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ABSTRACT 
RISE Bioeconomy is working with the biorefinery concept. That is, for the company, to utilize all 

wood derivatives in effective processes, resulting in unique products. RISE Bioeconomy is 

investigating the possibilities of producing holocellulose through an oxidative delignification 

process of wood, using peracetic acid (PAA). The product, high-purity holocellulose, can be used 

for the production of for example cellulose nanofibers, a product that in recent years have 

increased in interest. 

The PAA-delignification process relies on oxidative treatment with peracetic acid, where the 

lignin is solubilized in water through the formation of carboxylic groups in the lignin, yielding 

cellulose of very low lignin content and minimal degradation of the cellulose. In addition to the 

holocellulose, a solution containing water, acetic acid, salts and highly oxidized lignin is 

obtained. The PAA-delignification has yet only been performed in lab-scale, however, the aim is 

to scale up the process. There has not yet been any further utilization of the oxidized lignin and it 

has been proposed that esterification of the carboxylic groups with an alcohol is a possible 

valorization route. Due to the up-scaling of the PAA-delignification, it is of large interest to find a 

valorization route for the lignin by-product to fulfill the biorefinery concept. 

This master thesis focuses on evaluating esterification of an oxidized lignin, with the aim to 

propose a process suitable for up-scaling. The lab trials for the PAA-delignification of wood 

yielded limited amounts of lignin and due to difficulties while isolating this lignin, it was not 

partially characterized until months into the project. 

Therefore, model compounds were initially used to evaluate the process setup. Compounds with 

muconic acid type structures are some of the expected products from PAA-delignification of 

wood and muconic acid was therefore used as a model compound. In addition to this, vanillic 

acid was used to represent the phenolic lignin compounds. Gas Chromatography/Mass 

Spectrometry (GC/MS) analysis of the vanillic acid esterification was shown to be a suitable 

method for analyzing the conversion of this reaction. Due to the difficulties with the analysis of 

the model compounds, no results regarding the reaction procedures were obtained.  

As a “proof-of-concept”, a kraft lignin was oxidized, isolated and then esterified. Two different 

methods of esterification were performed, with and without a molecular sieve. It was assumed 

that the amount of carboxylic groups would increase after oxidation and decrease after a 

successful esterification. The amount of carboxylic groups after each process was analyzed with 

Phosphorus Nuclear Magnetic Resonance (31P-NMR). For the process without molecular sieve, 

the 31P-NMR analysis indicated that esterification of the lignin had occurred, to a limited extent. 

This was confirmed by Fourier Transform Infrared Spectrometry (FTIR). The process with 

molecular sieve showed no indication of esterification of the lignin. 

The project did prove the concept of esterifying an oxidized lignin and led to several different 

proposals for further work in the area. Due to the very wide scope of this project and several 

unexpected obstacles, this project did not fully answer the research questions given.  
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SAMMANFATTNING 
RISE Bioeconomy arbetar med konceptet bioraffinaderi. Med detta menas att, för företaget, 

utnyttja alla trädets komponenter i effektiva processer som resulterar i unika produkter. RISE 

Bioeconomy utreder möjligheterna att producera holocellulosa genom en oxidativ 

delignifieringsprocess av ved, med perättiksyra(PAA). Produkten, holocellulosa av hög renhet, 

kan till exempel användas för att producera nanofiber av cellulosa, en produkt som under 

senaste åren ökat i intresse. 

PAA-delignifieringsprocessen grundar sig i en oxidativ behandling av ved med perättiksyra, där 

ligninet görs lösligt i vatten genom införandet av karboxylgrupper i ligninet, vilket resulterar i en 

cellulosa med väldigt lågt halt av lignin och minimal nedbrytning av cellulosa. Förutom 

holocellulosa erhålls en vattenlösning innehållande ättiksyra, salter och ett högt oxiderat lignin. 

PAA-delignifieringen har ännu endast genomförts i labb-skala, men målet är att skala upp 

processen. Ännu har inte det oxiderade ligninet utnyttjats vidare och förestring av ligninets 

karboxylgrupper med en alkohol har angetts som förlag för valorisereing av ligninet. På grund 

av planerna att skala upp PAA-delignifieringen är det av stort intresse att hitta en metod för 

valorisering av ligninet för att uppnå konceptet bioekonomi. 

Detta examensarbete fokuserar på att utvärdera förestring av oxiderat lignin, med målet att ge 

förslag på processer, passande för uppskalning. Labb-försöken med PAA-delignifiering gav 

begränsade mängder av lignin och på grund av problem med att isolera ligninet var det endast 

delvis karakteriserat flera månader in i projektet. 

På grund av detta användes initialt modellsubstanser för att utvärdera processen. Föreningar 

med mukonsyra-struktur är några av de förväntade produkterna efter PAA-delignifiering av ved 

och därför användes mukonsyra som modellsubstans. Dessutom användes vanillinsyra som 

modellsubstans för att representera fenol-föreningar i ligninet. GC/MS analysen av förestring av 

vanillinsyra visade sig vara en passande metod för att analysera omsättningen vid denna 

reaktion. På grund av problem med analysen av modellsubstanserna erhölls inga resultat om 

reaktionerna.  

Bevisandet av konceptet förestring av oxiderat lignin gjordes genom att ett kraft-lignin 

oxiderades, isolerades och förestrades. Två olika metoder för förestring användes, med och utan 

molekylsikt. Det antogs att mängden karboxylgrupper skulle öka efter oxidering för att sedan 

minska vid en framgångsrik förestring. Mängden karboxylgrupper analyserades efter varje steg 

med 31P-NMR. För processen utan molekylsikt visade 31P-NMR analysen indikationer på att 

förestring av ligninet hade till viss del skett. Detta bekräftades med FTIR analys. 

Projektet har kunnat visa på förestring av oxiderat lignin och har lett till flera förslag för fortsatt 

arbete inom området. På grund av det väldigt breda omfånget av detta projekt och flera 

oväntade problem kunde dock inte projektet till fullo svara på projektets frågeställningar.  
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1 INTRODUCTION 
The depletion of fossil resources has led to a search for alternative sources of energy and 

chemicals. Wood is considered as one of these alternatives and the biorefinery concept covers 

the utilization of all components of wood biomass. [1] The bioeconomy concept can be explained 

as a smart way to utilize our resources, thus the biorefinery is merging into the bioeconomy 

concept. The Swedish research council for sustainable development, Formas, has defined the 

bioeconomy concept as  

“A sustainable production of biomass to enable increased use within a number of different 
sectors of society. The objective is to reduce climate effects and the use of fossil-based raw 
materials. An increased added value for biomass materials, concomitant with a reduction on 
energy consumption and a recovery of nutrients and energy as additional end products. The 
objective is to optimize the value and contribution of ecosystem services to the economy”. [2] 

RISE Bioeconomy (Innventia AB) is working with the biorefinery concept, with the overall aim to 

ensure the competitiveness of their customers through research, development and innovation 

support mainly within the area of forest raw materials. One of RISE Bioeconomy’s objectives is 

to develop effective processes for all wood derivatives which should result in unique products. 

[3] 

This master thesis focuses on evaluating a proposed process for upgrading a by-product 

obtained in a process recently developed by RISE Bioeconomy, aiming to fulfill the biorefinery 

concept.  

1.1 Background 
At RISE Bioeconomy, a peracetic acid (PAA)-delignification process has been investigated for the 

production of holocellulose i.e. the fraction of wood constituting of cellulose and hemicellulose. 

The process is a very selective, yet mild, delignification process using PAA. Delignification with 

PAA provides a pulp with very low lignin content to a high yield. PAA solubilizes lignin through 

oxidation, yielding a lignin with an increased amount of carboxylic groups. 

PAA holocellulose is a very interesting starting material for the production of pure cellulose and 

hemicellulose fractions and potentially also cellulose nanofibers (CNF) that can be used for 

producing various types of nanomaterials. Recently, there has been an increased interest in 

cellulosic nanomaterials as it, for example, may replace fossil-based materials such as 

lightweight, high-performance composites. [4] Large scale production of PAA holocellulose 

would also generate large amounts of oxidized lignin. As RISE aims for the biorefinery concept, it 

is of interest to examine the possibilities of converting this oxidized, today useless lignin, into 

valuable products. Due to the high carboxylic content, esterification with a simple alcohol is 

proposed as a method to upgrade this lignin. 

