alkali lignin CuO 90 120 1.87 

Table 3.1. Effect of oxidation treatments on carboxyl content of kraft lignins 

The amount of lignin in the vitrimer has a profound effect on various tensile properties. 

The glass transition temperature and modulus usually increase with increasing lignin content. 

However, the epoxy polymer matrix also governs these tensile properties and the final tensile 

properties of the vitrimer are usually a combination effect of epoxy and lignin. A higher lignin 

content results in a denser cross-linked vitrimer and provides a rigid backbone. As a result, the 

glass transition temperature tends to increase with increasing lignin content provided the epoxy 

content is kept constant. Usually, a higher glass transition temperature will benefit the vitrimer 

stability since the segmental motions occur only after reaching this temperature. However, the 

viscoelastic liquid flow will only occur at temperatures higher than the topology freezing transition 

temperature ‘𝑇𝑣’ [2, 25-27]. 

Among the various properties of vitrimers, self-healing is a unique property compared to 

conventional polymers [28-30]. The dynamic covalent network allows vitrimers to have molecular 
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rearrangements and topology fluctuations. The network segments can diffuse preserving the 

network integrity and as a result self-healing can be achieved. It is critical to note that higher cross-

linking arising from lignin can restrict this segmental mobility and limit the self-healing ability. In 

this case, the abundance of ester bonds will be present however, to improve the efficiency of 

transesterification reaction additional measures are necessary. One way to address this challenge 

is to consider additional alcohol moieties from an external source. For example, the addition of 

ethylene glycol (EG) to a vitrimer composed of polyethylene glycol epoxy (PEG-epoxy) and 

carboxylated lignin (L-COOH) with 47.2% (wt.) lignin content allowed for over 80% healing of a 

crack in just 15 mins [31]. Another way to address the efficiency of TER is by heating the sample 

significantly higher than the glass transition temperature while simultaneously applying some 

pressure (~ 0.14 MPa). The application of pressure initiates deformation in the sample whereas, 

higher temperatures enable the sample to achieve thermal-responsive shape changing with efficient 

TERs [32]. 

The elongation at break of vitrimer can also be optimized by adjusting the amount of lignin 

charged in the reaction. A lower lignin content tends to allow considerable flexibility in the 

vitrimer because the rigidity and crosslinking tend to decrease and the amount of epoxy in the 

matrix increases. It has been observed that adjusting lignin content from 50% (wt.) to 66.6% (wt.) 

can reduce the elongation at break from 40.7% to 10.8% which represents a significant change 

[32]. It was also seen that lignin content can reduce the relaxation time significantly. The relaxation 

time for a vitrimer is related to the amount of elastic energy being stored by the fluid. Polymers in 

general can have a wide spectrum of relaxation times governing the relaxation process within and 

outside the polymer chain [33, 34]. For a sample with 66.6% (wt.) lignin content, the relaxation 

time of only 81 seconds was obtained compared to 1290 seconds obtained for 50% (wt.) lignin 
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content. This is because of the higher carboxyl content in the lignin which allows for increase in 

ester bonds with efficient TERs. 

3.3.2. Cellulose-based vitrimers 

Recent studies show tremendous research efforts in preparation of cellulose nanofibers (CNFs) 

from cellulose since they are one of the stiffest, strongest and most lightweight sustainable 

nanomaterials [18, 35-43]. One of the main limitations in CNFs produced from lignocellulosic 

materials is their hydrophilicity which results in poor water barrier properties [44]. The 

incorporation of vitrimer nanoparticles in CNFs is a promising approach to address this challenge. 

Reaction scheme 

 

Figure 3.5. Transesterification reaction for CNF based vitrimers (Reproduced from open access 

article published by Royal Society of Chemistry) 

Based on the reaction scheme mentioned in Figure 3.5, the initial vitrimer formation takes 

place between an epoxy and a fatty dimer acid (Step 1). The vitrimer formed in this step is rather 

uncured and the curing happens between carboxylate and alcohol groups in Step 2 at higher 

temperatures in presence of catalysts. Nanocomposites can be further developed by incorporating 

these vitrimer nanoparticles into CNF. The role of CNF here is to react further with the alcohol 

moieties present in vitrimer nanoparticles again via transesterification exchange reaction (step 2). 

Hence, sufficient amount of carboxylic acid groups in CNFs are necessary. To improve the 
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carboxyl content in CNF, oxidation strategies such as TEMPO-mediated and ammonium 

persulfate (APS) oxidation can be used. TEMPO-mediated oxidation results in carboxyl content 

of 1.49 mmol/g whereas APS oxidation can result up to 1.33 mmol/g depending on the conditions 

used [45].  Hence, it is evident that there are differences in the way carboxylic acid groups perform 

TERs in lignin and CNF based vitrimers.  

Pure CNFs, due to their hydrophilic nature, show considerable water absorption of more 

than 2500% in just 1 day. Also, prolonged exposure to water leads to disengagement of the network 

and redispersion of the CNFs leading to loss of mass. However, the incorporation of vitrimers into 

the CNF matrix can alter the physical properties significantly. Since, vitrimers are usually 

hydrophobic in nature, the nanocomposites made up of CNF and vitrimer result in 3 times lower 

water uptake compared to conventional CNF. Compared to uncured nanocomposites, the cured 

nanocomposites show lower uptake because the transesterification reaction decreases the 

hydrophilic groups such as hydroxyl and carboxylic acid. Also, curing eliminates the hydrophilic 

inter layer which promotes the interstitial migration of water within the material. 

The nanocomposites also can address the wettability properties. Pure CNF nanopapers 

undergo an increase in ductility as humidity increases which affects hydrogen bonding [18, 46].  

Hydrogen bonding is stronger in absence of humidity which helps prevent inelastic deformation. 

As the water molecules in the matrix increases, the amount of interfibrillar hydrogen bonds 

decrease and as a result, the binding strength is negatively affected. Hence, this challenge can be 

addressed by vitrimer based nanocomposites which facilitate inelastic behavior and allows the 

polymer composite to undergo higher deformation under proper conditions. Cured CNF/vitrimer 

nanocomposites showed stiffer and stronger tensile properties under different humidity scenario 

compared to non-cured samples. 
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In another study, polycarbonate chemistry (Figure 3.6) was utilized to synthesize a 

vitrimer-paper based composite [47, 48]. The porous structure of cellulose fiber paper network can 

be penetrated by vitrimers made from polyols and bicyclic carbonates via trans-carbonation 

exchange reactions. The hydrogen bonding interactions between natural cellulose fibers and the 

dynamical covalent bonds results in enhanced mechanical properties and smart properties such as 

shape-memory, self-healing, re-shaping and reprocessing. Notably, the vitrimer paper composites 

formed are totally recyclable. Based on the abundant nature of cellulose paper and excellent 

mechanical properties, vitrimer-paper represents a new class of sustainable composite materials 

with superior performance compared to the current thermoset based polymer composites. 

 

Figure 3.6. Transcarbonation exchange reaction for vitrimer based papers (Reproduced from 

open access article published by ACS) 

3.3.3. Hemicellulose-based vitrimers 

In an integrated biorefinery approach, the production of dissolving pulp is environmentally 

sustainable and suitable for pulp and paper mills. In contrast to conventional paper making which 

is mainly dependent on the kraft pulping process, 65% of the total dissolving pulp is produced by 

the acid sulfite method and 25%, by the prehydrolysis kraft (PHK) process, with the remaining 

10% derived from cotton linters [10, 49-51]. During the PHK process, large amounts of 

hemicelluloses are dissolved in the prehydrolysis liquor. The presence of high amounts of 

hemicellulose in dissolving pulp is detrimental in further processing to end-uses [52, 53]. 
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Therefore, the hemicelluloses in the prehydrolysis liquor are a source of hexose and pentose sugars 

which can be further converted to value added products such as furfural, xylitol, ethanol, and 

arabitol.[54]. 

From the point of view of bio-based vitrimers, the conversion of hemicellulose into furfural 

is of principal interest. Furfural is obtained by acid hydrolysis of hemicelluloses followed by 

dehydration of the pentose mono-sugars (xylose and arabinose) [55, 56]. Hydroxy-methylation of 

furfural can be performed to produce 5-hydroxy methyl furaldehyde (HMF) [57]. The chemistry 

of forming HMF based vitrimers follows imine-amine exchange reactions [58] as shown in Figure 

3.7. In step 1, nucleophilic attack by an amine group takes place at the electron deficient carbon 

atom of the aldehyde. Further, proton transfer from the amine group to the electron rich oxygen 

atom takes place followed by the protonation of this OH group. The imine formation takes place 

in this case with subsequent elimination of water. The formed imine group is prone to nucleophilic 

attack by another amine group in as shown in step 2. Finally, metathesis takes place between the 

formed imines in step 1 and step 2 as shown in step 3. 

 

Figure 3.7. Imine-amine exchange chemistry 1) equilibrium of imine formation 2) transamination 

between imines and amines 3) imine metathesis 

Direct synthesis of 2,5-furandicarboxaldehyde (FDC) from HMF is an active research topic in 

green chemistry [58-64]. FDC can be reacted with trimeric amine bio-based mixture (DTA) to 
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form vitrimers using imine – amine exchange chemistry. At various temperatures ranging from 

40°C to 80°C, the vitrimer showed full stress relaxation because of reversibility of the imine bonds 

which was enhanced by an excess of amines. The vitrimer also showed almost constant tensile 

properties after three recycling cycles. The investigation of solubility studies also revealed that the 

vitrimer was undissolved in all the solvents examined such as THF, ethyl alcohol, DMF. The 

hydrolytic stability was also observed in neutral, acidic and basic water due to the hydrophobic 

nature of the amines used. Interestingly, when butyl amine was used, the vitrimer was completely 

dissolved due to the complete depolymerization of the network by dynamic amine exchange 

reactions. 

3.4. Conclusions 

In this review, we highlight potential strategies to produce bio-based vitrimers from lignin, 

cellulose and hemicellulose in an integrated biorefinery approach. The steady growth in demand 

for pulp and paper products calls for diversifying product profiles to meet consumer needs. Lignin-

based vitrimers from can be produced by utilizing part of the black liquor stream since it contains 

significant amount of lignin. Cellulose based vitrimers can be produced by treating pulp to 

manufacture CNFs. In dissolving pulp producing mills, hemicellulose-based vitrimers can be 

integrated in the prehydrolysis stage since it is a major by-product obtained. It is also critical to 

note that the disadvantages in integrating to current pulp and paper mill operations cannot be 

avoided. However, in the scope of diversifying product profile for future demands, the advantages 

of valorizing lignocellulosic feedstock are more compared to the disadvantages. 

  One of the key developments of bio-based vitrimers is the tunable chemistry of bond 

exchange reactions. The efficiency of transesterification exchange reaction can be improved by 

addition of compounds containing alcohol groups, carboxylic acid groups or by adjusting the 
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reaction conditions using temperature, pressure. This is also applicable to other chemistries 

involved in vitrimer formation since the bond exchange reactions are reversible. In addition, this 

allows vitrimers to possess novel shape changing and self-healing properties. As they can be 

reprocessed, recycled and repaired these polymers have a potential to evolve as versatile light 

weight raw materials with high intrinsic value. 

 The major limitations of valorizing lignocellulosic feedstock can also be addressed using 

this pathway. For example, the current strategies of lignin valorization have lower yield of value-

added products and majority of lignin remains unutilized. The current strategies of lignin based 

vitrimers consider more than 60% (by weight) conversion of lignin. In case of cellulose, 

hydrophilicity of CNFs is one of the main challenges limiting its application. However, this can 

be addressed by CNF/vitrimer composites which show significantly lower hydrophilicity. The 

conversion of hemicellulose into vitrimers is also an attractive approach since it is an underutilized 

feedstock for valorization. Therefore, the development of bio-based vitrimers is significant in an 

integrated biorefinery approach. 
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Chapter 4 | Towards a new understanding of the retro-aldol reaction for oxidative conversion 

of lignin to aromatic aldehydes and acids 

The retro-aldol reaction is one of the key steps involved in the oxidative conversion of 

lignin to aromatic aldehydes and acids. In principle, the retro-aldol reaction can proceed in the 

absence of oxygen. In this work, a new approach based on the influence of oxygen on the oxidation 

of lignin was investigated. In this approach, the duration of oxygen charged during the reaction 

was optimized to, for the first time, improve the yield of aromatic aldehydes and acids. The effect 

of reaction chemistry, time, temperature, and lignin feedstock plays a key role on the yield of 

aromatic aldehydes and acids. At 140°C, oxidation of softwood kraft lignin (SKL) for 40 minutes 

results in combined maximum yield of 5.17% w/w of vanillin and vanillic acid. In comparison, 

using the new approach in which oxygen was charged for only 20 minutes during the 40 minute 

reaction improved this yield considerably to 6.95%. Further, yield improvement was obtained 

when applying this approach to different lignin feedstocks. Oxidation also increased the carboxyl 

content in lignin to 1.41 mmol/g at 130°C which represents a marked improvement. The current 

study provides new evidence showing that the oxidation reaction is a crucial pathway for lignin 

valorization. 