It was assumed that this esterification might yield an oil like fraction, with reduced water 

solubility, reduced corrosion-properties and increased energy-content. A lignin with these 

properties may be suitable in for example fuel production. It is therefore of interest to evaluate if 

the oxidized lignin can be esterified, and if so, propose a process for upgrading the oxidized 

lignin obtained from the PAA-delignification.  
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2 LITERATURE REVIEW 

2.1 Lignin 
Lignin is a biopolymer that together with cellulose and hemicelluloses builds up the cell wall in 

plants, where it acts as a mechanical support and defense mechanism. Due to its high C/H and 

C/O ratios, lignin exhibits a higher calorific value than the other polymers in the cell wall. [5] 

Lignin is the second most abundant polymer in nature and it is consisting of several 

monolignols. The most abundant monolignols in lignin are coumaryl alcohol (1), coniferyl 

alcohol (2), and sinapyl alcohol (3). The structures of these monolignols are shown Figure 1 

below. [6] 

 

Figure 1. Structure of conventional monolignols [6]. 

The lignin polymers are synthesized from these monolignols and the amount of each monolignol 

depends on plant type. Generally, softwood lignin contains small amounts of coumaryl alcohol 

and almost exclusively coniferyl alcohol. For hardwood lignin, all monolignols are present, 

however only minor amounts of coumaryl alcohol. 

 

Figure 2. Numbering system of monolignols [6]. 

Figure 2 shows the numbering system of monolignols, which is used to describe the structure of 

lignin and the bonds between the monolignols. Generally, the inter-unit linkages that are 

dominating in any lignin are the ones involving the β-carbon.  

Many lignin-containing plants have commercial interest for production of for example paper or 

fuel, due to their cellulose content. However, huge quantities of lignin are dissolved in these fiber 

liberation processes. Usually, these lignins are not utilized for other purposes than energy 

production through combustion of the pulping liquor, in the kraft process for example. [7] 

In the kraft process, the wood is delignified by cooking wood chips in a solution containing 

NaOH and Na2S, where the lignin linkage network is degraded. The predominant reaction in this 

delignification is cleavage of the phenolic β-O-4 linkages. [8] 
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2.1.1 LignoBoost Lignin 

The LignoBoost process, invented by RISE and Chalmers University, is a process used to isolate 

lignin from the kraft pulping process. The residue pulping liquor obtained from the process, 

called black liquor, is treated with carbon dioxide to precipitate the lignin. The lignin is then 

treated with sulfuric acid in several washing steps, and then dried. The resulting lignin product 

is a brown powder with the pulping chemicals removed. [9] 

2.2 Peracetic Acid Delignification 
Peracetic acid has been a subject of interest for wood pulping and lignin removal, both in the 

past and present. However, in recent years it has become of interest in lignin valorization as 

well. Peracetic acid is a peroxy acid, which reacts with lignin through hydroxonium ions, formed 

thorough heterolytic cleavage of the peroxy bond. [10] 

 

Peracetic acid has been shown to be highly specific in its attack upon wood, giving a high pulp 

yield while dissolving most of the lignin, even under relatively mild condition. Albrecht showed 

that oxidation of lignin through peracetic acid results in a lignin that is soluble in water due to 

the formation of carboxyl groups. [11]  

 

Albrecht also discovered that there is a shift towards larger lignin molecules in the reaction 

solution as the reaction proceeds. Highly oxidized, low molecular weight structures are obtained 

during the first stages of PAA-delignification since the lignin fragments are trapped within the 

pore structure of the wood, and thus exposed longer to active PAA. As the pore size increases as 

the reaction proceeds, the lignin is trapped for less time, exposed to less PAA and thus the 

fragments become less oxidized. Therefore, a variation in molecular weight of the lignin 

obtained from wood delignification can be expected. [11] 

 

The lignin fractions obtained from this study by Albrecht showed a carboxyl content of 0.3-0.6 

groups per C9 units and that solubilization of the lignin occur at a carboxyl group content of 

around 0.3 groups per C9 units, which could be explained as COOH-group in every third 

monolignol, shown in figure 2. [11] 

 

Due to the high selectivity on lignin and low degradability on cellulose, PAA-treatment is 

proposed as a suitable method for production of cellulose nanofibers. The holocellulose yield is 

high, around 70 %, even at relatively mild conditions. [12] 

 

2.2.1 PAA-Delignification and the Lignin By-Product 

PAA-delignification of wood has been studied at RISE, with the aim to produce holocellulose. 

Wood chips were reacted with a mixture of peracetic acid, acetic acid and water with the aim of 

solubilizing the lignin and avoiding degradation of hemicellulose and cellulose. The 

delignification was performed in closed beakers in a water bath at 85 °C in several steps.  

After the PAA-delignification, the lignin is solubilized in an aqueous mixture of acetic acid and 

different salts. This process was performed in lab scale at RISE during fall 2016, yielding limited 

amounts of lignin to analyze and to process. Due to complicated purification processes of this 

lignin, there has been no full characterization of the lignin by-product obtained after the PAA-

delignification process. 
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2.3 Peracetic Acid Oxidation of Lignin 
A recent study proposed a method for producing monomeric phenolic compounds through 

peracetic acid oxidation of biorefinery lignin. Zhang and coworkers managed to selectively 

depolymerize the lignin and identified the most abundant compounds [13]. Among these 

compounds are carboxylic acids and hydroxylated monomeric phenolic compounds, with the 

latter in less abundance. One of the expected products after PAA-depolymerization of the 

biorefinery lignin is vanillic acid. 

It was suggested that PAA-depolymerization of lignin occurs through cleavage or oxidation of 

the propane side chains and that the depolymerization follows a specific reaction route. 

Therefore, PAA-treatment of lignin is proposed as a good method to selectively produce phenolic 

compounds and dicarboxylic acids. [13] 

2.4 Esterification  
An ester is usually produced by the reaction of a carboxylic acid with an alcohol using an acid as 

catalyst. The -OH group in the carboxylic acid is replaced with a hydrocarbon group, resulting in 

the production of an ester and water. 

Esterification is an equilibrium-limited reaction that is depressed by the presence of water. It 

has been shown that removal of water increases the conversion of esterification reactions. 

Molecular sieves of small diameters have been shown to remove water in for example ester 

condensation, making it a good alternative to use to increase the conversion the reactions. [14] 

2.4.1 Esterification Processes 

Another method to achieve high conversions would be to boil off the low-boiling components 

during the reaction by using reactive distillation. Reactive distillation has thus been proposed as 

a suitable method for esterification as it separate the products from the reactants. It relies on the 

principle of the reactants and products having different boiling points. Normally, the product has 

a lower boiling point than the reactants and is therefore removed by distillation. According to Le 

Chatlier´s principle, more products are then formed, thereby increasing the conversion. [15] 

A recent study described an esterification process performed in the presence of water, yet with a 

high yield of ester. The process was proposed as suitable for removing acetic acid in waste water 

and relies on esterification of acetic acid with ethanol to produce ethyl acetate. To increase the 

equilibrium yield, toluene was added due to its ability to extract ethyl acetate. The reaction was 

in this study catalyzed by polystyrene-supported sulfonic acid catalysts, which was also shown 

to significantly accelerate the reaction. Also, by adding CaCl2, the equilibrium yield was increased 

further, as its presence decreases the mutual solubility of ethyl acetate and water. [16] 

2.4.2 Acid Catalyzed Esterification 

Esterification proceeds naturally at a very low reaction rate, but the presence of an acid catalyst 

can increase the reaction rate dramatically. The carboxylic acid itself is not enough to reach 

higher reaction rates at normal conditions, but the addition of a strong acid may increase the 

reaction rate. The added acid acts as a proton donor to the carboxylic acid, which increases the 

reaction rate of the esterification reaction [17]. 

Homogeneous acid catalysts such as mineral acids are usually favored in esterification reactions, 

due to their low cost and high activity [18] Heterogeneous acid catalysts also show some 
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advantages for use in esterification reactions due to simple recovery and reuse of the catalyst, 

which is positive regarding both environmental issues and its cost [16]. 

The mineral acids, such as sulfuric acid, are commonly used as homogeneous acid catalyst for 

esterification of carboxylic acids. However, the acids may cause corrosion problems. Further, 

mineral acids cannot be easily separated from the products. [17] All of these aspects must be 

considered when upscaling a process. 

2.4.3 Esterification of Lignin 
Esterification of lignin has been of interest in several previous investigations for the production 

of biofuel or other products. However, these works are focusing on reacting the lignin OH- 

groups with a carboxylic acid/fatty acid. In the literature study for this project, no article was 

found where the aim was to esterify the carboxylic groups in the lignin. 

Löfstedt and coworkers proposed a route for producing green diesel from kraft lignin, in an 

approach that enables processing lignin in existing oil refineries. The process includes 

esterification of lignin with a tall oil fatty acid anhydride, with the aim to reduce oxygen content 

and increase solubility of the product in light gas oil. [19] 

2.5 Problem Identification 
As RISE Bioeconomy is investigating the possibilities of scaling-up the PAA-delignification 

process, the proposed esterification process should also be able to scale up. As it was assumed 

that the product is of low-cost type, the proposed esterification process should therefore be 

relatively simple and cheap. By analyzing the reaction procedure and conversion of several 

esterification processes, adapted to the specific by-product obtained, the aim is to propose a 

method for efficient esterification of oxidized lignin. 

PAA-delignification has previously been performed in lab-scale at RISE, yielding limited amounts 

of oxidized lignin. As the availability of oxidized lignin obtained from the PAA-delignification was 

limited, one aim with this work was to oxidize a kraft lignin with PAA, which should be used for 

a “proof-of-concept” esterification. Along with the process evaluation, a further aim is to esterify 

oxidized lignin as a “proof-of-concept”.  

After the PAA-treatment of wood the lignin is present as a dissolved fraction in water. The water 

also contains large amounts of acetic acid and different salts. The limited amount and the 

difficulties with isolating this lignin led to issues with characterization of the lignin obtained 

from the PAA-delignification of wood. Up to the start of this project, there was no knowledge 

regarding the actual composition of this lignin and no actual plan for how it could be 

characterized. It was therefore of great importance to find suitable model compounds for the 

expected products or to produce a similar lignin to perform esterification reactions and 

evaluations.  

As mentioned earlier in section 2.4.3, an esterified lignin may be suitable for fuel production, a 

product that can be assumed to be relatively cheap. Removing the water in the aqueous oxidized 

lignin-slurry prior to the esterification is very energy demanding, and to keep the production 

cost low, it is of interest to investigate if the esterification can be performed also without 

removing the water. 
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2.6 Research Questions  
The overall objectives of this master thesis project are to; 

• Evaluate and propose a process for esterification of oxidized lignin, obtained from the 

PAA-delignification of wood, using model compounds. 

• Oxidize a LignoBoost lignin to mimic the PAA-oxidized lignin and to show that 

esterification of lignin with ethanol is possible. 

The objectives are summarized in three research questions that are aimed to be answered in this 

master thesis; 

1. Is there any possible esterification method to use where the PAA-oxidized lignin can be 

directly esterified without prior water removal? 

2. Is it possible to esterify a PAA-oxidized lignin, by reacting it with ethanol in the presence 

of a catalyst?  

3. Can a PAA-oxidized LignoBoost lignin be used as a model for the lignin obtained after 

PAA-delignification of wood? 

2.7 Experimental Design 
The experimental procedure of this work is divided into two main parts, as described in the 

sections below.  

2.7.1 Model Compound Esterification 

Model chemicals were used to investigate the process setup and the effect of temperature, water 

content etc. It is of interest to evaluate if it is possible to perform esterification of the PAA-

oxidized lignin without removing the water in the PAA-delignification lignin slurry. The model 

compound esterifications were used to evaluate these processes. 

Some of the expected products in oxidation of lignin are muconic acid type-structures. It is 

therefore of interest to use muconic acid as a model compound for these lignin fractions. 

Additionally, vanillic acid was used as a model compound to represent the phenolic lignin 

compounds, also expected after PAA-oxidation of lignin. By analyzing the change in amounts of 

reactants and products over time, knowledge of the reaction procedure and conversion is 

obtained, which could be used to propose a suitable esterification process.  

Different systems were analyzed where, apart from the pure system esterification, water and 

acetic acid was added to mimic the reaction slurry obtained after PAA-delignification of wood. It 

was proposed that when acetic acid is present in the system, a two-phase system may occur with 

ethyl acetate/water and where the esters are obtained in the ethyl acetate phase. 

The systems investigated in the model compound esterification is described in Table 1 below. 

Table 1. Model compound systems evaluated in this project. 

SYSTEM COMPOUNDS  

S1M1 Muconic acid, ethanol Pure system  
S2M1 Muconic acid, ethanol, water Effect of water  

S3M1 Muconic acid, ethanol, acetic acid, water Two-phase system 
S1M2 Vanillic acid, ethanol Pure system 
S2M2 Vanillic acid, ethanol Pure system 
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A summarized process of the model compound esterification is shown in Figure 3 below. 

 

Figure 3. Process scheme for model compound esterification. 

2.7.2 Oxidation and Esterification of lignin 

The second main part of the experimental procedure includes oxidation and esterification of 

LignoBoost lignin. A LignoBoost lignin obtained from RISE Bioeconomy was oxidized with PAA, 

purified and then esterified with ethanol. To follow the oxidation and esterification processes, 

the amount of carboxylic groups was analyzed after each step. It was proposed that the amount 

of carboxylic groups would increase after oxidation and then decrease after esterification. 

A summarized process of the lignin oxidation and esterification process is shown in Figure 4 

below. 

 

Figure 4. Process scheme for lignin oxidation and esterification.  
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3 EXPERIMENTAL AND ANALYSIS 
This section is divided into two parts, where the experimental procedure is described first and 

secondly, the subsequent analysis.  

3.1 Esterification of Muconic Acid 
The esterification of muconic acid was performed as described below, with varying amounts of 

water and acetic acid in each system. Cis-cis muconic acid (Sigma Aldrich, 97 %) was weighed 

in a round bottomed-flask and ethanol (99% VWR Chemicals) was added at a molar ratio of 25:1 

to muconic acid, excess ethanol was used to obtain high conversion of the acid. The flask was 

placed in a heated oil-bath at the given temperature, with a reflux condenser. When the slurry, 

agitated by a magnetic stirrer, was assumed to have reached the desired temperature, 5 weight 

% to muconic acid of sulfuric acid (97 %, MERCK) was added to initiate the reaction. 

All esterification reactions with ethanol was performed at 78°C. To evaluate how the presence of 

acetic acid affects the esterification of muconic acid, the systems were compared to each other.  

The same procedure was repeated for the systems also containing water and acetic acid. The 

composition of each system is described in Table 2 below. 

Table 2. Muconic acid esterification systems. 

SYSTEM 
COMPOUND 

S1M1 
(MMOL/ML) 

S2M1 
(MMOL/ML) 

S3M1 
(MMOL/ML) 

MUCONIC ACID 0.53 0.53 0.23 
ETHANOL 17.45 13.31 5.83 
SULFURIC ACID 0.05 0.04 0.02 
WATER  71.25 31.20 
ACETIC ACID   1.82 
 

The system S2M1 was studied to determine the effect of water on the esterification reaction. The 

amount of water and acetic acid in S3M1 is dimensioned to reflect the concentrations of the 

compounds in the PAA-delignification slurry. This system was studied since it was proposed that 

a two-phase system with water and ethyl acetate might occur. 

3.2 Esterification of Vanillic Acid 
Vanillic acid (Sigma Aldrich, 97 %) was weighed in a round bottomed-flask and the alcohol was 

added at a molar ratio of 20:1 to vanillic acid. The flask was placed in a heated oil-bath at 78 °C, 

with a reflux condenser. After a few minutes when the slurry, agitated by a magnetic stirrer, was 

assumed to have reached the desired temperature, sulfuric acid (5 weight % to vanillic acid) was 

added to initiate the reaction.  

Esterification of vanillic acid was performed twice, for two different methods of analysis. For the 

first trial (S1M2) the reaction was interrupted after 5 hours, and for the second attempt (S2M2), 

the reaction was interrupted after 3 hours and the product was then analyzed. 
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3.3 Oxidation and Esterification of Lignin 
The oxidation and esterification was performed with a LignoBoost lignin, obtained from RISE 

Bioeconomy. The pretreatment, oxidation and esterification procedures for the lignin are 

described in the sections below. 

3.3.1 DTPA-Treatment 

The LignoBoost lignin was treated with DTPA to remove metals prior to the oxidation of the 

lignin with PAA. Metals are undesired in the PAA process since they catalyze the decomposing of 

peroxides, which may reduce the efficiency of the PAA-treatment. [20] 

A solution containing 0.3 % DTPA and 4.0 % Na2SO3 was prepared and adjusted to pH 6 by 

addition of 2M HCl. 0.6 g DTPA and 8 g Na2SO3 was weighed and dissolved in deionized (DI) 

water. The mixture was manually stirred until DTPA and Na2SO3 was completely dissolved. This 

solution was poured into a round-bottom flask, containing 10 grams of lignin. 

The solution was left reacting for 1 hour while agitated by a magnetic stirrer. The solution was 

centrifuged to separate soluble and insoluble lignin. The insoluble part was washed and 

centrifuged three times, then placed in a beaker and dried overnight and in oven at 40°C. 

3.3.2 PAA-Treatment 

The PAA-treatment was continuously evaluated and improved during this project, with varying 

PAA-concentration and loadings as main parameters. A typical and successful procedure of the 

oxidation of lignin is described in this section, which was the same for both trial 1 and 2. 