4.1. Introduction 

Lignin is the most abundant natural biopolymer after cellulose and accounts for about 30% 

of non-fossil carbon on earth [1, 2]. The distinct aromatic nuclei representing p-hydroxyphenyl 

(H), guaiacyl (G), and syringyl nuclei (S) in the lignin structure arise from the monomers p-

hydroxycoumaryl alcohol, coniferyl alcohol, and sinapyl alcohol respectively [3, 4]. The ratio of 

these monomers influence the degree of branching and the reactivity of lignin [5]. During pulping 

processes, delignification of the wood matrix takes place by chemically degrading the lignin to 
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liberate cellulose. The lignin obtained from technical processes has different structural 

characteristics based on the origin of wood species, delignification type and recovery process of 

lignin from pulping liquors [6, 7]. The structural details of one fragment of technical kraft lignin 

is highlighted in Figure 4.1. 

 

Figure 4.1. Structure of kraft lignin [8] (reproduced with permission from Elsevier) 

In an integrated approach, the oxidative conversion of lignin to aromatic aldehydes and 

acids such as vanillin and vanillic acid is widely proposed [9-12]. Currently, only lignosulfonates 

are used for the industrial production of vanillin due to higher yields ranging from 5-7% in the 

presence of transition metal catalysts. However, lignosulfonates represent less than 10% of total 

lignins extracted [13, 14]. Kraft lignin represents the majority of lignin produced worldwide and 

accounts for 85% of all the lignin produced, corresponding to around 45 million metric tons/year. 

However, lignin which is an abundant aromatic biopolymer, is underutilized and is considered as 

a non-valorized waste [15]. Currently, it is mainly used as a source of low grade fuel in the pulping 

operation and only about 100,000 tons of kraft lignins available are valorized per year [16, 17]. 

Therefore, valorization of kraft lignin into high value-added products is an important goal. 
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Pine kraft lignin has been commercially available as ‘Indulin’ from Mead-Westvaco since 

the 1950s. Indulin represented the main source of commercial kraft lignin for a long time. 

However, the conventional process of lignin precipitation and separation from kraft black liquors 

causes serious problems related to complete or partial plugging of the filter cake and of the filter 

medium. In 2013, the Domtar Plymouth Mill in North Carolina (USA) installed the ‘Lignoboost’ 

process to address the problems associated with traditional processes of lignin separation from 

kraft black liquors. In the following year, West Fraser Company installed the ‘Lignoforce’ process 

at the Hinton Pulp Mill in Alberta, Canada. Due to the differences in the process of lignin 

precipitation and separation from kraft black liquors, these three kraft lignins have quite different 

properties [18, 19]. 

The oxidation of lignin produces vanillin (4-hydroxy-3-methoxybenzaldehyde, C8H8O3), 

which is a high value product having applications in a variety of industries. It is useful due to its 

aromatic nature and reactive functional groups, methoxy, aldehyde and phenol. It is the highest 

volume aromatic aldehyde produced worldwide [13]. It has various applications in food, cosmetic, 

chemical and pharmaceuticals industries. The importance of vanillin is also growing because of 

its antioxidant and anti-cancer properties and also its involvement in bacterial cell to cell signaling 

[20, 21]. Other applications of vanillin are as a ripening agent to increase the sucrose content in 

sugar cane or in the preparation of sunscreen [22]. Vanillic acid (4-hydroxy-3-methoxybenzoic 

acid) is another value added product generated in the process of lignin oxidation which is used as 

a flavoring agent. Recently, vanillic acid has received considerable attention due to its role in 

preventing human diseases. It is of importance due to its antibacterial, antimicrobial and chemo-

preventive properties [23]. Vanillin and vanillic acid have both been obtained as major products 

from the alkaline oxidation of softwood and hardwood lignin [24, 25]. 
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The oxidative conversion of lignin to vanillin and vanillic acid in an alkaline medium using 

oxygen has been widely discussed in the literature [14, 26-31]. Oxygen is the preferred oxidizing 

agent due to its environmental friendliness, high atom economy and low price. However, due to 

the lower yields obtained in this process, catalysts in combination with oxygen are required to 

improve the yields by a factor of 1.5-2. To produce vanillin and vanillic acids in the kraft pulping 

process, it is crucial to avoid the use of catalysts to allow for downstream processing of kraft liquor 

in evaporators and recovery boilers. The high consumption of oxygen – over 10 mol per mol of 

vanillin obtained is also an unresolved problem [12]. Another limitation of this process is the use 

of large amount of acids, organic solvents and energy which have environmental consequences 

[13]. Therefore, the development of technologies which are sustainable and easily integrable in the 

current pulp and paper industrial processes are needed. The work reported here is focused on 

addressing this problem in the oxidative conversion of lignin to vanillin and vanillic acid using a 

sustainable approach. In this approach, more lignocellulosic biomass can be converted to value-

added products with lower consumption of oxygen improving the overall economic and 

environmental viability of this process. 

The formation of vanillin and vanillic acid from the oxidation of lignin using oxygen under 

alkaline conditions depends on reaction chemistry, time, temperature, oxygen partial pressure, 

lignin concentration, and feedstock. Among the various oxidation pathways proposed in the 

literature, the retro-aldol reaction is the most promising pathway for explaining the production of 

vanillin and acetovanillone. In alkaline conditions, the reaction begins with dehydration of the Cα-

Cβ bond proceeded by electron abstraction from the phenoxyl anion. The oxygen oxidation then 

results in single-electron abstraction from phenoxyl anion resulting in the formation of the 

superoxide anion radical and phenoxyl radical (Step 1) (Figure 4.2).  The major steps that follow 
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are the formation of a quinone methide from the phenoxyl radical (Step 2a & 2b), and nucleophilic 

attack of a hydroxyl ion at 𝛾 position which is under thermodynamic control (Step 3). The hydroxyl 

group at the 𝛾 position is oxidized to a 𝛾-carbonyl group (coniferaldehyde type structure) (Step 4). 

The retro-aldol reaction proceeds by alkaline hydrolysis of this structure to form an α-hydroxy-𝛾-

carbonyl structure (Step 5). Further, alkaline dissociation of this α- hydroxy-𝛾-carbonyl structure 

takes place at Cβ position (Step 6) followed by retro-aldol cleavage to form vanillin as shown in 

(Step 7). Under kinetic control, nucleophilic attack of hydroxyl ion takes place at the 𝛼-position. 

Subsequent oxidation and eventual retro-aldol reaction of the resulting α-oxo-β-unsaturated 

structure results in acetovanillone. 

Step 1: Dehydration followed by initiation of phenoxyl anion 

 

Step 2a: Disproportionation of phenoxyl radical to form quinone methide 

 

Step 2b: Oxidation of phenoxyl radical preceded by proton detachment 
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Step 3: Nucleophilic addition of hydroxide ion to form coniferyl alcohol structure 

 

Step 4: Oxidation of coniferyl alcohol structure to γ-carbonyl group 

 

Step 5: Alkaline hydrolysis of γ-carbonyl coniferyl structure 
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Step 6: Alkaline dissociation of α- hydroxy-𝛾-carbonyl structure 

 

Step 7: Retro-aldol cleavage of Cα-Cβ bond to form vanillin 

 

Figure 4.2. Mechanism of alkaline oxidation of lignin using oxygen [31] 

 

 In principle, the retro-aldol reaction (Steps 5, 6 and 7) proceeds in the absence of oxygen. 

Also, the degradation of vanillin and vanillic acid occurs at severe oxidation conditions if oxygen 

is charged beyond this final phase of product formation [6, 14, 32]. To confirm the role of the 

retro-aldol reaction, a model compound study was performed using vanillidenacetone (α-β-
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unsaturated-𝛾-carbonyl type structure) in the literature [30]. In this study, the model compound 

was formed by the aldol condensation of vanillin and acetone as shown in Figure 4.3. 

 

Figure 4.3. Aldol condensation of vanillin and acetone resulting in vanillidenacetone* according 

to the literature [30] 

*Note – The term ‘vanillidenacetone’ used here to be consistent with the literature and it refers 

to the compound ‘dehydrozingerone’ (4-(4-hydroxy-3-methoxyphenyl)-3-buten-2-one) 

It was observed that under an argon atmosphere, vanillidenacetone is hydrolyzed with the 

formation of vanillin at pH 10 and 160°C for 30-50 min, with vanillin selectivity of about 90%. In 

the presence of oxygen and a catalyst, vanillidenacetone is consumed faster and the vanillin yield 

decreases by a factor of 3-5. Therefore, the rate of the retro-aldol reaction decreases with the 

introduction of oxygen which decreased vanillin yield substantially at pH 10. However, increasing 

the pH to 11, increased the rate of the retro-aldol reaction, since it is directly proportional to the 

concentration of hydroxide ion. In this case, vanillin yield does not decrease under the action of 

oxygen prior to reaching its maximum. A decrease in vanillin yield after reaching its maximum is 

likely due to its subsequent oxidation. Therefore, this study confirms the occurrence of the retro-

aldol reaction in the formation of vanillin from the oxidation of lignin model compounds. It can 

also be deduced from this study that the retro-aldol reaction can proceed in the absence of oxygen 
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and the introduction of oxygen in this phase is likely to contribute negatively to vanillin yield due 

to its subsequent oxidation after reaching its peak yield.   

In another study, vanillin, vanillic acid and traces of acetovanillone were formed from sodium 

lignosulfonate in the absence of oxygen solely by the hydrolysis reaction [14]. In this study, 

hydrolysis was observed at much lower temperatures (120°C) compared to the previous study in 

which it was carried out at 160°C. The formation of vanillic acid in this case also suggests that it 

is not a product of only the oxidation of vanillin. It was also observed in this study that the increase 

in oxygen partial pressure led to an increase in the vanillin oxidation rate after the maximum 

vanillin concentration was reached. This study supports the presence of the retro-aldol reaction 

and the role of oxygen in the oxidative conversion of lignins to aromatic aldehydes and acids. 

Therefore, yields may be improved in this final phase of the reaction sequence and degradation of 

high-value added products can be inhibited by controlling the amount of oxygen charged in the 

reaction after reaching the peak yields from oxidation. The objective of this work is to analyze the 

effect of controlling the amount of oxygen charged during the reaction on the yield of vanillin and 

vanillic acid. The optimum conditions based on time and temperature were established and then 

optimization based on the effect of oxygen addition was performed. Further, based on these 

experiments for softwood kraft lignin (SKL), other lignin feedstocks were then analyzed to 

determine if similar yield improvements can be observed. 

4.2. Materials and methods 

4.2.1. Chemicals: Oxygen and nitrogen of ultra-high purity were supplied by Airgas, USA. 

Sodium hydroxide beads (purity ≥ 97%), sulfuric acid and hydrochloric acid (1.0 N laboratory 

reagent grade), HPLC grade acetonitrile (assay ≥ 99.95%) were purchased from VWR Chemicals, 
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USA. Sodium chloride (assay ≥ 99%) was supplied by Fisher ChemicalTM, USA. Vanillin and 

vanillic acid, both with a purity higher than 99% were supplied by Sigma-Aldrich, USA. 

4.2.2. Raw materials: In this work, four different lignins were used to study the effect of their 

different processing conditions. They are: 1) Softwood kraft lignin (SKL); 2) Indulin AT from 

Sigma-Aldrich LInAT; 3) H-lignin (enzymatic hydrolysis lignin) from FPInnovations; 4) 

Marasperse AG from Borregaard Lignotech LMarAG. All lignins were analyzed for moisture 

content and used without further purification. The structural features of the lignins have been 

characterized in the literature [18, 33] and shown in Table 4.1 as follows: 

Note*-includes condensed and uncondensed phenolic OH groups, n.d: not detected  

Lignin properties SKL Indulin AT H-lignin Marasperse AG 

molecular weight, g/mol Mw: 6772 Mw: 6549 Mw: 5840-

7580 

Mn: 534.5 

carboxylic OH, mmol/g 0.35 0.40 0.10-0.15 n.d 

aliphatic OH, mmol/g 2.02 2.19 4.8-6.3 n.d 

total phenolic OH*, mmol/g 4.28 3.43 0.62-0.92 1.42 

Table 4.1. Structural characterization of different lignins 

4.2.3. Oxidation of lignin: Oxidation experiments were carried out in a Parr reactor with a 

capacity of 1L (Series 4520). The heating and temperature were controlled with a Parr 4848 reactor 

controller. Temperature and total pressure inside the reactor were measured using a Type J (iron-

constantan) thermocouple and a pressure gauge respectively. The agitator speed was kept constant 
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at 400 RPM for all runs. The procedure for oxidation of lignin using oxygen was carried out in 

accordance with the literature [3]. 20 g of lignin were dissolved in 200 mL of alkaline solution 

containing 26.67 g of NaOH. After complete dissolution, the resulting mixture was diluted to a 

final volume of 333 mL. This concentration of lignin (20 g in 333 mL of solution) was kept 

constant for all experiments performed. The resulting solution was introduced into the reactor and 

initially pressurized to 30 psi using nitrogen. The reactor was then heated until the temperature set 

point was reached. After the temperature set point was reached, oxygen was introduced to the 

reactor and the reaction time was monitored from the point of admission of oxygen. The reactor 

was pressurized with 50 psi of oxygen for all experiments based on optimized conditions for 

oxygen pressure in the literature [3]. The solubility of oxygen in the reaction medium is dependent 

on the oxygen partial pressure (𝑃𝑂2
), temperature of the reaction (T) and the ionic strength of the 

liquid medium (I). The concentration of dissolved oxygen [𝑂2
𝑙𝑖𝑞] can be obtained with the 

following empirical correlation which is valid for temperatures ≤ 150°C and oxygen partial 

pressures ≤ 5 MPa   [14, 32, 34]: 