3.3.2.1 Trial 1 

10 grams of lignin was weighed and placed in a round-bottom flask. A solution of PAA and DI-

water was prepared and adjusted to pH around 4.8 using 10 M NaOH. 1 g PAA/g lignin was used 

and diluted to a PAA concentration of 10 % in water. The solution was added to the round-

bottomed flask, containing the lignin. The round-bottom flask was then placed in an oil-bath at 

60 °C and reacted for around 1.5 hours, until the PAA concentration was less than 5000 mg/L. 

The remaining PAA was neutralized using Na2S2O3 until the PAA concentration was close to 0. 

The content in the round-bottomed flask was poured into a pre-weighed glass to separate 

insoluble lignin from the soluble part through sedimentation. The flask was then weighed after 

drying to determine the amount of insoluble lignin. 

The water-soluble lignin was dialyzed with a Spectra/Por Dialysis Membrane tube, with 

molecular weight cut-off 100-500, to remove acetic acid and salts. After the dialysis, the water 

was evaporated in a rotary vacuum evaporator in round-bottomed flask at 50 °C to reduce water 

content prior to freeze-drying. After freeze-drying overnight, the flask was weighed again to 

measure the amount of lignin obtained after PAA-treatment. 

The weight of the lignin after freeze-drying did not coincide with the amount of lignin 

introduced to the PAA-treatment, as the weight increased from 10 to 16 grams after freeze-

drying. It was assumed that either water or acetic acid or a mixture of these was still present in 

the sample, causing the increased weight of the sample. Therefore, ethanol was introduced to 

the lignin to perform a solvent exchange, prior to the subsequent steps. 
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3.3.2.2 Trial 2 

The PAA-treatment was repeated, using 5 grams of lignin and the same ratios and concentration 

of the PAA solution as for trial 1. 

Again, the solution containing soluble lignin was evaporated using a rotary vacuum evaporator 

prior to dialysis. The solution was then dialyzed for 2.5 hours but irrupted due to the risk of 

bursting the tubes. The solution was then re-evaporated and dialyzed for another hour. After 

this, the solution was evaporated again in a pre-weighed round-bottomed flask. After some 

reduction of the water, the sample was freeze-dried overnight. 

After drying, the sample was re-weighed and again, an increase in weight compared to the initial 

lignin was observed. It was assumed that the weight-increase was due to the sample still 

containing acetic acid. It is likely that acetic acid was not removed during the freeze-drying due 

to its high boiling point. 

To get valid results from the downstream analysis of the sample, most of the acetic acid should 

be removed. The freeze-dried lignin was therefore grinded and placed in a vacuum-oven at 60 °C 

to remove all water and acetic acid. The lignin was dried overnight and then re-weighed. The 

weight reduction was 0.1 grams, which indicated that almost no acetic acid had been removed. 

The temperature was increased to 75 °C and the procedure repeated. The total weight reduction 

after the second drying-session at 75°C was 0.3 grams, making this an unsuitable method for 

removing acetic acid in this lignin. 

 

Dialysis had been avoided due to the practical difficulties with avoiding bursting of the tubes. As 

no other efficient method was identified, the lignin sample was diluted in DI-water and placed in 

a dialysis tube. The tubes were carefully monitored and replaced if there was risk of bursting. 

The dialysis was continued for 5 additional hours.  

3.3.3 Esterification of Oxidized Lignin 
The esterification of the oxidized lignin was executed very similar for all trials. The mole ratio of 

ethanol to lignin was varied for the trials. A molecular sieve was used in trial 1 and 2 to remove 

the water produced in the reaction and any water still present in the lignin. 

3.3.3.1 Trial 1 

To give the best possible reaction conditions, i.e. a water free solution, a molecular sieve of 3 Å 

was used in a weight ratio of 6:1 to the amount of water expected in the solution. The molecular 

sieve was dried overnight in 200 °C. The freeze-dried PAA-Ox1 was weighed in a round-

bottomed flask. When the molecular sieve reached room temperature, it was added to the flask. 

Ethanol was added in a mole ratio of 25:1 to the lignin.  The round-bottomed flask containing the 

lignin/ethanol solution and molecular sieve was placed in an oil-bath at 78 °C with a mechanical 

stirrer and a reflux condenser. 

 

After a few minutes when the temperature of the bath was stable, 5 weight % to lignin of sulfuric 

acid was added to the flask and the reaction was thus assumed to be initiated. After 15 hours, the 

reaction was terminated by placing the flask in an ice bath. The solution was then poured 

through a strainer to remove the molecular sieve, into another round-bottomed flask. The 

strainer was rinsed with additional ethanol to reduce loss of material. The ethanol was removed 
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using a rotary vacuum evaporator at low temperature (30 °C). This continued until a completely 

dried fraction of lignin was obtained. 

3.3.3.2 Trial 2  

The procedure of trial 1 was repeated for the second lignin, which was called PAA-Ox2, however 

ethanol was added in a molar ratio of 50:1. The reaction was interrupted after 16 hours and the 

catalyst was neutralized with a very small amount of sodium hydroxide. The solution was then 

poured through a strainer to remove the molecular sieve, into another round-bottomed flask. 

The strainer was rinsed with additional ethanol to reduce loss of material. The ethanol was 

removed using a rotary vacuum evaporator at low temperature (30 °C). This continued until a 

completely dried fraction of lignin was obtained. 

3.3.3.3 Trial 3  

For trial 3, the molecular sieve was not used as it was assumed to neutralize the catalyst. The 

freeze-dried PAA-Ox2 lignin was weighed in a round-bottomed flask. Ethanol was added in a 

mole ratio of 25:1 to the lignin.  The round-bottomed flask containing the lignin and ethanol 

solution was placed in an oil-bath at 78 °C with a magnetic stirrer and a reflux condenser. 

 

After a few minutes when the temperature of the bath was stable, 5 weight % to lignin of sulfuric 

acid was added to the flask and the reaction was thus assumed to be initiated. The reaction was 

interrupted after 8 hours by placing the flask in an ice bath and neutralizing the catalyst with a 

very small amount of sodium hydroxide. The ethanol was removed using a rotary vacuum 

evaporator at low temperature (30 °C). This continued until a completely dried fraction of lignin 

was obtained. 

3.4 Analysis of Model Compounds 
The analysis of the model compounds was mainly focused on analyzing the reaction procedures. 

However, additional analysis of the reaction products was performed. 

3.4.1 HPLC Analysis 

Previous studies on esterification reactions describe pH-titration as a useful method to quickly 

monitor the reaction [21]. However, due to the presence of other acids (acetic acid), this method 

was not used to monitor this reaction, since the presence of two acids make pH-titration 

uncertain.  

The reaction procedures of the model compounds were analyzed using High Performance Liquid 

Chromatography (HPLC) with an UV diode array detector (DAD). To find an appropriate method 

for HPLC-UV analysis, a solution of 100 ppm muconic acid in ethanol was used. To confirm that it 

was also possible to detect muconic acid esters, the reaction solution was also diluted to 100 

ppm based on the initial concentration of muconic acid and analyzed.  

Selecting an appropriate set up for liquid chromatography is very important for the accuracy of 

the analysis. Since the compound that is to be detected in this project is non-polar, the stationary 

phase should also be non-polar. This principle is called reversed phase chromatography. Here, 

the mobile phase should be a polar liquid to improve the separation, such as water.  

Different eluents and gradients were used with the aim of finding an appropriate method, 

however all of them resulted in similar peaks for the muconic acid and its assumed ester. For the 

isocratic eluent with 95 % water and 5 % methanol, the flowrate was varied to evaluate its effect 
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on the shape of the peaks. It was shown that the flowrate did not have any effect on the shape of 

the peaks. The analysis method with the best separation of the peaks was selected and used for 

all further trials, and the isocratic 95 % water and 5 % methanol eluent was used in this project.   

To follow the reaction procedure, samples was collected every hour during the esterifications. 

The samples were diluted with ethanol to 100 ppm concentration. The samples withdrawn from 

the reaction flask was initially diluted with water, but as a precipitate was observed in one of the 

initial muconic acid samples, the samples were instead diluted with ethanol. 

3.4.2 GC/MS Analysis  

The reaction products after esterification were analyzed with Gas Chromatography/ Mass 

Spectrometry (GC/MS). As the instrument is sensitive to water, the esters were transferred to an 

ethyl acetate phase as they were assumed to be located in that phase rather than in water. One 

mL of the slightly colored reaction solutions was added to a flask together with two mL of ethyl 

acetate and two mL of water. The flask was shaken vigorously and the ethyl phase was removed 

and dried with MgSO4, and the ethyl acetate phase was analyzed with HP 6890 Gas 

Chromatograph. A 30 m BP5 column (0.25 m inner diameter) was used with the following 

temperature program: initial temperature 50 °C for 1 min; ramp at 10 °C /min–320 °C, and hold 

at 320 °C for 21 min. The GC injection port was maintained at 280 °C in a splitless mode, and the 

detector temperatures was set at 280 °C. Helium was used as carrier gas (1.1 mL/min) and 

liquid volumes of 1 L were injected to the instrument.  

For the second attempt of the vanillic acid esterification, S2M2, the reaction procedure of the 

vanillic acid esterification was monitored by analyzing samples with GC/MS. Samples were 

taken every hour and transferred to an ethyl acetate as described above and then analyzed 

according to the method described above. 

3.5 31P-NMR Analysis of Oxidized and Esterified Lignin  
The PAA oxidized lignin was analyzed with 31P-NMR spectroscopy to quantify the amount of 

carboxylic acids obtained after oxidation and esterification. 31P-NMR spectroscopy has been 

shown to be effective in analyzing the hydroxyl groups in lignin. The analysis in this project is 

based on an adjusted method according to Granata and Argyropoulos [22], and performed 

according to the standard method used at RISE Bioeconomy.  

The lignin is dissolved in N,N-dimethylformamide and the hydroxyl groups in the lignin sample 

are phosphitylated with 2-chloro-4,4,4,4-tetramethyl-1.3.2-dioxaphospholane (TMDP(II)) and 

then analyzed in liquid phase 31P-NMR. An internal standard is added to the sample for 

quantitative determination of the hydroxyl groups in the lignin sample. The 31P-NMR spectra 

were recorded on a Bruker Avance III AQS 400 instrument operating at 9.4 T (25.85°C), fitted 

with a 5 mm air-bearing probe head. Acquisition was performed with azgig30 pulse program, an 

inverse-gated proton decoupling sequence (waltz16) using a 90 µs proton 90° pulse and a 30° 

flip angle. 512 transitions were collected with a 10 s delay between repetitions. Sweep width 

was 60 ppm. Spectra were processed using a 5 Hz line broadening by Bruker Topspin 3.0. 

Each different hydroxyl group is represented by a certain shift, and those of interest are 

presented in Table 3 below. The internal standard is located at shifts between 153.0 and 151.0. 
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Table 3. Chemical shifts of some hydroxyl groups in lignin samples. 

STRUCTURE SHIFT 
ALIPHATIC HYDROXYL (R-OH) 151.0 – 145.0 

PHENOLIC HYDROXYL (PH-OH) 145.0 – 136.5  

CARBOXYLIC HYDROXYL (R-COOH) 136.5 – 133.3 

 

3.6 GC/MS Analysis of Oxidized and Esterified Lignin  
The original lignin, PAA-delignification lignin, PAA-Ox2 and the esterified PAA-Ox2 was analyzed 

with Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS) to evaluate structural 

differences between each sample. In Py-GC/MS, the sample is heated in an oxygen-free 

environment where the macromolecules are degraded into smaller fractions, which then are 

analyzed with gas chromatography and identified by mass spectrometry. It can be assumed that 

the obtained fragments represent the macromolecules. [23]  

The pyrolysis was performed using a filament pulse pyrolyzer (PYROLA 2000, Pyrol AB). The 

pyrolysis chamber (165 °C) was purged with helium gas. About 0.5 mg of the lignin sample was 

pyrolyzed at about 600 °C. The GC/MS system consisted of an Agilent 6890 (GC) and a “Quattro 

Micro” mass spectrometer from Waters. The capillary column used was a “BPX5 (SGE) low 

bleed/MS”, 30 m * 0.25 mm i.d. (Chrompack). The GC temperature programme was from 50 °C 

(hold for 2 min), increasing at 21 °C min-1 to 325 °C (hold for 12 min). The mass spectrometer 

was operated in electron impact mode (+EI). 

The sample was methylated directly in the pyrolysis chamber by addition of tetramethyl-

ammonium hydroxide (TMAH). 

All samples were analyzed with Headspace GC/MS to determine if the sample contains acetic 

acid or not. Headspace GC/MS is a modification of gas chromatography, which is used for 

analyzing volatile organic compounds (VOC), in this case acetic acid. A small amount of each 

sample was heated at 80 °C for 15 minutes, then the vapor was collected and injected to the 

instrument. 

3.7 FTIR Analysis of Esterified Lignin 
The successful trial for the esterification, i.e. trial 3, of the oxidized lignin was also analyzed with 

Fourier Transform Infrared Spectroscopy (FTIR) to identify any esters in the sample and to 

confirm that the formation of esters causes the reduction of carboxylic groups in the sample. 

FTIR is a qualitative and semi-quantitative method commonly used to study the functional 

groups in lignocellulosic biomass. [24] 

The FTIR spectra were recorded using a Varian 680-IR FTIR spectrometer, with a DTGS detector. 

The system was operating in ATR mode, where an ATR crystal of ZnSc with a contact area of 

2mm in diameter and 2 m penetration depth was used. The background and samples spectra 

were scanned using a spectral resolution of 4 cm-1 and a spectral range of 4000 cm-1 to 650 cm-1, 

in 32 collected scans. Spectra were ATR and baseline corrected using a Varian Resolution Pro 

software. 
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4 RESULTS AND DISCUSSION 

4.1 Model Compound Esterification 
The conversion rate for the esterification reactions of the lignin model compounds, muconic acid 

and vanillic acid with ethanol, was analyzed by extracting samples from the reaction solutions 

every hour and analyzing these with HPLC-UV DAD. Calibration curves were not used due to 

difficulties in obtaining a constant sample volume. An example of the chromatograms obtained 

at 0 and 2 hour of reaction time are shown in Figure 5 below. Additional chromatograms for the 

muconic acid esterification are presented in Appendix A. 

 

Figure 5. HPLC-UV DAD chromatograms for muconic acid esterification, 0(top) and 2 (bottom) hours after 
reaction initiation. 

In the upper chromatogram, one peak is obtained which represents the muconic acid. The 

muconic acid is eluted from 3 to 4.5 minutes, in a wide and asymmetric peak. This specific shape 

can be described as fronting. In ideal cases, the compound is eluted for a short time, giving a high 

and centered peak. The shape of the muconic acid peak indicates that the chosen method is not 

ideal. As cis-cis muconic acid was used with 97% purity, the shape of the peak might be due to 

presence of other isomers.  

The bottom chromatogram shows the formation of a second peak after the reaction is initiated, 

the second peak is eluting after the muconic acid. This peak has a similar shape as that of 

muconic acid, but the fronting is more intense. When muconic acid is esterified, a mono- and/or 

di-ester can be formed. These esters are less polar than the acids, which should mean that they, 

during the given analysis conditions, should eluent later than a more polar compound such as 

the acid. Thus, the peak to the right might represent either mono- or di-esters of muconic acid, 

formed during the reaction. 

The area of the peak assigned to the acid (left) was compared to the intensity of both peaks, 

giving a percentage of the amount of muconic acid to the amount of acid and ester. 
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This way, an increase in the amount of ester could be detected. The conversion is in this project 

defined as described in the equation below; 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑐𝑖𝑑 𝑝𝑒𝑎𝑘

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑝𝑒𝑎𝑘𝑠
   (1). 

The conversion is solely based on the consumption of the acid and not the production of other 

products. The reliability of the HPLC analysis would have improved a lot if calibration curves 

was used to determine the actual concentrations. Also, basing the conversion on the formation of 

the desired products instead of the consumption should further improve the accuracy of this 

analysis. 

4.1.1 Muconic Acid Esterification 

As described in section 3.1, three different systems with muconic acid/ethanol were analyzed to 

evaluate the effect of water and the possibility of creating a two-phase system for the 

esterification. The change in amount of muconic acid over time is shown for each system in the 

figures below.  

 

Figure 6. a) Relative concentration (%) of muconic acid in samples as a function of time for S1M1. b) Relative 
concentration (%) of muconic acid in samples as a function of time for S2M1. 

Figure 6a) above shows the results from esterification with only ethanol in the system, whereas 

figure 6b) represents the system where also water is present. 

The relative concentration of muconic acid in the samples decreases faster in S2M1, the system 

containing water, than in the system with only ethanol. This should, according to the definition 

of conversion given above, mean that the esterification occurs faster in a system containing 

water, as the esterification is not inhibited by water, but rather enhanced by the presence of it. 

This result contradicts previous studies showing that water inhibits the esterification [25]. 

The products obtained were extracted with ethyl acetate and analyzed with GC/MS after a few 

days storage in refrigerator.  After shaking the sample with ethyl acetate and obtaining two 

phases, the upper ethyl acetate phase was slightly colored, and the bottom aqueous phase was 

clear, which indicates that the possibly formed esters were obtained in the ethyl acetate phase. 

The samples were concentrated by evaporation prior to the GC/MS analysis. The chromatogram 

for S1M1 is shown in Figure 7 a) and b) below. 
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Figure 7 a). GC/MS Chromatogram for the ethyl acetate phase of S1M1 and b) GC/MS Chromatogram for the 
ethyl acetate phase of S2M1. 