[𝑂2
𝑙𝑖𝑞]

= (3.559 − 6.659 × 10−3 × 𝑇 − 5.606 × 𝑃𝑂2
+ 1.594 × 10−5 × 𝑃𝑂2

× 𝑇2 + 1.498 × 103

×
𝑃𝑂2

𝑇
) × (10−0.144×𝐼) × (10−3)  

𝑤ℎ𝑒𝑟𝑒 𝑃𝑂2
 𝑖𝑠 𝑖𝑛 𝑏𝑎𝑟, 𝐼 𝑎𝑛𝑑 [𝑂2

𝑙𝑖𝑞]  𝑖𝑠 𝑖𝑛 𝑚𝑜𝑙 𝑝𝑒𝑟 𝑙𝑖𝑡𝑒𝑟, 𝑎𝑛𝑑 𝑇 𝑖𝑠 𝑖𝑛 𝐾𝑒𝑙𝑣𝑖𝑛  

The water partial pressure above the NaOH solution, 𝑃𝑁𝑎𝑂𝐻 (𝑏𝑎𝑟) can be calculated as follows: 

log 𝑃𝑁𝑎𝑂𝐻 = 𝑎 + 𝑏 log 𝑝0 

𝑡ℎ𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 𝑎 𝑎𝑛𝑑 𝑏 𝑑𝑒𝑝𝑒𝑛𝑑 𝑜𝑛𝑙𝑦 𝑜𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑁𝑎𝑂𝐻 (𝑀) 

𝑎𝑛𝑑 𝑝0 (𝑏𝑎𝑟) 𝑟𝑒𝑝𝑟𝑒𝑠𝑒𝑛𝑡𝑠 𝑡ℎ𝑒 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑝𝑎𝑟𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 𝑜𝑣𝑒𝑟 𝑝𝑢𝑟𝑒 𝑤𝑎𝑡𝑒𝑟 

𝑎𝑠 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  

𝑎 = −0.010986𝑀 − 1.461 × 10−3𝑀2 + 2.03528 × 10−5𝑀3  
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𝑏 = 1 − 1.34141 × 10−3𝑀 + 7.07241 × 10−4𝑀2 − 9.5362 × 10−6𝑀3  

𝑎𝑛𝑑 log 𝑝0 = 35.4462 −
3343.93

𝑇
− 10.9 log 𝑇 + 0.0041645𝑇 𝑤ℎ𝑒𝑟𝑒 𝑇 𝑖𝑠 𝑖𝑛 𝐾𝑒𝑙𝑣𝑖𝑛  [14, 35] 

Since the reaction is exothermic, the reaction was monitored using the initial temperature (Ti). The 

effect of temperature on the yield of vanillin and vanillic acid and the carboxyl content of lignin 

was studied at 120°C, 130°C, 140°C, 150°C and 160°C at a constant reaction time of 40 minutes. 

The effect of time at 0, 20, 40 and 60 minutes was studied by keeping the temperature of the reactor 

constant at 140°C. The effect of controlling the amount of oxygen charged during the reaction was 

studied by introducing oxygen for 0, 5, 20 and 30 minutes out of the 40 minute reaction time at 

140°C. SKL, LInAT, H-lignin and LMarAG were then used to compare the conventional strategy 

(oxygen introduction = 40 minutes) against a new proposed strategy (oxygen introduction = 20 

minutes out of 40 minutes) 

4.2.4. Quantification of yield using High-Performance Liquid Chromatography: The low 

molecular weight aromatic aldehydes and acids produced by lignin oxidation with oxygen were 

quantified by high performance liquid chromatography (HPLC). The details on the extraction 

procedure and HPLC conditions were in accordance with the literature [34]. Quantification of all 

compounds was done based on calibration curves prepared from standard solutions in the required 

concentration range. The HPLC system was equipped with an Alcott 708 auto-sampler, an online 

degasser, a Lab Alliance Series III pump and a Waters 2487 Dual λ Absorbance Detector. The 

detection wavelength was set to 280 nm and the injection volume was 10 μL. Chromatograms were 

acquired at 60°C with a flow rate of 0.6 mL/min using a mobile phase composed of two eluents 

(A) 5 mM sulphuric acid and (B) acetonitrile with a ratio of 4:1 by weight respectively [36]. The 

analytical column was Aminex HPX 87H ion exclusion column with column size 300 mm × 7.8 

mm, and particle size of 9 μm. 
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4.2.5. Carboxyl content determination using conductometric titration: The carboxyl content 

of the precipitated lignin from the oxidation reactions was determined using the conductometric 

titration method [37]. After the oxidation treatment, an aliquot of lignin solution was adjusted to 

pH below 2 by addition of 1 N HCl in the ratio of 1:3 v/v (lignin solution: 1N HCl). This caused 

the lignin present in the solution to precipitate out. The precipitated lignin was then recovered by 

centrifugation and then freeze dried to obtain dry lignin powder with moisture content ≤ 10% by 

weight.  Further, freeze-dried samples of precipitated lignin equivalent to 1.5 g oven dry were 

added to 300 mL of 0.10 N HCl and stirred for one hour. The lignin was then filtered and washed 

with de-ionized water until the conductivity of the effluent water was less than 5 µScm-1. The 

washed lignin was then dispersed in 0.001 N NaCl (250 mL) with further addition of 0.10 N HCl 

solution (1.5 mL), stirred and titrated with 0.05 N NaOH under continuous bubbling of nitrogen. 

A Metrohm Autotitrator was used for titration, with an 856 Conductivity module connected to the 

main module (888 Titrando) coupled with TiamoTM 2.5 software. The conductivity was plotted 

against the volume of NaOH resulting in parabolic curve composed of three distinguishable 

regimes. The first regime shows a decrease in conductivity, which is the neutralization of added 

HCl. The second regime is a horizontal zone corresponding to the neutralization of weak acid 

groups, i.e. carboxylic acid groups. Finally, the third regime is associated with the conductivity 

increase after reaching the equivalence point, due to the introduction of excess NaOH to the 

suspension. The carboxyl content of the samples was then determined based on the intersection of 

the three trend lines drawn for each of these regimes. 

4.2.6. Comparing results for statistical significance using Tukey test: The yield changes due 

to optimization of the proposed strategy were analyzed by performing Tukey’s honest significance 

test using Minitab® 19 software. 
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4.3. Results and discussion 

The production of vanillin and vanillic acid from kraft lignin is carried out at highly 

alkaline conditions (pH ~ 14) and at elevated temperature (between 100 and 200°C). Under such 

conditions it has been established in the literature that oxidation of lignin to vanillin and vanillic 

acid is linked to reaction chemistry, temperature, oxygen pressure, pH, reaction time and lignin 

concentration. The investigation of all these parameters on oxidation of lignin is beyond the scope 

of this work since the present work is mainly focused on studying the effect of controlling the 

amount of oxygen charged during the reaction on the yield of vanillin and vanillic acid. In 

principle, the mechanism of lignin oxidation to vanillin shown in Figure 4.2 unites the lignin 

chemistry principles about phenoxyl radicals and quinone methide intermediates with the concept 

of the retro-aldol reaction as the final process step. It explains the necessity of using strongly 

alkaline media for the process and the formation of aceto derivatives as by-products. 

It is evident from these studies that the retro-aldol reaction plays a key role in the formation 

of vanillin and vanillic acid. The amount of oxygen charged during this reaction phase may 

increase the yield of these compounds. This approach has not been examined in optimizing the 

yield of vanillin and vanillic acid in literature [3, 12, 30]. For the first time, such an attempt to 

understand this effect has been made and results are discussed in the following sections. The 

experiments in Sections 4.3.1, 4.3.2 and 4.3.3 were carried out based on conventional oxidation 

strategy whereas the Sections 4.3.4 and 4.3.5 were focused on understanding the effect of 

controlling the amount of oxygen charged during the reaction. 

4.3.1. Effect of temperature on vanillin and vanillic acid yield 

In the oxidation of lignin using oxygen, the reaction begins with dehydration (Figure 4.2, Step 1) 

of the Cα-Cβ bond followed by electron abstraction from the phenoxyl anion. The oxidation is then 
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initiated by single electron transfer from activated phenoxyl anion species with the formation of a 

superoxide anion radical and a phenoxyl radical. The formation of phenoxyl radical in this step 

happens at elevated temperatures. Also, the dissociation constants of phenolic compounds of the 

type present in the lignin depend on the temperature of the system. The dissociation constant 

decreases as the temperature increases due to an increase in the formation of a quinone methide 

intermediate [38]. The effect of temperature on the yield of vanillin and vanillic acid from 

oxidation of SKL is shown in Figure 4.4. Oxidation of SKL was carried out by keeping the oxygen 

pressure at 50 psi, lignin concentration at 60 g/L of solution, pH of 14 and a reaction time of 40 

minutes based on the optimized conditions found in literature in which oxygen was introduced 

throughout the reaction time [3]. The combined yield of vanillin and vanillic acid shows an 

increasing trend from 120°C to 140°C. The yield increase can be attributed to an equilibrium of 

depolymerization favoring vanillin under thermodynamic control. The side reaction of phenoxyl 

radical dimerization is also suppressed with increasing temperature. The maximum yield 

corresponding to 140°C was 3.10 g/L (5.17% w/w) comprised of 1.75 g/L (2.92% w/w) vanillin 

and 1.35 g/L (2.25% w/w) vanillic acid. The results also show that increasing the temperature to 

160°C increased the degradation of vanillin and vanillic acid. It can be observed that the relative 

rate of vanillic acid degradation is higher compared to vanillin. Therefore, vanillic acid is more 

reactive and susceptible to degradation which is in accordance with recent literature [32]. 
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Figure 4.4. Effect of temperature on the yield of vanillin and vanillic acid 

4.3.2. Effect of temperature on carboxyl content of lignin 

In an effort to provide additional insights on the structural modification of lignin, the oxidized SKL 

sample was isolated and analyzed as a function of temperature. The presence of carboxylic acid 

groups in lignin is thought to improve lignin solubilization [39-42]. In general, the carboxyl groups 

can occur in monomeric compounds and in end groups of the lignin macromolecule. The 

monomeric carboxylic acid derivatives are formed by ring opening reactions of phenolic 

compounds.  Side chain elimination results in the formation of phenolic compounds such as 

vanillin as described earlier. However, in this study the analysis of carboxyl content was based on 

the changes in the structure of lignin macromolecule. 

The carboxylic acid group formation on the end groups of the lignin macromolecule can arise from 

electrophilic attack at lignin centers of high electron density causing the formation of a four 

membered cyclic peroxide intermediate called ‘dioxetane’ [41, 43-45]. This reactive intermediate 

can further rearrange to induce cleavage of carbon-carbon bonds. The effect of oxidation on 
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carboxyl content formation in SKL is shown in Figure 4.5. The carboxyl content of oxygen treated 

SKL increased to 1.41 mmol/g after oxidation at optimum condition. In the temperature range 

studied, two distinguishing regimes can be observed. The rate of carboxyl content increases up to 

130°C. It is likely that temperatures lower than 120°C will result to even lower carboxyl content 

in lignin. This is because lower temperatures will result only in minor oxidative changes which is 

also evidenced by lower yields of vanillin and vanillic acid (Figure 4.4). The carboxyl content 

obtained at the peak yield of these compounds was 1.36 mmol/g which is slightly lower compared 

to the maximum. However, increasing the temperature further to 160°C decreased the carboxyl 

content to 1.12 mmol/g. It can be observed that in this temperature range, increasing the reaction 

severity does not increase the carboxyl content correspondingly. 

 

Figure 4.5. Effect of temperature on carboxyl content of SKL 

4.3.3. Effect of time 

The effect of time on the yield of vanillin and vanillic acid is inter-related to the severity of the 

other processing parameters. In general, a higher severity of reaction due to higher initial 

temperatures and oxygen pressures  can lead to higher vanillin and vanillic acid yields in a shorter 
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reaction time; however, the degradation of vanillin and vanillic acid is also higher [3, 6]. The yield 

profile of these compounds usually follow an increasing trend until the peak yield is obtained at a 

given time followed by a decreasing trend. Hence, the reaction should be carried out for a certain 

period of time which optimizes the peak yields. Based on Figure 4.4 and 4.6, it is evident that the 

yield patterns of vanillin and vanillic acid follow increasing and decreasing regimes. The optimum 

time for which the reaction equilibrium favors the products was obtained at 40 minutes. 

 

Figure 4.6. Effect of time on the yield of vanillin and vanillic acid 

Under the influence of oxygen, the rate of retro-aldol reaction is lower compared to the rate of 

oxidation of α–unsaturated coniferaldehyde [30]. Therefore, the introduction of oxygen in the 

reaction media after the peak yield of vanillin and vanillic acid is reached, should negatively affect 

the yield of these compounds. Based on this understanding, the experiments in section 4.3.4 were 

carried out to analyze the effect of controlling the amount of oxygen charged during the reaction 

on the yield of vanillin and vanillic acid. 
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4.3.4. Effect of controlling the amount of oxygen charged 

In the formation of vanillin and vanillic acid, the rate of the retro-aldol reaction can be improved 

by controlling the amount of oxygen charged in the reaction. In the conventional oxidation 

strategy, the oxygen is charged throughout the reaction. In the proposed strategy, the initial tmax* 

represents the amount of oxygen charged to favor oxidation reaction, while during the remaining 

time t – tmax* the introduction of oxygen into the reactor is stopped to promote the retro-aldol 

reaction. 