As shown in Figure 7a), the sample contains several different compounds according to the 

method used. The reaction solution after the esterification of S2M1 was also analyzed after a few 

days storage in refrigerator, and the chromatogram is shown in Figure 7b) above. The 

chromatograms were rich in peaks and consequently no matches were found in the database. 

Since the conversion is based on the consumption of the muconic acid, the formation of other 

compounds than esters likely contribute to the high conversion of muconic acid in the system 

containing water, S2M1. It is possible that the muconic acid which is an unsaturated compound, 

is undergoing hydration reaction (an acid catalyzed reaction [26]) in addition to the 

esterification and that this is the reason for the large number of peaks in the chromatogram. 

To fully understand what compounds that were formed during the esterification of muconic acid 

in these conditions, additional trials should be performed and the samples should be analyzed 

immediately after sampling. The samples could also be silylated for a more accurate 

determination of the acids. [27] 
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The change in relative concentration of muconic acid in the system containing muconic acid, 

acetic acid and water, i.e. S3M1, is shown in Figure 8 below. 

 

Figure 8. Relative concentration (%) of muconic acid in samples as a function of time for S3M1. 

Comparing system S1M1 and S2M1 to S3M1, it is evident that the rate of esterification is highest 
for the system containing both water and acetic acid. It is possible that a two-phase system 
occurs, where ethyl acetate forms a phase where the muconic acid ethyl ester is present. This 
might be the reason for the increase in reaction rate.  

The S3M1 esterification was repeated and analyzed with HPLC with another column suitable for 

analyzing acids. The change in relative concentration of muconic acid in the system containing 

muconic acid, acetic acid and water is shown in Figure 9 below.  

 

Figure 9. Relative concentration (%) of muconic acid in samples over time for S3M1-2. 

The second experiment shows that the conversion, based on the consumption of muconic acid, is 

higher for the system containing acetic acid. This indicates that the results obtained from the 

previous reaction evaluation of S3M1 was not just a one-time phenomenon. 
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The reaction solution from sample S3M1-2 was immediately after the reaction analyzed with 

GC/MS for greater understanding of the reactions occurring. The chromatogram for S3M1-2 is 

shown in Figure 10 below. 

 

Figure 10. GC/MS Chromatogram for the ethyl acetate phase of S3M1-2. 

The chromatogram shows several different peaks for the S3M1-2 system. Again, the library 

search could not identify the compounds present in the sample. However, the analysis indicates 

that other compounds are present in the sample, and therefore likely contribute to the decrease 

in the percentage of muconic acid in the HPLC analysis. As mentioned earlier, it is likely that 

hydrolysis of muconic acid occurs in the and that this contributes to the decrease in muconic 

acid concentration, compared to the other compounds.  

To validate this, additional trials should be performed and the GC/MS analysis should be 

improved by for example silylating the acid.  
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4.1.2 Vanillic Acid Esterification 

Vanillic acid was esterified with ethanol according to the method described in section 3.2 and 

analyzed with HPLC, with the same methods used in the trials with muconic acid.  

A sample of vanillic acid diluted in ethanol was analyzed with HPLC to validate the analytical 

method and resulted in a peak, structurally similar to the muconic acid peak. The chromatogram 

in Figure 11 below shows a sample of vanillic acid, diluted in ethanol.  

 

Figure 11. HPLC-UV DAD chromatogram for vanillic acid in ethanol. 

Samples were analyzed every hour during the vanillic acid esterification. The chromatograms for 

1 and 2 hours after initiation of the reaction are shown in Figure 12 below.   

 

Figure 12. HPLC-UV DAD chromatograms for vanillic acid esterification, 1 (top) and 2 (bottom) hours after 
reaction initiation. 

As shown in the figure above, no additional peak was obtained for the vanillic acid esterification 

in the HPLC analysis. The chromatograms above only show up to 25 minutes, but the analysis 

continued up to 40 minutes, and for this time no other compound was detected with UV-DAD. 
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It is possible that if an ester is formed, it is eluting together with the vanillic acid and thus is 

“hidden” within the vanillic acid peak. Another eluent with 80% water and 20 % methanol was 

used, but this eluent was not successful in separating the two eventual peaks.  

To elucidate if this was the case, the final product from experiment S1M2 was analyzed with 

GC/MS. The chromatogram is shown in Figure 13 below. The chromatogram was obtained a few 

days after the reaction experiment as the GC/MS was not available at the time of the experiment. 

The solution was stored in a refrigerator until analysis by GC/MS. 

Indeed, the analysis showed that vanillic acid ethyl ester was formed. 

 

Figure 13. GC/MS Chromatogram for ethyl acetate phase of S1M2. 

The reaction sample contains 5 distinctive peaks as shown in the chromatogram above. The 

library search identified the peaks as vanillin, vanillic acid ethyl ester, vanillic acid and methyl 

benzoate. The vanillic acid peak is the most abundant compound, considering that it has the 

highest peak area, indicating that conversion was not complete. Generally, acids are usually not 

analyzed by this gas chromatography as they result in bulky peaks, as for the vanillic acid peak 

shown above.  

To elucidate if storage hand an impact on the product distribution, an identical experiment was 

set up, denoted S2M2, but the products were analyzed with GC/MS. Samples were analyzed 

every hour, immediately after sampling, to follow the progress of the reaction. A sample was also 

taken prior to the initiation of the reaction, the chromatogram of this sample is shown in Figure 

14 below. 
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Figure 14. GC/MS Chromatogram for the ethyl acetate phase of S2M2 before initiation of reaction. 

The chromatogram shows two distinctive peaks which the library search identified as guaiacol 

(eluating after 5 minutes) and vanillic acid (15 minutes). As the sample was taken prior to 

reaction initiation, it is likely that the guaiacol is a contamination in the vanillic acid. The vanillic 

acid peak has the highest area of the two obtained peaks, indicating that it is the most abundant 

compound in the sample. The peak is however wide, which indicates that the method is not 

ideal. As mentioned earlier, acids are not usually analyzed by this method, but the method could 

be improved by silyating the acid to get more centered acid peaks and thus a better analysis.  

A chromatogram for S2M2 after 3 hours of reaction is shown in Figure 15 below. 

 

Figure 15. GC/MS Chromatogram for the ethyl acetate phase of S2M2 3 hours after reaction initiation. 
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The chromatogram for S2M2 after 3 hours of reaction clearly shows the formation of a second 

compound, as a second peak is obtained in the chromatogram. The compound eluting just before 

the vanillic acid was identified by the library search as vanillic acid ethyl ester. This confirms 

that the desired esterification occurs at the given conditions. This also confirms that this method 

may be suitable for following the reaction kinetics of vanillic acid esterification, as two 

distinctive peaks are obtained.  

Again, guaiacol is present in the sample. The amount has not increased over time compared to 

the vanillic acid, which confirms that the guaiacol is a contamination in the vanillic acid and not 

formed in the process.  

Comparing this chromatogram to the one shown in figure 13, the amount of compounds 

detected after storage in refrigerator is considerably higher than for the samples that were 

immediately analyzed. Thus, the samples are likely not stable to store over time as other 

compounds are formed.  
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4.2 Oxidation and Esterification of Lignin 
The original LignoBoost lignin was oxidized with PAA to mimic the lignin obtained after PAA-

delignification of wood. In each PAA-oxidation trial, an insoluble fraction of lignin was obtained, 

representing around 10% of the initial lignin loadings. For the trials with higher PAA loadings, 

the insoluble part of the lignin was decreased. Only the soluble lignin was used in this project. 

After the oxidation, the lignin obtained is considerably lighter in color compared to the original 

lignin. This indicated that the lignin has been modified. 

 

Figure 16. Original lignin (left), dried and grounded PAA-Ox1 lignin (middle) and water-diluted PAA-Ox1 (right). 

The oxidized original LignoBoost lignin has a high solubility in water, giving a colored solution, 

as shown in the figure above.  

4.2.1 Original Lignin 

The original LignoBoost lignin is softwood kraft lignin permeate, chosen due to its availability. 

This means that most lignin molecules with a molecular weight above the cut-off have been 

removed. The original lignin was analyzed with 31P-NMR for comparison with the PAA-oxidation 

lignin and the spectrum is shown in Figure 17 below. 

 

Figure 17. 31P-NMR spectrum for original lignin. 

130135140145150155160
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Original lignin
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The figure above shows the 31P-NMR spectra for the original lignin. It correlates the shift (ppm) 

to intensity, making it possible to determine the concentration of different hydroxyl groups in 

the sample. The aliphatic hydroxyl groups are represented by the shifts between 151.0 and 

145.0. The phenolic hydroxyl groups are represented by the shift between 145.0 and 136.5 and 

the carboxylic groups are represented by the shifts between 136.5 and 133.3.  

The original lignin has its highest intensity at shifts assigned to phenolic hydroxyl groups, 

indicating that these are the most abundant hydroxyl groups in the sample. 

4.2.2 Trial 1, PAA-Ox1 

4.2.2.1 Oxidation of Lignin 

The 31P-NMR spectrum recorded for the oxidized lignin in trial 1 (PAA-Ox1) is shown in Figure 

18 below.  

 

Figure 18. 31P-NMR spectrum for sample PAA-Ox1. 

Thus, the peak intensity of the carboxylic groups is extremely high compared to the aliphatic and 

phenolic groups. This indicates that the concentration of carboxylic groups in this sample is 

much higher than in the original lignin. 

In order to describe the origin of these carboxylic groups, the carboxylic group peak from PAA-

Ox1 is compared to the carboxylic peaks of the original lignin. 

130135140145150155160

δ (ppm)

PAA-Ox1
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Figure 19. 31P-NMR spectra for PAA-Ox1 and original lignin in the shift interval 137-132 ppm. 

The figure above shows the 31P-NMR-spectra for both the original lignin and the PAA-oxidized 

lignin. The PAA-oxidized lignin spectrum was corrected against the original lignin through 

calibration of the TMDP hydrolysis product at a shift of 132.2 ppm. The figure shows the shifts 

where the carboxylic OH-groups are represented. 

The red line represents the shift of the highest intensity in the PAA-oxidized lignin. Clearly, there 

is a difference between the samples, as the highest intensity represented at shifts lower than in 

the original lignin (134.6 and 134.7). This indicates that there is a structural difference in the 

carboxylic OH-groups in the samples.  

The literature suggests that the PAA-treatment of lignin may result in muconic acid-type 

structures, due to aromatic ring opening [11]. The difference in the carboxylic-OH peaks as well 

as the decreased amount of aliphatic and phenolic OH-groups in the PAA-treated lignin may 

indicate that aromatic ring opening have occurred.  

However, as large amounts of acetic acid are present during the PAA-treatment, the large 

increase of carboxylic groups in sample PAA-Ox1 may alternativly originate from the acetic acid 

that is still present in the sample. The sample was therefore analyzed by headspace GC/MS and 

the chromatogram is shown in Figure 20 below.  

132133134135136137
δ (ppm)

Original lignin

PAA-Ox1
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Figure 20.  Headspace GC/MS chromatogram for PAA-Ox1. 

In the chromatogram above, there is a very intense peak at 2 minutes, which according to the 

library search, is acetic acid. Therefore, the acetic acid present in the lignin sample is likely the 

reason for the large increase of carboxylic OH-groups. Thus, it is not possible to conclude 

anything regarding the extent of esterification of the oxidation of PAA-Ox1, as the amount of 

acetic acid in the sample was not quantified. 

4.2.2.2 Esterified PAA-Oxidized Lignin 

The 31P-NMR spectrum for the esterified PAA-Ox1 is shown in Figure 21 below.  

 

Figure 21. 31P-NMR spectra for esterified PAA-Ox1. 

130135140145150155160
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PAA-Ox1, esterified
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Similar to the PAA-oxidized lignin, the amount of aliphatic and phenolic OH-groups is very small 

compared to the carboxylic groups. The amount of carboxylic groups is again very high 

compared to the original lignin.  

As it is not possible to determine the amount of carboxylic groups in each lignin sample just by 

the spectra above, the intensity of the peaks was re-calculated into mmol OH/ g sample, using 

the internal standard and its known concentration. The concentrations of aliphatic, phenolic and 

carboxylic hydroxyl groups for the original, oxidized and esterified lignin samples are presented 

in Figure 22 below. 

Figure 22. Results from 31P-NMR analysis showing the change in amount of –OH groups per gram lignin sample 
in the PAA-Ox1 lignin. 

A clear pattern in the change of amount in the lignin carboxylic groups is shown in the figure 

above.  After oxidation, the amount of carboxylic groups increased as expected. After the 

esterification reaction, the amount of carboxylic groups had again decreased, as expected.  

This would then indicate that the esterification of the lignin had been successful, as the 

carboxylic groups had reacted with the ethanol and thus decreasing the amount of carboxylic 

groups detected by the NMR analysis. 

When acetic acid is reacted with ethanol in the presence of an acid catalyst and at elevated 

temperatures, ethyl acetate is formed. Ethyl acetate has a boiling point of below that of ethanol.  

During the downstream processing of this esterified lignin, ethanol was removed in a rotary 

vacuum evaporator. This would mean that the produced ethyl acetate was removed together 

with the ethanol. The decrease in carboxylic groups may be due to the fact that ethyl acetate is 

formed in the process and then removed prior to the analysis, and not that the lignin is 

esterified.  
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The Headspace GC-analysis for the esterified PAA-Ox1 showed that the sample contains large 

amounts of acetic acid. Thus, trial 1 cannot be used to determine if the esterification of lignin had 

been successful or not. However, the results from this trial clearly emphasizes the importance of 

removing acetic acid prior to the analysis. 

4.2.3 Trial 2, PAA-Ox2 

As in the first trial with PAA-Ox1, the lignin obtained after oxidation is considerably lighter in its 

color. Again, the lignin has a very high solubility in water.  

For the second attempt of oxidation of lignin, PAA-Ox2, there had been a lot of effort to remove 

all acetic acid for a more accurate determination of the extent of oxidation and esterification. The 
31P-NMR spectrum for PAA-Ox2 is shown in in Figure 23 below. 

 

Figure 23. 31P-NMR spectrum for PAA-Ox2. 

Similar to the first trial PAA-Ox1, there is a tremendous increase in carboxylic groups in PAA-

Ox2 compared to the original lignin. Also, the amounts of aliphatic and phenolic hydroxyl groups 

are very low compared to the carboxylic group. 

PAA-Ox2 was also analyzed with Headspace GC/MS to determine if acetic acid is present in this 

sample as well. The Headspace GC-analysis indicated that only small amounts of acetic acid were 

present in the sample and the chromatogram is shown in Figure 24 below. 
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Figure 24. Headspace GC/MS chromatogram for PAA-Ox2. 

As shown in the figure above, the intensity for the peak obtained at 2 minutes is considerably 

less than for PAA-Ox1. It is therefore assumed that the dialysis was successful in removing acetic 

acid and that the amount of carboxylic groups detected in the 31P-NMR analysis origins from the 

lignin fractions only. 

4.2.3.1 Esterification of PAA-Ox2, Trial 1 

Similarly to PAA-Ox1, the esterification of PAA-Ox2 was complicated to perform practically. Due 

to the presence of the molecular sieve, the agitation was insufficient, which might have an effect 

on the extent of esterification.  Due to the insufficient agitation, it was assumed that some parts 

of the lignin were left unexposed to the reactants. 

The 31P-NMR spectrum for the esterified PAA-Ox2 is shown in Figure 25 below.  

 

Figure 25. 31P-NMR spectrum for esterified PAA-Ox2. 

130135140145150155160
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Similar to the PAA-oxidized lignin, the amounts of aliphatic and phenolic OH-groups are very 

small compared to the carboxylic groups. The amount of carboxylic groups is again very high 

compared to the original lignin. As it is not possible to determine the amount of carboxylic 

groups jut by the look of the spectra above, the intensities of the peaks were re-calculated into 

mmol OH/ g sample, using the internal standard and its known concentration. The 

concentrations of aliphatic, phenolic and carboxylic hydroxyl groups for the original, oxidized 

and esterified lignin samples are presented in Figure 26 below. 

 

Figure 26. Results from 31P-NMR analysis showing the concentration (in mmol OH groups per gram lignin 
sample) in the PAA-Ox2 lignin. 

As shown in the figure above, the amount of aliphatic and phenolic hydroxyl groups decreased 

after oxidation. A large increase in carboxylic groups is observed after oxidation, which also 

coincides with the hypothesis described in section 2.7.2. However, the amount of carboxylic 

groups has not decreased after esterification and in fact, the analysis showed that the amount of 

carboxylic groups is slightly higher in the esterified sample. However, this is assumed to be in 

the in the margin of error, caused by weighing errors, solubility problems etc.  

This indicates that the esterification had not been successful, as all carboxylic groups obtained 

after the oxidation seems to be left unreacted. This is very likely since the agitation was 

insufficient during the esterification, due to the presence of the molecular sieve. However, since 

there was no time for additional trials, the definitive reason for the carboxylic groups being left 

unreacted cannot be concluded. 

Table 4.Sum of hydroxyl groups in mmol/g sample in PAA-Ox2 lignin. 