In Figure 4.7, the increasing trend corresponds to the reaction phase in which there is a scope to 

improve yield from oxidation reaction. When oxygen was charged for 5 minutes out of 40 minutes 

of reaction, the reaction is principally governed by the hydrolysis reaction (Figure 4.2, Step 5) and 

partially proceeds through the oxidation reaction. Therefore, in this phase sufficient time is 

available for hydrolysis reaction, however due to minor oxidative changes the peak yields are not 

obtained. Due to this effect, the yields of vanillin and vanillic acid were 1.22 g/L (2.03% w/w) and 

1.01 g/L (1.69% w/w) respectively. The peak yields of vanillin and vanillic acid were obtained 

when oxidation and hydrolysis were each allowed to proceed for 20 minutes out of 40 minutes of 

reaction. When oxygen was charged for 30 minutes out of 40 minutes, the reaction is mainly 

governed by the oxidation reaction and the hydrolysis is minimized which explains the decreasing 

trend. The introduction of oxygen into the reactor for 20 out of 40 minutes of total reaction time 

resulted in 2.25 g/L (3.75% w/w) vanillin, 1.92 g/L (3.20% w/w) vanillic acid and combined yield 

of 4.17 g/L (6.95 % w/w). Therefore, the contribution from oxidation and hydrolysis on peak yield 

is likely to be balanced with this duration of oxygen charge. Hence, the proposed strategy is a 

viable alternative to the conventional strategy for valorization of lignin. The statistical significance 

of the yields obtained from this strategy was compared to the conventional strategy (in section 
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4.3.3) using the Tukey test. The p-value of 0.008 (p <0.05) was obtained representing significant 

yield improvement compared to the conventional strategy. 

 

Figure 4.7. Effect of controlling the amount of oxygen charged during the reaction on the yield 

of vanillin and vanillic acid 

It has been hypothesized that vanillic acid is the product of vanillin oxidation [34], however, from 

Figure 4.4, 4.6 and 4.7 one can observe that the reduction in vanillin yield after reaching the 

maximum does not increase the vanillic acid yield correspondingly, which is consistent with the 

literature [3, 6, 14]. Hence, the formation of vanillic acid in lignin oxidation may be a result of a 

different pathway not solely linked to vanillin. 
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Figure 4.8. Proposed pathway of formation of vanillin, vanillic acid and guaiacol [46] 

(reproduced from an open access article published by Royal Society of Chemistry) 

From the chemistry of the retro-aldol reaction, it is clear that the γ-carbon plays an important role 

in vanillin formation. In a recent study, it has been found that in the absence of a γ-carbon, the 

oxidation of lignin model compounds through Pathway C favors vanillic acid formation as shown 

in Figure 4.8. In the presence of a γ-carbon, Pathway A favored vanillin formation which is in 

accordance with retro-aldol chemistry. This might explain why the vanillic acid formation is not 

necessarily linked to vanillin [46]. 

4.3.5. Effect of controlling the amount of oxygen charged during the reaction on different 

lignin feedstocks 

The structure of lignin is influenced by the wood species, the wood pulping process and the method 

used for its recovery from pulping liquors [3, 25, 39, 47-52]. In this part of the study, the effect of 

controlling the amount of oxygen charged during the reaction was analyzed based on different 

lignin feedstocks. The yields of vanillin and vanillic acid for SKL were already optimized based 

on the parameters discussed in earlier sections. These conditions were then used to analyze other 

lignin feedstocks. However, it should be noted that the optimized conditions based on different 

parameters for SKL cannot be directly used to represent peak yields from other lignin feedstocks. 

However, the optimization based on the proposed strategy should be universal to other lignin 

feedstocks and therefore, this section mainly investigates improvements in yields due to this 

approach. To compare different feedstocks for analysis, it is also critical to understand the amount 

of other impurities such as ash, carbohydrate, free sugars and water insolubles. 

*carbohydrate content is negligible, **Free sugars and insolubles in water in H-lignin account for 

18.3% w/w 
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Lignin Actual lignin content  

(% w/w) 

Ash  

(% w/w) 

Carbohydrate (% 

w/w) 

Literature source 

a. SKL 96.92 0.78 2.30 [3] 

b. LInAT 78.20 16.20 5.60 

c. LMarAG 75.04 24.96 * [33] 

d. H-lignin 58.80 ** 22.90  

Table 4.2. Ash and carbohydrate content of different lignin feedstocks 

SKL and LInAT both contain ash and carbohydrates. However, due to the isolation 

procedure, SKL contains lower levels of these impurities compared to LInAT. The ash content of 

LMarAG is higher compared to SKL and LInAT. Usually, the purity of lignosulfonates is lower 

compared to techincal kraft lignins [53]. H-lignin contained the lowest percentage by weight of 

lignin due to the presence of free sugars, carbohydrates and water insolubles. Table 4.2 highlights 

the properties of the technical lignins used in this study. 

 

Figure 4.9. Effect of controlling the amount of oxygen charged during the reaction on the yield 

of vanillin and vanillic acid from different lignin feedstocks 
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In the kraft process, significant cleavage of β-O-4 and α-O-4 linkages in native lignin takes 

place. As a result, the kraft lignin that is isolated from this process contains a significant amount 

of phenolic OH groups. The structural characteristics of lignins obtained from the same kraft 

process can be different depending upon the chemical charge and extent of cooking. For example, 

SKL and LInAT both obtained from the kraft process have significantly different properties. LInAT 

is usually isolated from kraft black liquor from the production of linerboard grade pulp whereas 

SKL is obtained from black liquor from bleachable grade pulp production. Compared to LInAT, 

SKL is produced with higher chemical charges and double the cooking time. Therefore, SKL 

contains more phenolic OH groups than LInAT [18]. Another major advantage of SKL compared 

to other lignin feedstocks is the lower content of ash, carbohydrates and other impurities which are 

beneficial for further chemical processing.  

From Figure 4.9, it can be observed that the yield of vanillin from SKL before optimization 

is higher compared to other lignin feedstocks. However, it should be noted that this yield was 

previously optimized based on time and temperature. Based on the proposed strategy, considerable 

improvement in this yield was obtained due to the role played by hydrolysis (Figure 4.2, Step 5) 

in enhancing this yield when oxygen introduction was optimized. The yield improvements 

observed for H-lignin, LInAT and LMarAG post optimization based on the proposed strategy were 

also statistically significant as evident by the Tukey test results shown in Table 4.3. In comparison, 

higher increments in yield for all lignin feedstocks were obtained for vanillic acid post 

optimization as observed in Figure 4.9. As discussed earlier, vanillic acid is the compound more 

susceptible to degradation due to its higher reactivity. Hence, it is likely that the proposed strategy 

is able to avoid further degradation and promotion of the yield in the absence of oxygen during the 

hydrolysis phase. The combined yield of vanillin and vanillic acid from SKL and LInAT was higher 
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than LMarAG likely due to the lower phenolic OH of lignosulfonates compared to kraft lignins 

[54]. It can also be observed that in the absence of catalysts the yield of vanillin and vanillic acid 

from lignosulfonates is lower compared to kraft lignin [3, 14].  

H-lignin, which is similar to native lignin resulted in a 3.98% yield before optimization 

which increased 7.30% post optimization with the major contributions coming from an increase in 

yield from vanillic acid. Similarly, a significant improvement in the yield of vanillic acid was 

obtained post optimization for LInAT, LMarAG and SKL with the highest significant improvement 

obtained from LInAT. The H-lignin used in this study, contains 93.19% klason lignin content which 

has not shown to result in significantly higher vanillin yields, in accordance with literature [12, 

55]. However, it is evident that the yield of vanillin and vanillic acid can be improved significantly 

by using the proposed strategy as shown in Table 4.3. The statistical significance of the proposed 

strategy compared to conventional strategy showed p-values less than 0.05 for all vanillin and 

vanillic acid yields obtained from different lignin feedstocks. Table 4.3 compares the yields of 

vanillin and vanillic acid obtained before and post-optimization using Tukey’s honest significance 

test. 

Compound Lignin 

feedstock 

Reaction time 

40 min 

(unoptimized) 

Standard 

deviation 

P  

(40 min 

trial) 

Reaction 

time 

20 min 

(optimized) 

Standard 

deviation 

P 

(20 min 

trial) 

p-value 

Vanillin SKL 2.92 0.04 3.75 0.01 0.002 

H-lignin 1.99 0.05 2.62 0.02 0.007 

LInAT 1.55 0.02 1.66 0.01 0.039 
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LMarAG 1.49 0.02 1.79 0.02 0.009 

Vanillic 

acid 

SKL 2.25 0.05 3.20 0.14 0.024 

H-lignin 1.99 0.07 4.68 0.01 0.001 

LInAT 0.41 0.01 1.78 0.03 0.001 

LMarAG 0.24 0.02 0.78 0.002 0.001 

Combined 

yield 

SKL 5.17 0.09 6.95 0.14 0.008 

H-lignin 3.98 0.03 7.30 0.01 0.000 

LInAT 1.96 0.03 3.44 0.04 0.001 

LMarAG 1.73 0.04 2.57 0.02 0.003 

Table 4.3. Statistical significance of yield improvements using Tukey honest significance test 

4.4. Conclusion 

The study of the effect of controlling the amount of oxygen charged during the reaction on 

the yield of vanillin and vanillic acid was the main objective of this work. Based on the results 

obtained, it was demonstrated for the first time that the efficiency of the retro-aldol reaction can 

be improved by controlling the amount of oxygen charged, as shown from the yields of vanillin 

and vanillic acid. This also reduces further degradation of these compounds. The yield 

improvement using the proposed strategy was validated for different lignin feedstocks, implying a 

certain level of similarity in the lignin reaction pathways favoring vanillin and vanillic acid. 

However, in this case, the changes in reaction chemistry due to the presence of reactive sites cannot 

be eliminated. The results also indicate the degradation of vanillin does not increase the yield of 

vanillic acid proportionately, supporting the recent reports showing that during oxidation, vanillic 

acid can be formed from different pathways not solely linked to vanillin. In this regard, the 

formation of vanillin is linked to the presence of the 𝛾 carbon, however in its absence, the preferred 
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product can be vanillic acid. The higher relative degradation rate obtained for vanillic acid can be 

linked to the reactivity of this compound. Oxidation of lignin also induced the formation of 

carboxylic acids in the form of functional groups attached at the end of side of lignin 

macromolecule. The improvement in the amount carboxylic acid groups allows for new utilization 

strategies for residual lignin after reaction. In conclusion, oxidation strategy can be a crucial 

pathway to valorize lignin into high value products. 
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Chapter 5 | Effect of oxygen and ozone oxidation on functional group content in softwood 

kraft lignin 
 

Lignin is one of the most abundant natural polymers, however, it shows incompatibility 

with other components due to its branched aromatic structure, high molecular weight, and brittle 

nature. For this reason, understanding the structural changes in lignin during oxidation is crucial 

for its applications. The softwood kraft lignins after oxygen and ozone oxidations in the 

LignoForce operating conditions were thoroughly characterized using a variety of conductometric 

titration and 31P NMR techniques. The progressive reduction in aliphatic and condensed OH units 

accompanied by the marked increase in carboxylic OH units are the major structural changes 

occurring in the softwood kraft lignin. Among the oxidizing agents, the amount of carboxylic OH 

units formed from ozone oxidation was higher compared to the oxygen oxidation under similar 

conditions. These results indicate the significance of utilizing an ozonation stage at lower 

temperatures to induce carboxylic OH units in softwood kraft lignin. Further, the utilization of 

sequential oxidation strategy resulted in kraft lignin with a marked improvement in carboxyl 

content. 

5.1. Introduction 

 In 1865, F. Schulze coined the term “lignum”, derived from the Latin word for wood, to 

describe lignin which is the second most abundant biopolymer on earth. Traditionally, it is 

regarded as a polymer of substituted phenylpropane units [1-3]. It is a complex polymer arising 

from an enzyme initiated dehydrogenative polymerization of three main precursors: p-coumaryl, 

coniferyl and sinapyl alcohols [4]. Lignin present in raw plant biomass are termed as ‘native 

lignins’ whereas the byproduct lignin that is obtained from conventional pulping routes – kraft and 

sulfite are called as ‘technical lignins’ [5-7]. 
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 With respect to technical lignins, kraft lignin accounts for 85% of all the lignin produced 

in the world, which corresponds to approximately 45 million metric tons/year produced worldwide 

[8]. The highly modified structure of kraft lignin as shown in Chapter 4, Figure 4.1, is a result of 

sulfidolytic cleavage of phenolic propane units and alkaline cleavage of non-phenolic propane 

units by which 𝛽-aryl ether bonds are broken in the pulping process. The key reaction intermediate 

formed during kraft pulping is the quinone methide 3 (Figure 5.1). The depolymerization products 

that are formed in this process are a result of nucleophilic attack by the nucleophiles present in the 

reaction medium; namely hydrosulfide and hydroxide anions, phenolic OH groups from lignin 

terminal units and released phenolic fragments, OH groups from carbohydrates and lignin side 

chains [6, 9-11]. The phenolic OH products (7-10) constitute the non-condensed units whereas the 

products (11-12) represent the non-phenolic OH units that are likely to have condensed units. 

 

Figure 5.1. (A) Main depolymerization pathways during kraft pulping. Nucleophilic attack of 

hydrosulfide on quinone methide intermediates (3) during kraft pulping leading to fragments 
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containing thiol groups (7) arylglycerols (8) vanillin (9) and acetovanillone (10); (B) protonation 

followed by an internal nucleophilic substitution of non-phenolic lignin subunits [6]. (Reproduced 

with permission from Royal Society of Chemistry) 

Modern NMR techniques represent the most powerful approach to elucidate structural 

details of complex lignin subunits [12-17]. The first effort to develop 31P NMR spectroscopy for 

elucidation of lignin structure was documented by Argyropoulous’ group in 1991 [18]. In this 

aspect, valorization efforts based on kraft lignin have been significantly benefited by the structural 

characterization using 31P NMR [19-21]. The quantitative analysis allows the identification and 

quantifications of various phenolic OH, aliphatic OH and carboxylic OH units in softwood kraft 

lignin in detail. The 31P NMR technique has therefore been applied to measure the overall 

distribution of various hydroxyl groups present in lignin samples. 

The oxidation of softwood kraft lignin using oxygen has attracted increasing interest in 

recent years [22-25]. The use of oxygen in the pulp and paper industry is preferred due to its low 

price, high atom economy and environmental friendliness. The phenolic OH units and ring-

conjugated structures of lignin are reactive with oxygen [26-29]. In contrast, the progressive 

formation of carboxylic OH units has been reported in the literature in the temperature range of 

80-110°C [30, 31]. However, oxygen is a weak oxidizing agent which limits the overall reactivity 

towards lignin. Ozone is a relatively strong oxidizing agent which has high reactivity towards both 

phenolic and non-phenolic nuclei [32]. Ozone has the highest oxidation potential of 2.07 V 

compared to other bleaching chemicals - hydrogen peroxide (1.77 V), chlorine dioxide (1.57 V), 

chlorine (1.36 V), oxygen (1.23 V) and hypochlorite (0.94 V) that are used in the pulp and paper 

industry [33]. In addition to oxygen, ozone has also been widely used in the pulp and paper 

industries for bleaching [34]. Recent studies have shown that ozone targets lignin subunits through 
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side chain oxidation and aromatic ring-opening reactions [35-37]. It preferentially attacks the 

olefin groups present in lignin and then the aromatic ring. In the absence or non-accessibility of 

these structures, ozone reacts further with carbon-hydrogen bonds of lignin side chains. Under 

similar operating conditions, higher amounts of carboxylic OH unit formation in ozone oxidation 

have been reported compared to oxygen oxidation [38]. 

The need to develop sustainable and integrable technologies is briefly discussed in 

Chapter 4, Section 4.1. In this aspect, the addition of an oxygen stage in the lignin recovery cycle 

has received recent interest in the LignoForce process [39, 40]. Moreover, the operating 

temperature of this process is in the range of 80-90°C [41]. In this novel process, an oxygen 

oxidation step is incorporated into the lignin recovery process for improving the overall efficiency 

of the recovery process and reducing the emission of volatile sulfur and organic compounds. 

Therefore, to develop an integrated process for valorization of softwood kraft lignin, it is crucial 

to understand the structural changes before and after oxidation in the Lignoforce process. In this 

regard, the present work is focused on elucidating the functional group content in softwood kraft 

lignin after oxygen and ozone oxidation in the current integrated pulp and paper industrial 

processes. Further, the optimized conditions for inducing functional groups using oxygen and 

ozone were then used to sequentially oxidize the softwood kraft lignin. 

5.2. Materials and Methods 

5.2.1. Oxygen oxidation of SKL. The oxygen oxidation of softwood kraft lignin (SKL) was 

performed as described in Section 4.2.3. In this chapter, in addition, the oxygen oxidation reaction 

was performed to understand the structural changes in softwood kraft lignin before and after the 

oxidation treatment. In the present work, the effect of temperature on the oxidation reaction was 

evaluated at 80°C, 88°C, and 96°C and at a constant reaction time of 40 minutes to understand the 
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structural changes during the oxidation in the LignoForce process [41].  The precipitated lignin 

obtained after the reaction was termed as SKL80, SKL88 and SKL96 respectively. 

5.2.2. Ozonation of SKL and sequential oxidation of OKL. Ozone is a highly reactive oxidizing 

agent capable of oxidizing most types of lignin structures. Therefore, oxidation of softwood kraft 

lignin with ozone will result in a significant increase in the carboxyl content. The ozonation 

treatment was carried out at ambient pressure in a glass bubbler with a capacity of 1 L. The details 

of the ozonation procedure are mentioned in the literature [38]. The glass bubbler was heated to 

80°C in a water bath with constant stirring. A flow of ozone was supplied by a ‘5G Lab Benchtop 

Ozone Generator’ from A2Z Ozone providing an ozone dosage of 5000 mg hr-1 (100% capacity, 

oxygen flow rate 2 LPM). The ozone was directly injected into the solution through a long 

capillary. The off-gas was vented through a wash bottle partially filled with 10% by wt. potassium 

iodide solution. The ozonation was carried out at different time intervals of 1 hr, 2hr, 3 hr, and 4 

hr to optimize the carboxyl content in the softwood kraft lignin. The oxidized kraft liquor (OKL) 

obtained at optimum conditions from oxygen oxidation Chapter 4, Section 4.2.3 was then further 

treated with ozone at 80°C for 2 hour treatment to analyze the formation of carboxylic OH units 

due to their progressive formation during oxidation in different conditions. 

5.2.3. 31P NMR characterization: Samples were characterized using N-hydroxy-5-norbornene-

2, 3-dicarboxylic acid imide (NHND) as internal standard according to the literature [42]. Before 

performing the hydroxyl groups determination, samples were dried in a vacuum chamber set at 

40°C overnight. Briefly, 30 mg of the accurately weighted sample were mixed with 500 μL of a 

pyridine/deuterochloroform mixture (1.6/1 v/v), 100 μL of internal standard solution (NHND in 

pyridine/deuterochloroform + chromium acetylacetonate as relaxation agent) and stirred to 

dissolve the lignin. In the case of sample 1, 5 drops of N, N’-dimethyl formamide have been added 
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to favor its dissolution. Then, the sample was derivatized by the addition of 100 μL of 1-choro-4, 

4’, 5, 5’-tetramethyl-1, 3, 2-dioxaphospholane. The spectra of the phosphorous-labeled lignin 

preparations were recorded using a 500 MHz Bruker Nuclear Magnetic Resonance Spectrometer. 

The acquisition parameters used are reported in Table 5.1 and the spectra have been integrated 

and processed using MestReNova software. 

Parameters Value 

Pulse program Inverse gated decoupling pulse (zgig) 

Nucleus 31P 

Spectral width 100 ppm 

Acquisition time 0.8 s 

Relaxation delay 10 s 

Number of scans 128 

Centre of spectrum 140 ppm 

Table 5.1. Acquisition parameters for 31P NMR 

5.2.4. Carboxyl content determination using conductometric titration: The carboxyl content 

of the ozonated and sequentially oxidized lignin was determined using the conductometric titration 

method described in Section 4.2.5. 

5.3. Results and discussion 

5.3.1. 31P NMR characterization: The resulting spectra are reported in Figure 5.2 and the 

amounts of the various derivatized functional groups are reported in Table 5.2 and Figure 5.3. 

Among the known reactions that occur in lignin during oxidation is the formation of a significant 

amount of carboxylic OH units that facilitate subsequent dissolution. This is evidenced by the 

gradual increase of the carboxylic OH content of the untreated SKL from 0.17 mmol/g to 0.82 
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mmol/g for sample 3 treated at 88°C. The formation of carboxylic acid groups is accompanied by 

the elimination of aliphatic hydroxyl groups. The aliphatic OH units in untreated SKL reduced 

from 1.24 mmol/g to 0.24 mmol/g for sample 2 treated at 80°C. Similar results after oxygen 

oxidation treatment were also reported in the literature [43, 44].   

 

Figure 5.2. 31P NMR spectra of derivatized lignin samples 
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Lignin Sample Aliphatic OH Aromatic OH Carboxylic OH 

Condensed Non condensed Total 

Sample 1 

(untreated SKL) 

1.24 0.36 1.20 1.56 0.17 

Sample 2 (SKL80) 0.24 N.D. 0.37 0.37 0.44* 

Sample 3 (SKL88) 0.33 N.D. 0.41 0.41 0.82 

Sample 4 (SKL96) 0.25 N.D. 0.33 0.33 0.68 

Table 5.2. Functional groups content in SKL before and after oxygen oxidation (mmol/g) 

*In case of Sample 2, 5 drops of N, N’-dimethyl formamide have been added to enhance its 

dissolution 

 

 

Figure 5.3. The changes in various hydroxyl units present in softwood kraft lignin before and 

after oxygen oxidation. 
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Phenolic OH units are known to be reactive sites of attack during oxygen oxidation [45]. This is 

evidenced by the results shown in Figure 5.3, which demonstrates that an oxygen stage decreased 

the content of all types of phenolic units. It has been hypothesized that different phenolic units 

have different reactivity towards oxygen and the condensed aromatic OH units are relatively stable 

compared to the non-condensed units [31]. However, the untreated softwood kraft lignin utilized 

in this study has much lower condensed aromatic OH units compared to the non-condensed units 

which in contrast to the lignin feedstock utilized in the literature. The formation of condensed and 

degradation pathway of non-condensed OH units during oxygen oxidation are highlighted in 

Figure 5.4. A closer inspection of the data reveals that in case of the softwood kraft lignin utilized 

in this study, the amount of condensed OH units degraded were comparatively higher than the 

amount of condensed units formed from radical coupling reactions. 
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Figure 5.4. A mechanism for the degradation reactions of phenolic units during oxygen 

delignification of kraft pulps [9], where ‘R’ represents a lignin interunit. 

5.3.2. Carboxyl content in ozonated and sequentially oxidized kraft lignin: Ozone is a highly 

reactive oxidizing agent capable of reacting all types of lignin structures [32]. The structural 

changes using oxygen, which is a milder oxidizing agent compared to ozone is evidenced in Figure 

5.3 and Figure 5.6. Since, the carboxylic OH units show progressive formation among the various 

hydroxyl units investigated, the structural changes obtained from ozone are focused on the changes 
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in carboxylic OH units. Also, complete degradation of the aromatic ring in lignin occurs if 

ozonation is conducted at high pressures and if ozone is present in excess, therefore, in the present 

study, the ozone treatment was performed at ambient pressure. Figure 5.6 graphically represents 

the changes in the amount of carboxylic OH units versus the time duration of ozonation. As the 

severity of ozone treatment increases, the amount of carboxylic OH units formed gradually 

increase reaching a plateau region in the ozonation time duration from 2 hours to 3 hours. Beyond 

this region, a slight decrease in the carboxyl content is observed with increasing duration of the 

reaction. It is possible that the consumption of available ozone by radical species limits the lignin 

degradation in this region. 

 

Lignin Sample Treatment 

duration (hrs) 

Ozone charged 

(g/g of lignin) 

Carboxylic OH 

(mmol/g) 

Sample A 1 0.21 1.50 

Sample B 2 0.42 2.06 

Sample C 3 0.62 2.08 

Sample D 4 0.83 1.82 

Table 5.3. The changes in carboxylic OH groups present in softwood kraft lignin after ozone 

oxidation. 
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Figure 5.5. The changes in the amount of ozone charged w.r.t to the duration of the reaction 

The effect of higher temperatures (120°C to 160°C) on the formation of carboxyl content in 

softwood kraft lignin after oxygen oxidation is shown in Chapter 4, Section 4.3.2. At 130°C, a 

maximum carboxylic OH unit formation of 1.41 mmol/g was achieved with 5.06% w/w yield of 

vanillin and vanillic acid. Therefore, for an integrated process, the softwood kraft lignin utilized 

under these conditions is beneficial as it also allows to form vanillin and vanillic acid which are 

high value products. The oxidized kraft liquor (OKL) obtained at these conditions from oxygen 

oxidation was then further treated with ozone at 80°C for 2 hours to analyze the formation of 

carboxylic OH units due to their progressive formation during oxidation under different conditions. 

It was observed that the sequentially oxidized softwood kraft lignin (OxL-COOH) had a carboxylic 

OH unit content of 4.06 mmol/g which is significantly higher than isolated treatment of oxygen 

and ozone. 
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Figure 5.6. The changes in carboxylic OH groups present in SKL after ozone oxidation. 

 

Figure 5.7. Conductometric titration of sequentially oxidized kraft lignin obtained from OKL 

(oxygen treatment at 130°C for 40 min followed by ozone treatment at 80°C for 2 hours) 
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5.4. Conclusions: During the course of oxygen oxidation, among the major structural changes in 

softwood kraft lignin are the progressive formation of carboxylic acids and reduction of aliphatic 

OH units. In the case of the softwood kraft lignin utilized in this study, the amount of condensed 

OH units degraded were relatively higher than the amount of condensed units formed from radical 

coupling reactions. As a result, condensed OH units were not detected after oxygen oxidation 

treatment in the temperature range of 80-88°C. Overall, the oxygen oxidation treatment led to a 

decrease of the various phenolic hydroxyl units in the residual lignin. Among the oxidizing agents, 

the amount of carboxylic OH units formed from ozone oxidation (2.08 mmol/g) was higher 

compared to the oxygen oxidation (0.82 mmol/g) under similar conditions. These results show the 

importance of an ozonation stage at lower temperatures to induce carboxylic OH units in softwood 

kraft lignin. Furthermore, the softwood kraft lignin that is obtained after sequential oxidation 

treatment from oxygen at 130°C and from ozone at 80°C (OxL-COOH) contained 4.06 mmol/g of 

carboxylic OH units. The higher amount of carboxylation obtained after sequential oxidation 

treatment allows for improved compatibility of lignin with other components. 
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Chapter 6 | A novel and integrated process for the valorization of kraft lignin to produce 

lignin-based vitrimers 

The valorization of lignin into value-added products by oxidative conversion is one of the 

most widely studied strategies. However, the majority of these approaches have a limited scope 

for integration into industrial processes. The objective of our work is to maximize overall lignin 

utilization to produce diverse value-added products with a focus on integration in the existing 

industrial pulp and paper processes. In our previous work, we have optimized the yields of vanillin 

and vanillic acid by oxidation of softwood kraft lignin using oxygen. In this work, the oxidized 

kraft liquor (OKL) after the oxidation reaction was further treated with ozone to form a significant 

amount of carboxyl groups. The oxidized lignin (OxL-COOH) was then cured with polyethylene 

glycol diglycidyl ether (PEG-epoxy) to form high lignin content (>48 wt.%) vitrimers with high 

thermal stability, fast relaxation, and self-healing due to the presence of bond exchangeable cross-

linked networks. The lignin-based vitrimers were not soluble in aqueous alkaline solutions, but 

exhibited notable swelling properties which is a key indicator of dynamic transesterification in the 

cured network. Overall, this study provides a novel approach for the multi-dimensional 

valorization of lignin and demonstrates an integrated approach for kraft lignin valorization in the 

pulp and paper industry. 

6.1. Introduction 

Currently, the disposal of thermoset waste in our environment is one of the most 

challenging problems that needs to be addressed. Due to the lack of suitable methods for recycling 

or repairing, most of the thermoset waste is disposed of by incineration and landfill [1]. The 

concept of circular economy which was introduced by the Ellen MacArthur Foundation allows for 

a sustainable future for generations to come [2]. Two key aspects of this concept involve that the 
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vast majority of thermoset waste should be re-usable and that the materials used in the chain should 

be bio-based. Conventional epoxy-based thermosets possess excellent hardness, adhesion, and 

chemical resistance, however, once damaged, they cannot be repaired by heating due to the 

presence of a permanently cross-linked network. To address this issue, researchers have considered 

the modification of thermosetting polymers using vitrimer chemistry [3-6]. This allows for the 

introduction of dynamic covalent linkages in the cross-linked network which imparts repairability 

and recyclability to the thermosetting polymers. However, the recently developed vitrimer 

materials are based on petrochemical feedstocks. Therefore, the utilization of bio-based renewable 

feedstocks in the vitrimer matrix is crucial to fit into the concept of a circular economy [7-9]. 

Lignin is one such bio-based renewable feedstock that is abundantly available and accounts 

for about 30% of non-fossil carbon on earth [10-12]. The lignin obtained from technical processes 

has different structural properties and characteristics based on how the delignification is 

accomplished, the recovery process, and wood species [13, 14]. Kraft lignin accounts for about 

85% of all lignin produced worldwide which corresponds to approximately 45 million metric tons 

year-1. It is mainly utilized as a source of low-grade fuel in the pulping operation and only about 

100,000 tons of it is valorized every year [15, 16]. Oxidative conversion of lignin to produce 

vanillin (4-hydroxy-3-methoxy benzaldehyde, C8H8O3) and vanillic acid (4-hydroxy-3-methoxy 

benzoic acid, C8H8O4) is widely proposed [17-20]. Vanillin is one of the most widely produced 

aromatic aldehydes worldwide. It has useful applications in the food, cosmetic, chemical and 

pharmaceutical industries [21, 22]. Recently, vanillic acid has also been gaining interest due to its 

antibacterial, antimicrobial, and chemo-preventive properties [23]. Oxidative conversion of kraft 

lignin using oxygen is preferred due to its environmental friendliness, high atom economy, and 

low price. Current approaches of oxidative conversion of lignin using oxygen apply the oxygen 
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oxidation treatment as an additional and standalone step to kraft lignin after its isolation from black 

liquor. 

Recently, the addition of an oxygen stage in the lignin recovery cycle from black liquor 

has been gaining interest [24-26]. Figure 6.1 (a) shows the LignoForce process jointly developed 

by FPInnovations and NORAM [27]. In this novel process, an oxygen oxidation step is 

incorporated into the lignin recovery process for improving the overall efficiency of the lignin 

recovery process and reducing the emission of volatile sulfur and organic compounds. Building on 

the LignoForce process, we proposed a novel and integrated process for the valorization of kraft 

lignin Figure 6.1 (b). In this proposed process, the oxygen oxidation step was optimized for 

producing vanillin and vanillic acid. The optimization of oxygen oxidation to form vanillin and 

vanillic acid was reported in our previous paper [28]. In this work, we report the ozone treatment 

of oxidized kraft liquor (OKL) after the optimized oxygen oxidation reaction to produce lignin-

based vitrimers. The OKL stream after the permeation step is subjected to ozonation to induce a 

significant amount of carboxyl groups. After the ozone treatment, the modified lignin (OxL-

COOH) is then precipitated by acidification. Further, the OxL-COOH which is a rich source of 

carboxyl groups is cured with polyethylene glycol diglycidyl ether (PEG-epoxy) to form lignin-

based vitrimers. 
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Figure 6.1 (a). LignoForce process and (b). Modified LignoForce process for the development 

of high-value products [27] (reproduced in part with permission from American Chemical 

Society) 

Among the various vitrimer formation chemistries reported in the literature, 

transesterification is most suitable for oxidized kraft lignin conversion into vitrimers [5, 29, 30]. 

As shown in Figure 6.2 (a), the modified lignin is a result of sequential oxidation using oxygen 

and ozone (OxL-COOH). During oxidation, electrophilic attack at lignin centers of high electron 

density can cause the formation of a four-membered cyclic peroxide intermediate which tends to 

rearrange and induce cleavage of carbon-carbon bonds [31-34]. 
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Figure 6.2. Proposed reaction pathway for vitrimer formation (a). Curing reaction of OxL-

COOH and PEG-epoxy and (b). Transesterification exchange reaction (TER) within the cross-

linked network 

In the first step, the modified lignin (OxL-COOH) reacts with the PEG-epoxy to cause 

ring-opening to produce an ester bond and a secondary hydroxyl group. This secondary hydroxyl 

group can further react with the –COOH group to form an ester. In Figure 6.2 (b), bond 

rearrangement takes place without a disruption in connectivity due to reversible exchange 

reactions [35]. The stoichiometric ratio ‘R’ which relates to the ratio of epoxy to carboxyl groups 

can be varied to form different curing systems. In principle, the ‘R’ value is correlated to the 

amount of lignin present in the vitrimers. The objective of this work is to maximize the overall 

lignin utilization to produce diverse value-added products with a focus on integration in the 

existing pulp and paper industrial processes.  

6.2. Materials and methods 

6.2.1. Chemicals: Oxygen and nitrogen of ultra-high purity were supplied by Airgas USA (purity 

≥ 97%), sulfuric acid (1.0 N laboratory reagent grade) and ethanol (200 proof) were purchased 
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from VWR chemicals, poly (ethylene glycol) diglycidyl ether (PEG-epoxy, Sigma Aldrich Mn = 

500 g mol-1), Zn(acac)2 (Sigma Aldrich, 99.995%) and sodium chloride (assay ≥ 99%) were 

supplied by Fischer Chemical™, USA. 

6.2.2. Carboxyl content determination using conductometric titration: The carboxyl content 

of the oxygen treated lignin, ozone treated lignin and sequentially oxidized lignin was determined 

using the conductometric titration method described in the literature [36]. After the oxidation 

treatment, a sample of lignin solution was adjusted to pH below 2 by the addition of HCl. As a 

result, the lignin is precipitated from the solution and recovered by centrifugation followed by 

freeze drying. In general, 1.5 g of freeze-dried lignin sample (with moisture content ≤ 10% by 

weight) was added to 300 mL of 0.10 N HCl and stirred for 1 hour. The lignin was then filtered 

and washed with de-ionized water to ensure that the conductivity of effluent water was less than 5 

μScm-1. Further, the washed lignin was dispersed in 0.001 N NaCl (250 mL) followed by the 

addition of 0.10 N HCl solution (1.5 mL). The resultant dispersion was stirred and titrated with 

0.05 N NaOH under continuous bubbling of nitrogen. The conductometric titration was performed 

using a Metrohm Autotitrator equipped with an 856 Conductivity module connected to the main 

module (888 Titrando) coupled with TiamoTM 2.5 software. The output plot of conductivity against 

the volume of NaOH results in a parabolic curve with three distinguishable regimes. The first 

regime is the decrease in conductivity associated with the neutralization of added HCl. The second 

regime is usually a horizontal zone that corresponds to the neutralization of weak acid groups, i.e, 

carboxylic acid groups. Finally, the third regime is linked to the increase in conductivity after 

reaching the equivalence point due to the introduction of excess NaOH to the suspension. 

6.2.3. Ozonation of SKL and sequential oxidation of OKL. Ozone is a highly reactive oxidizing 

agent capable of oxidizing most types of lignin structures. Therefore, oxidation of oxygen pre-
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treated lignin with ozone will result in a further increase in the carboxyl content. The ozonation 

treatment was carried out at ambient pressure in a glass bubbler with a capacity of 1 L. The details 

on the ozonation procedure are mentioned in the literature [37]. The glass bubbler was heated to 

80°C in a water bath with constant stirring. A flow of ozone was supplied by a ‘5G Lab Benchtop 

Ozone Generator’ from A2Z Ozone providing an ozone dosage of 5000 mg hr-1 (100% capacity, 

oxygen flow rate 2 LPM). The ozone was directly injected into the solution through a long 

capillary. The off-gas was vented through a wash bottle partially filled with 10% by wt. potassium 

iodide solution. The ozonation was carried out at different time intervals of 1 hr, 2hr, 3 hr, and 4 

hr to optimize the carboxyl content in the softwood kraft lignin. The optimized conditions for 

oxygen and ozone oxidations were then used to the sequentially oxidized OKL. 

6.2.4. Preparation of OxL-COOH/PEG-epoxy vitrimers. The formulation of OxL-

COOH/PEG-epoxy systems was varied based on stoichiometric ratio ‘R’ which represents the ratio 

of epoxy groups to carboxyl groups. OxL-COOH was allowed to dissolve in 200 proof - ethanol 

(1:3 w/v) completely. The use of ethanol as a solvent allows the mixing of all the components 

before curing the reaction. Softwood kraft lignin is hydrophobic and apolar solvents are unable to 

dissolve the lignin. Also, the introduction of -COOH groups in OxL-COOH results in added 

affinity towards polar solvents. Aliphatic alcohols have varying abilities to dissolve lignin due to 

the different number of carbon atoms present in them. A higher number of carbon atoms in the 

aliphatic alcohol are prone to have less mobility and more steric hindrance to surround the lignin 

moieties. Therefore, ethanol which has a limited number of carbon atoms and reasonable polarity 

represents a suitable solvent to homogenize all the components in the solution. After dissolution, 

Zn(acac)2 was added at 5 mol% based on the content of carboxylic acid groups. Further, PEG-

epoxy was added based on the desired stoichiometric ratios ‘R’ of 1.0, 1.3 and 1.5. All the 
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components were homogeneous in the solvent system, which is a key parameter for uniform 

vitrimer film formation. The optimized solvent evaporation conditions are discussed briefly in the 

Section 6.3.2 about film formation. After solvent evaporation, the homogeneous solution in a 

PTFE mold was cured at 150°C for 1 hr and post-cured at 190°C for 2 hr. 

6.2.5. Characterizations of the lignin-based vitrimers. FTIR measurements were performed 

using a ThermoScientific Nicolet 6700 FTIR instrument equipped with attenuated total reflection 

(ATR). Each spectrum was collected with 64 scans in the wavenumber range of 4000-400 cm-1 at 

a resolution of 4 cm-1. Background spectra were recorded before every sample. The spectra were 

analyzed using OMNIC 7.3 software. The storage modulus of all films was characterized with a 

dynamic mechanical analysis (DMA, Dynamic Mechanical Analyzer TA Instruments RSA III) in 

a tensile mode at 1% min-1 strain rate. The dimensions of the test specimen were approximately 

30 mm × 10 mm × 0.4 mm. Samples were scanned from -40°C to 150°C at a heating rate of 5°C 

min-1. The frequency and the amplitude were set at 1 Hz and 15 μm, respectively. Isothermal stress 

relaxation tests were performed with an 8 mm parallel plate geometry. The thickness of the sample 

was approximately 0.4 mm. An axial force of 2 N was applied to attain a good contact of the 

sample with the parallel plate. During the test, 1% strain was applied and the trend of modulus as 

a function of time was recorded. The thermal stability of the samples was examined using a TA-

Instruments Q-50 thermogravimetric analysis (TGA) system. The sample was loaded into a 

platinum pan and scanned from 25 to 800°C at a heating rate of 10°C min-1 under a nitrogen 

atmosphere. Thermal repair of the films was studied by monitoring the recovery of scratches by 

using an OLYMPUS 52 × 7 optical microscope. A crack was made on the surface of the film using 

a razor blade and the width of the crack was determined using the microscope (d1). The cracked 

film was placed in between two tin plates and clamped using clips to fix the tin plates. This system 
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was then placed in a convection oven at 200°C for heating durations from 0 min to 30 min and the 

sample was observed every 15 min. The width change of the crack was measured using the 

microscope (d2) and the rate of repair was calculated using the equation (1): 

Equation (1)                                        𝑅 =
𝑑2−𝑑1

𝑑1
× 100% 

The swelling of the OxL-COOH/PEG-epoxy system was determined in aqueous NaOH 

solutions at room temperature. In general the swelling ratio can be based on weight or volume 

changes in the sample. In this work, the swelling ratio was defined based on the weight changes in 

the sample. The sample with dimensions 0.5 cm × 0.5 cm × 0.1 cm was weighed (W1) and added 

to a 20 mL glass vial containing aqueous NaOH solutions ranging in concentration from 0.01 M, 

0.05 M, 0.1 M, and 0.2 M (10 mL). The glass vial was capped and kept still at room temperature. 

At time intervals of 5 min, 10 min, 15 min, 20 min, 30 min, and 60 min the sample was taken out, 

the free water was wiped off with filter paper and the sample weight was measured (W2). The 

percentage swelling (Sr) at a given time was calculated according to the equation (2): 

Equation (2)                                        𝑆𝑟 =
𝑊2−𝑊1

𝑊1
× 100% 

6.3. Results and discussion 

6.3.1. Sequential oxidation of softwood kraft lignin. Oxidation of kraft lignin results in the 

formation of carboxylic acid groups in the form of monomeric compounds and as end groups of 

the lignin macromolecule. The formation of carboxyl groups on the chain end can arise from 

electrophilic attack at lignin centers of high electron density. The presence of carboxyl groups in 

lignin is known to improve solubilization in polar solvents [31, 38-40]. In our previous work, we 

demonstrated the effect of oxygen oxidation on carboxyl content in softwood kraft lignin (SKL) 

[28]. The amount of carboxyl groups in the lignin plays a key role in vitrimer formation. 

Theoretically, the stoichiometric ratio between epoxy and carboxyl groups should be 1:2 for 
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complete consumption of reactive groups and to achieve a high crosslink density. In this study, the 

PEG-epoxy with Epoxide Equivalent Weight (EEW) of 250 g equiv-1 which corresponds to 4 

mmol g-1 of epoxy groups was used. Therefore, to achieve the theoretical stoichiometric ratio of 

1:2 with a higher lignin percentage by weight, the carboxyl content should be proximate to or 

higher than the epoxy group content. The optimum carboxyl content of 1.41 mmol g-1 was obtained 

in the modified lignin (L-COOH) using oxygen at 130°C for 40 min of reaction time. The amount 

of carboxyl groups formed in L-COOH is lower than the theoretical requirement for vitrimer 

formation. Therefore, further modification of SKL to increase carboxyl groups is necessary to 

achieve the desired tensile properties in vitrimers with high lignin content. The sequential 

oxidation of softwood kraft lignin using oxygen and ozone results in 4.06 mmol/g of carboxylic 

OH units.  

6.3.2. Film formation. Vitrimers exhibit superior strength and repairability properties due to the 

dynamic transesterification reaction in a cross-linked network. However, one of the key 

phenomena that also allows vitrimers to possess these properties is the ‘film formation’ during the 

curing process. For the first time, in our work, we discuss the main factors that govern the uniform 

and non-porous film formation in vitrimers which is only briefly discussed in the recent literature 

[41-44]. During the curing process, the carboxylic acid groups from OxL-COOH react with the 

epoxy groups from PEG-epoxy, in the presence of Zn(acac)2.  
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Figure 6.3. Bubble formation in vitrimers before troubleshooting 

 During vitrimer formation, bubble formation was one of the main challenges encountered 

as shown in Figure 6.3. Bubble formation in the film is linked to the non-homogeneous mixing of 

OxL-COOH in ethanol and the leftover traces of solvent in the film before curing at the reaction 

temperatures. To address this, traces of insoluble impurities from OxL-COOH/ethanol solution 

were initially separated from the ethanol. In the soluble fraction, OxL-COOH was completely 

dissolved in the solvent which is crucial for uniform film formation. Furthermore, the addition of 

Zn(acac)2 and PEG-epoxy to this fraction allows for a completely homogeneous solution. 

Typically, the ethanol is allowed to evaporate at 25°C for 1 hr and followed by 80°C for 1 hr [1, 

30]. However, the OxL-COOH/PEG-epoxy systems possessed traces of ethanol before its transfer 

to the PTFE mold. As a result, non-uniform and brittle films were formed limiting the overall 

tensile properties of the polymer. To address this, experiments were conducted by heating at 25°C 

for 1 hr followed by heating for 1 hr, 2 hr, 3 hr, and 4 hr at 80°C, 90°C, 100°C, and 110°C. The 

optimum conditions for uniform film formation were observed at 110°C with a heating duration 

of 4 hrs. At the optimized conditions, a homogeneous and uniform film was formed without any 

bubble formation as shown in Figure 6.4. 
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Figure 6.4. Front and back view of vitrimers after post troubleshooting 

6.3.3 Structural characterization 

6.3.3.1. FTIR Analysis: FTIR analysis was performed for untreated SKL, oxygen treated (stage 

1) L-COOH, and ozone-treated OxL-COOH (stage 2) lignin samples. Figure 6.5 shows the 

broadening of peaks for -C=O and -OH groups at 1708 cm-1 and 2500-3500 cm-1, respectively, as 

the severity of oxidation increased from oxygen to ozone. The -OH group belongs to the -COOH 

group. Therefore, from the qualitative analysis, it was confirmed that sequential oxidation 

enhances the carboxyl group formation in lignin. In our previous work, we studied the effect of 

oxygen and ozone oxidation on carboxyl group formation in SKL. Chapter 5 briefly highlights 

the carboxyl group formation in softwood kraft lignin after oxidation under different conditions. 

Among the oxidizing agents, the amount of carboxylic OH units formed from ozone oxidation 

(2.08 mmol/g) was higher compared to the oxygen oxidation (0.82 mmol/g) under similar 

conditions. Further modification using ozone under optimized conditions resulted in a carboxyl 

content of 4.06 mmol g-1. Thus, the improvement in carboxyl content was confirmed qualitatively 

and quantitatively using FTIR and conductometric titrations. 
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Figure 6.5. Comparative FTIR spectra of untreated SKL, oxygen oxidized SKL (L-

COOH), and ozone & oxygen treated SKL (OxL-COOH) 

Table 6.1 shows the different stoichiometric formulations of the OxL-COOH/ PEG-epoxy 

systems. All systems had high lignin content (≤ 50 wt. %) with varying ‘R’ values implying a high 

biomass content in the polymer films. Figure 6.6 shows the FTIR spectra of the cured PEG-

epoxy/OxL-COOH samples with different ‘R’ values. The peak intensity of epoxy groups from -

C–O stretching (1090 cm-1), -OH groups (3000 to 3700 cm-1), and -C–H groups (2860 cm-1) 

changed consistently with varying stoichiometric ratios. The increase in the ‘R’ value from 1 to 

1.5 increased the peak intensity of hydroxyl groups. As the ‘R’ value approaches the stoichiometric 

value of Rt: 0.5, more complete curing is obtained, as a result, the peak intensity at 910 cm-1 and 

3400 cm-1 is reduced. However, as the ‘R’ value increases, a  high content of hydroxyl groups due 
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to the ring-opening of epoxy groups in the PEG-epoxy occurs, which increases the peak intensity 

of the hydroxyl groups. 

 

Figure 6.6. FTIR spectral changes of the cured OxL-COOH/PEG-epoxy system at different 

stoichiometric ‘R’ values 

Lignin content 

(% by wt.) 

Stoichiometric ratio ‘R’ 

(epoxy/carboxyl) 

Mass ratio ‘R’ 

(epoxy/carboxyl) 

FWHM of 

tan δ  (°C) 

Td5 

(°C) 

39.6 1.5 1: 0.65 -15 270 

43.1 1.3 1: 0.76 -10 276 

49.5 1.0 1: 0.98 -8 260 

Table 6.1. Different stoichiometric formulations of OxL-COOH/PEG-epoxy systems. 
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6.3.3.2. Dynamic mechanical properties: Dynamic mechanical analysis (DMA) was performed 

for all OxL-COOH/PEG-epoxy systems. Figure 6.7 shows the tensile modulus versus temperature 

of the cured OxL-COOH/PEG-epoxy systems. All curves exhibit a high storage modulus which 

defines the stiffness of the backbone structure and crosslink density. The storage modulus of the 

OxL-COOH/PEG-epoxy increases as the lignin content increases as lignin is much stiffer and 

possesses multiple reactive groups compared to the PEG-epoxy. The full width at half minimum 

(FWHM) which relates to the uniformity of the network was also determined using DMA (Figure 

6.8). The increase in lignin content also resulted in an increase in the full width at a half minimum 

due to the poly-disperse nature of lignin. All OxL-COOH/PEG-epoxy systems showed a single 

glass transition based on the peak temperature of tan δ. The maximum storage modulus value of 

2.08 × 108 Pa was obtained at the stoichiometric value of R:1. However, as the ‘R’ value increased 

the initial storage modulus values dropped to 8.7 × 107 Pa and 7.06 × 107 Pa for R:1.30 and R:1.50, 

respectively. 

 

Figure 6.7. The storage modulus of OxL-COOH/PEG-epoxy films with different R 

values 
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Figure 6.8. tan δ of OxL-COOH/PEG-epoxy films with different R values 

6.3.3.3. Thermal stress relaxation and repairability: The thermogravimetric analysis and 

derivative thermogravimetric analysis study of polyethylene glycol diglycidyl ether (PEGDE) with 

molecular weight Mw: 500 g mol-1 has been reported in the literature [45]. Figure 6.9 shows that 

the 5% weight loss temperature (Td5) of PEG-epoxy is below 200°C. It was found that the PEG-

epoxy thermal decomposition started at about 125°C and was completely combusted at about 

500°C. From the DTG curve, the temperature at which the maximum weight loss rate occurred 

(Tmax) was approximately 300°C. 
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Figure 6.9. Thermogravimetric analysis (TGA) and derivative thermogravimetric analysis 

(DTG) study of PEG-epoxy (DTA* in the graph corresponds to DTG analysis) [45] 

Thermogravimetric analysis (TGA) was performed on untreated SKL and all PEG-

epoxy/OxL-COOH systems. The data obtained from TGA is crucial for understanding the thermal 

processing and stability of the vitrimers. The untreated SKL sample showed a 5% weight loss 

temperature at 112°C. The weight loss at this temperature is the result of the expulsion of water 

molecules from the surface of SKL. In contrast, all PEG-epoxy/OxL-COOH systems showed 

similar 5% weight loss temperatures of approximately 270°C which was markedly higher than the 

untreated SKL as shown in Figure 6.10. A higher residue content was obtained as the lignin 

content increased due to the higher thermal stability of the sample and higher aromatic ring content. 

The temperature at which maximum weight loss rate occurred for the OxL-COOH/PEG-epoxy 

systems was around 397°C (Figure 6.11). These results indicate an adequate thermo-stability of 

the samples for relaxation tests at elevated temperatures. 
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Figure 6.10. Thermogravimetric analysis (TGA) of OxL-COOH/PEG-epoxy films with 

different R values 

 

Figure 6.11. Derivative thermogravimetric analysis (DTG) of OxL-COOH/PEG-epoxy 

films with different R values 
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Conventional thermosets are difficult to stress relax due to the permanent covalent bonds 

in the cross-linked structure. Figure 6.12 shows the stress relaxation behavior of a conventional 

epoxy thermoset at different temperatures ranging from 80°C to 200°C reported in the literature 

[46]. This epoxy thermoset was prepared by diglycidyl ether of Bisphenol A (DGEBA), glutaric 

anhydride and zinc acetylacetonate Zn(acac)2. From the graph, it is evident that conventional 

epoxy based thermosets are difficult to stress relax at lower temperatures. However, due to the 

nature of associative bond exchange chemistry, vitrimers can undergo stress relaxation.  

 

Figure 6.12. The stress relaxation behavior of epoxy thermoset prepared from DGEBA, 

glutaric anhydride and Zn(acac)2 at different temperatures ranging from 80°C to 200°C [46] 

 

In this type of covalent adaptable network, bonds are only broken when a new covalent 

bond is formed resulting in a fixed cross-link density and making the network permanent as well 

as dynamic. Therefore, a stress relaxation test can provide direct evidence of transesterification 
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exchange reactions (TER). Figure 6.13 shows the stress relaxation modulus of OxL-COOH/PEG-

epoxy films as a function of time at room temperature. All samples exhibited clear stress 

relaxation. The sample with R:1 demonstrated the fastest relaxation rate due to efficient TERs with 

ester bonds. However, the increase in the stoichiometric value led to a slower relaxation rate due 

to the presence of unreacted hydroxyl groups from the ring-opening of epoxy groups. 

 

Figure 6.13. Stress relaxation curves of OxL-COOH/PEG-epoxy films with different R 

values 

6.3.3.4 Swelling study: In response to temperature and solvents, thermoplastic polymers 

completely dissolve and behave like a viscoelastic liquid when heated above a certain temperature 

whereas, thermosetting polymers can only swell, and even at higher temperatures become softer 

but do not flow and only a fraction of the polymer material dissolves. Vitrimer polymers represent 

a third category of organic polymers that behave like a viscoelastic liquid when heated and resist 

dissolution in good solvents [47]. OxL-COOH shows excellent solubility in aqueous NaOH 

solutions due to the nature of the lignin macromolecule. The protonation of lignin molecules is 
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more favorable with a higher pKa value, thereby contributing to its solubility in aq. NaOH solutions 

24, 48]. In contrast, at lower pH values, there is less dissociation of the charged phenolic OH 

groups in lignin. Also, the phenol and carboxyl groups from lignin can transform into sodium 

phenolate and sodium carboxylate ions in aqueous NaOH solutions, thereby contributing to the 

solubility. Therefore, aq. NaOH solutions represents an excellent medium to test the swelling 

nature of OxL-COOH/PEG-epoxy system. Figure 6.14 shows the swelling OxL-COOH/PEG-

epoxy with R=1 in NaOH solution with concentrations 0.01 M, 0.05 M, 0.1 M, and 0.2 M with 

swelling time fixed at 10 min. The swelling trend showed a slow increase from 0.01 M to 0.05 M 

followed by a rapid increase to 0.2 M. As the concentration changed from 0.01 M to 0.2 M, the 

swelling increased from 13.5% to 44.9% which shows significant improvement in swelling of the 

vitrimer. To understand the effect of time on the swelling of OxL-COOH/PEG-epoxy systems, the 

sample was monitored at continuous time intervals starting from 0 min up to 60 min (Figure 6.15) 

in 0.1 M NaOH solution. The swelling increased rapidly to 40.1% in the first 15 mins. The swelling 

continuously increased further but at a slower rate. The noteworthy swelling of the vitrimer in 

alkaline solution signifies the occurrence of transesterification exchange reactions of the OxL-

COOH/PEG-epoxy systems. 
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Figure 6.14. Swelling of OxL-COOH/PEG-epoxy with R: 1 in NaOH solution with 

different concentrations (0.01 M, 0.05 M, 0.1 M, and 0.2 M) 

 

Figure 6.15. Swelling of OxL-COOH/PEG-epoxy with R: 1 in 0.1 M NaOH solution at 

different time intervals (0, 5, 10, 15, 20, 30, and 60 min) 
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6.3.3.5. Self-healing. In addition to swelling, self-healing constitutes an important feature of 

vitrimers due to the dynamic transesterification exchange reactions. The detailed image description 

of self-healing for R:1 is shown in Figure 6.16. For the sample with R:1, the average crack width 

of 17.5 μm changed to 11.87 μm in the first 15 min and to 8.03 μm in the next 15 min. Overall, 

the crack width of this sample healed to about 54.1% in the first 30 min. In contrast, in the sample 

with R: 1.3, the average crack width of 10.33 μm changed rapidly to 6.15 μm in the first 15 min 

and slowly to 5.01 μm in the next 15 min. At R: 1.5, the initial crack width of 8.37 μm changed 

slightly to 7.6 μm in the first 15 min and to 6.09 μm. Overall, this sample represented the slowest 

repairability compared with R: 1.3 and R: 1. As confirmed with other studies, the sample with R: 

1 represented efficient transesterification exchange reactions due to the nature of self-healing 

observed in this sample. 

 

Figure 6.16. Self-healing for R:1 sample after crack, after 15 min curing and after 30 min curing 

6.4. Conclusions: The objective of this work was to maximize lignin utilization to produce diverse 

value-added products with a focus on integration in existing pulp and paper industrial processes. 

Based on the results obtained, sequential oxidation of SKL represents a new approach for 

simultaneous production of vanillin, vanillic acid, and lignin-based vitrimers which diversify the 

value-added product profile from lignin. The modification of SKL using ozone represents a lignin 

source with high carboxyl content which is crucial for vitrimer formation with PEG-epoxy. All 
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OxL-COOH/PEG-epoxy systems possessed a high lignin content (>48 wt%). All systems showed 

thermal stability, fast relaxation, and self-healing due to the presence of bond exchangeable cross-

linked networks. In aqueous NaOH solutions, the lignin-based vitrimer did not dissolve and 

exhibited noteworthy swelling properties which is a key indicator of the dynamic 

transesterification in the cured network. Overall, this study represents a novel and integrated 

process for the valorization of kraft lignin into value-added products. 
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Chapter 7 | Conclusions and future work 

 

This dissertation demonstrated the integrated processes for the valorization of kraft lignin to 

synthesize high-value products. The major contribution areas include comprehensive reviews of 

lignin oxidation chemistry using oxygen and hydrogen peroxide and the strategies to produce bio-

based vitrimer polymers using kraft lignin; new insights of the retro-aldol reaction to enhance the 

yields of vanillin and vanillic acid; effect of oxygen and ozone oxidation on functional group 

content in softwood kraft lignin; a novel and integrated approach to produce transesterification 

based vitrimer polymers using kraft lignin. 

7.1. Summary 

In this work, the author aims to explore the utilization of a novel and integrated approach to 

diversify the product portfolio obtained from the oxidation of kraft lignin in the pulp and paper 

industrial processes.  The retro-aldol reaction is one of the key pathways explaining the formation 

of aromatic aldehydes and acids from the oxidation of kraft lignin. The author demonstrates that 

the efficiency of the retro-aldol reaction can be improved by controlling the amount of oxygen 

charged. The author provides a brief understanding of the functional group content in the 

precipitated lignin after oxidation treatments to highlight the potential scope for valorization. A 

major challenge in the valorization of kraft lignin using oxidative treatment is the large amount of 

lignin precipitated after the reaction which remains unutilized. The author addresses this challenge 

by utilizing the modified lignin to produce novel lignin-based vitrimer polymers with an integrated 

approach in the pulp and paper industry. 
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7.1.1. Towards a new understanding of the retro-aldol reaction for oxidative conversion of 

lignin to aromatic aldehydes and acids 

The production of vanillin and vanillic acid from kraft lignin proceeds at highly alkaline conditions 

and at elevated temperatures. Under these conditions, the oxidation of lignin is linked to the 

reaction temperature, oxygen pressure, pH, reaction time, lignin concentration, type of lignin 

feedstock and the reaction chemistry. The investigation of all these operating parameters on the 

yield profile is beyond the scope of this work. In conventional approach of oxidation of kraft lignin, 

the oxygen is charged throughout the duration of reaction at the specified operating conditions.  

Using this approach, at 140°C, the oxidation of kraft lignin results in combined maximum yield of 

5.17% (by wt.) of vanillin and vanillic acid. In principle from the chemistry of the reaction, the 

retro-aldol reaction which is the final step in the oxidation of lignin, proceeds in the absence of 

oxygen. Also, the degradation of vanillin and vanillic acid occurs at severe oxidation conditions if 

the oxygen is charged beyond the final phase of product formation. The author investigates this 

phenomena by controlling the amount of oxygen charged during the reaction. Using this new 

approach in which oxygen was charged for only 20 min during the 40 min reaction improved this 

yield considerably to 6.95% (by wt.). The author also validated yield improvements by comparing 

the yields from the proposed approach against conventional approach on different lignin 

feedstocks. Oxidation also improved the carboxyl content in lignin from to 1.41 mmol/g at 

optimum conditions of 130°C and 40 min duration. In summary, oxidation strategy represents a 

crucial pathway to valorize kraft lignin. 
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7.1.2. Effect of oxygen and ozone oxidation on functional group content in softwood kraft 

lignin 

The use of modern 31P NMR technique for quantitative analysis enabled to identify and quantify 

the abundances of various phenolic OH, aliphatic OH and carboxylic OH units in softwood kraft 

lignin before and after oxidation in detail. The softwood kraft lignin utilized in this study showed 

a considerable reduction in the aliphatic and aromatic OH units after oxygen oxidation. The 

reduction in non-condensed aromatic OH units is possibly due to the higher reactivity of the 

phenolic OH groups. It was also observed that the amount of condensed OH units degraded were 

higher compared to the amount of condensed units formed from radical coupling units. The 

formation of carboxylic OH units is linked to the side-chain elimination and ring-opening 

reactions. The amount of carboxylic OH units from ozone oxidation (2.08 mmol/g) was 

significantly higher compared to oxygen oxidation (0.82 mmol/g) due to the higher reactivity of 

ozone. This allows for potential scope for integration under the operating conditions of LignoForce 

process. Further, the utilization of sequential oxidation strategy resulted in kraft lignin with a 

marked improvement in carboxyl content to 4.06 mmol/g. Therefore, the carboxylated kraft lignin 

can be further utilized as a source for transesterification exchange reaction to form bio-based 

vitrimer polymers. 

7.1.3. A novel and integrated process for the valorization of kraft lignin to produce lignin-

based vitrimers 

The conventional oxidation strategies of lignin have limitations in regard to the amount of lignin 

utilized to form high value products. The author addresses this challenge encountered by 

simultaneous production of lignin-based vitrimer polymers, vanillin and vanillic acid. The 

modification of kraft lignin using sequential oxidation treatments results in a lignin source with 
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high carboxyl content which crucial for vitrimer formation with PEG-epoxy. All OxL-

COOH/PEG-epoxy systems possessed a high lignin content (>48 wt%). The stoichiometric ratios 

‘R’ which represent the ratio of epoxy groups and carboxyl groups was varied from 1, 1.3 & 1.5. 

All systems showed fast relaxation, thermal stability and self-healing due to the presence of bond 

exchangeable cross-linked networks. In aqueous NaOH solutions, the lignin-based vitrimer did not 

dissolve and exhibited noteworthy swelling properties which is a key indicator of the dynamic 

transesterification in the cured network. Overall, this study represents a novel and integrated 

process for the valorization of kraft lignin into value-added products. 

7.2. Potential directions for future work 

   In this section, the author sheds some light on potential future directions in the areas of this 

research and thus enhance these proposed approaches further. 

7.2.1. Towards a new understanding of the retro-aldol reaction for oxidative conversion of 

lignin to aromatic aldehydes and acids 

Vanillin and vanillic acid are high value-added products from oxidation of lignin that have 

applications in diverse areas. In our study we investigated the role of retro-aldol reaction in the 

oxidation of lignin. The retro-aldol reaction which predominantly proceeds via hydrolysis reaction 

can be utilized to study the effect of hydrogen peroxide at lower temperatures. The optimum 

combination of both these oxidizing agents for degradation of lignin is still under investigation. 

Another factor that impact the vanillin yield is the characteristics of lignin feedstock utilized for 

oxidation treatment. The understanding of lignin molecule should not be limited to mean molecular 

weight or ratio of lignin precursors but also details at the level of chemical structure which includes 

types and amounts of functional groups that deviate the purpose of oxidation of lignin molecule. 

Pretreatment of kraft lignin with phenolation is a useful strategy to improve the reactivity and 
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decrease the molecular weight of lignin, thereby making it more useful for various applications. 

The phenolic-OH substitution allows for improved reactivity towards thermosets application and 

the development of transacetalized vitrimers. Lignosulfonates can produce higher yields of 

phenolic aldehydes and acids due to the elimination of C-α position under alkaline oxidative 

conditions. Also, treatment of lignosulfonates with hydrogen peroxide has not been reported in 

various literatures and there is a scope for investigation. Under optimized conditions, there is a 

scope to develop value-added products using different oxidizing agents. 

7.2.2. Effect of oxygen and ozone oxidation on functional group content in softwood kraft 

lignin 

In this work, the characterization of softwood kraft lignin by modern NMR techniques and 

conductometric titration allows for a greater understanding of the structural changes in softwood 

kraft lignin before and after oxidation treatment. This study highlights that significant carboxylic 

OH group formation allows for further research to utilize carboxylated kraft lignin to produce bio-

based vitrimer polymers via transesterification exchange reaction. However, considering the 

overall scope for lignin valorization, there is also potential to understand the factors leading to the 

improvement in non-condensed aromatic OH units. The structural characteristics of lignin 

molecule that is used as a feedstock for oxidation treatment can have significant impact in the 

distribution of condensed and non-condensed aromatic OH units. Compared to native lignins, 

technical lignins have more condensed structures resulting in higher C-C linkages than C-O 

linkages. The undesired condensation of phenolic OH units occurs during delignification processes 

and can be minimized by (1) in-situ trapping of the reactive intermediates to convert them into 

stable molecules and (2) direct stabilization of the 𝛽-O-4 ether linkages (either physically or 

chemically). In regards to oxidation, there is a scope to investigate the use of hydrogen peroxide 
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in alkaline conditions in the presence of stabilizing agents to form non-condensed phenolic OH 

units.  

7.2.3. A novel and integrated process for the valorization of kraft lignin to produce lignin-

based vitrimers 

In this work, the utilization of carboxylated lignin allows for diversification of the product portfolio 

obtained by sequential oxidation treatment. The use of sequential oxidation strategy to improve 

the carboxyl content results in an additional stage in the current integrated process of valorization 

of lignin. Therefore, this results in incremental costs of operation due to the use of an additional 

stage in the pulp and paper industrial processes. In order to eliminate the additional ozonation 

stage, two approaches can be utilized for the oxygen oxidized lignin: (1) The oxidized lignin with 

structural modifications in aliphatic and aromatic OH content can be utilized to make bio-based 

vitrimers. In this case, new type of vitrimer chemistries can be utilized to form bio-based vitrimers 

from structurally modified lignin. (2) The oxidized lignin with improved carboxyl group content 

can be reacted with epoxy thermosets having epoxy equivalent weight (EEW) in the range of – 

COOH value. As a result, the ozonation stage can be eliminated and the new process can be directly 

integrated in the modified LignoForce process improving the overall economic and environmental 

viability of this process. 