SAMPLE AL -OH PH -OH COOH Σ -OH 

ORIGINAL LIGNIN 1.17 4.05 0.58 5.80 

PAA OXIDIZED LIGNIN 0.44 0.43 7.65 8.53 

ESTERIFIED PAA OXIDIZED 
LIGNIN 

0.64 0.35 7.68 8.67 
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As shown in the table above, the amount of carboxylic groups increases tremendously during the 

oxidation. The amount of carboxylic groups in the oxidized lignin is more than the total amount 

of hydroxyl groups in the original lignin. The reliability of these results was controlled by 

calculating the amount of carboxylic groups per lignin monomer, with coniferyl alcohol as model 

monomer for the lignin. For PAA-Ox2, the amount of carboxylic groups is 1.3 per lignin 

monomer. This is considerably higher than the amount expected according to the work by 

Albrecht described in section 2.2, where it was proposed that the amount of carboxylic groups in 

the oxidized lignin was 0.3-0.6 per C9 unit. As the oxidation in this project was performed on 

isolated lignin, a higher amount of carboxylic groups is expected since the lignin is more exposed 

to the peracetic acid during the oxidation process.  

4.2.3.2 Esterification of PAA-Ox2, Trial 2 

Another fraction of PAA-Ox2 lignin was esterified in a system without the molecular sieve and 

analyzed with 31P-NMR. The 31P-NMR spectrum for the second trial of the esterification of PAA-

Ox2 is shown in Figure 27 below. 

 

Figure 27. NMR spectrum for esterified PAA-Ox2, trial 2. 

The spectrum is very similar to the previous 31P-NMR spectra, with high carboxylic group 

content. The intensity of the peaks was re-calculated into mmol OH/ g sample, using the internal 

standard and its known concentration. The concentrations of aliphatic, phenolic and carboxylic 

hydroxyl groups for the original, oxidized and esterified lignin samples are presented in Figure 

28 below. 
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Figure 28. Results from 31P-NMR analysis showing the concentration (in mmol OH groups per gram lignin 
sample) in the PAA-Ox2 lignin. 

The oxidized lignin is the same as described in the previous section i.e. PAA-Ox2. However, after 

this esterification procedure the concentration of carboxylic groups has decreased after 

esterification. This indicates that the esterification of the oxidized lignin PAA-Ox2 had been 

successful.  

To confirm that the reduction in carboxylic groups is due to the lignin being esterified, the 

sample was also analyzed with FTIR. For convenience, this esterified lignin sample is called PAA-

Ox2B. The original lignin as well as PAA-Ox2 was analyzed with FTIR for comparison. The FTIR 

spectra for the lignin samples are shown in Figure 29 below. 
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Figure 29.FTIR spectra for original lignin, PAA-Ox2 and PAA-Ox2B. 

There is a large difference in the samples as indicated by the appearance of the different spectra. 

Bands originating from the aromatic ring vibrations, located at wavenumbers around 1510 cm-1 

[24], were normalized to each other for semi-quantitative comparison of the samples. The exact 

wavenumber varies depending on the overall sample composition. Stretching vibrations for OH-

groups are found around 2700-3400 cm-1 and for these samples, the majority of the OH-groups 

are likely represented by carboxylic OH groups, considering the results from the 31P-NMR 

analysis.  

As shown in the figure above, the absorbance is very high in this region for PAA-Ox2, i.e. the 

lignin before esterification, compared to the esterified sample, PAA-Ox2B. This could indicate 

that esterification had occurred.  

An esterification of the lignin can also be confirmed by evaluating the samples more carefully in 

the lower wavenumber region, from 650-1850 cm-1. FTIR spectra for the lignin samples in that 

region are shown in Figure 30 below. 
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Figure 30. FTIR spectra for original lignin, PAA-Ox2 and PAA-Ox2B. 

Bands assigned to esters are usually located at wavenumbers around 1710-1740 cm-1, 

representing carbonyl bonds, and 1200-1300 cm-1, representing the C-O bond [28]. For 

wavenumbers close to 1740 cm-1, the absorbance is higher for the esterified sample, PAA-Ox2B, 

than the oxidized sample PAA-Ox2. This further confirms that esterification occurred, however 

to a limited extent.  

At the wavenumbers representing the C-O bonds (1200-1300 cm-1) the bond is more distinctive 

in the esterified sample compared to the oxidized sample, again indicating that esterification had 

occurred.  

Both the 31P-NMR analysis and the FTIR analysis indicated that esterification had occurred, to a 

limited extent. It can therefore be assumed that the oxidized lignin is possible to esterify at the 

given process condition.  

The sample from trial 2, PAA-Ox2 was also analyzed with Pyrolysis-GC/MS to determine 

structural differences between the original lignin, oxidized lignin and esterified lignin. It was 

also of great interest to analyze the lignin obtained after PAA-delignification of wood to compare 

if it has a similar structure as the oxidized LignoBoost lignin. PAA-Ox2B would also be of interest 

to analyze with Py-GC/MS but this analysis was not performed on the sample due to time 

limitations. 

The chromatogram for the original lignin is shown in Figure 31 below.  
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Figure 31. Py-GC/MS chromatogram for the original lignin. 

According to this method, the original lignin contains several different lignin monomers. This 

method can only detect compounds up to a certain size, and it is therefore likely that the lignin 

contains larger fractions that remain unidentified. In the figure above, the most abundant 

compounds are numbered, and an assignment of these is shown in Appendix B. The composition 

represents a normal softwood, sulphate-lignin.  

The chromatogram for the oxidized lignin PAA-Ox2 is shown in Figure 32 below.  

 

Figure 32. Py-GC/MS chromatogram for PAA-Ox2.  

There is a clear difference between the original LignoBoost lignin and PAA-Ox2, where the latter 

contains smaller amounts of lignin structures. The composition has also changed significantly 

and the larger lignin units, such as lignin dimers, are not detected anymore. The amount of 

smaller lignin units has also been reduced during the oxidation. Thus, the lignin is highly 

modified in the PAA-oxidation.  

The vanillic acid is clearly identified in this sample, peak 12, and therefore, it should be possible 

to esterify this sample with an alcohol. 

To determine if the PAA-delignification lignin is suitable for esterification, it was also analyzed 

using Py-GC/MS. The chromatogram is shown in Figure 33 below. 

 

Figure 33. Py-GC/MS chromatogram for the original lignin. 
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This chromatogram is very similar to PAA-Ox2, with vanillic acid as the most abundant 

compound, according to this method. The lignin sample does however contain larger amounts of 

compound 19, than the PAA-Ox2 sample. Compound 19 origins from β-ethers in the lignin, 

which is typical for non-degraded native lignins.  

As vanillic acid was identified in the PAA-delignification lignin as well, it is assumed that it can 

be esterified similarly as the oxidized LignoBoost lignins. However, this remains to be verified. 

The difference in mass spectra between the oxidized and the PAA-delignification lignin is most 

likely an effect of that the oxidized lignin is originating from the kraft process whereas the PAA-

delignification lignin is not and the lignin degradation mechanism differs for the two processes 

resulting in slightly different compositions even after PAA-oxidation of the kraft lignin. 
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4.3 Summary 
The PAA-oxidation of the LignoBoost lignin was assumed to be successful since a highly water 

soluble lignin was obtained and the Py-GC/MS analysis of the oxidized lignin (PAA-Ox2) 

indicated that vanillic acid was obtained as one of the main products, which coincides with the 

theory.  

For the repeated esterification trial of the PAA-Ox2 lignin, where the molecular sieve was 

excluded, the 31P-NMR analysis showed a decrease in the amount of carboxylic groups which 

indicated that esterification had occurred. This was further confirmed by the FTIR analysis 

which also indicated an increase in esters in the sample. Therefore, it was assumed that the 

esterification was successful and that esterification of an oxidized lignin is possible. When 

obtaining vanillic acid as one of the main products, the lignin should be able to esterify with a 

simple alcohol. No structural analysis of the successful esterification trial, PAA-Ox2B was 

performed, which might could have identified the formed vanillic acid ethyl ester. 

The Py-GC/MS analysis of the lignin obtained after the PAA-delignification of wood showed that 

the lignin was very similar to PAA-Ox2 in its composition, with vanillic acid as one of the more 

abundant compounds. It is therefore assumed that a PAA-oxidized LignoBoost lignin to some 

extent corresponds to the PAA-delignification lignin and can therefore be used as a model for the 

PAA-delignification lignin.  

As mentioned, the original lignin is a softwood kraft permeate lignin where the entire 

distribution of lignin molecular weights is not represented due to the molecular weight cut off. 

Also, the kraft lignin is chemically modified in the kraft process, where the phenolic β-O-4 

linkages are broken. Thus, it very likely that this contributes to the structural differences 

between PAA-Ox2 and the PAA-delignification lignin.  

Vanillic acid should be a suitable compound for esterification with ethanol, however, this is not 

true for the other compounds identified in the PAA-delignification lignin. Therefore, 

esterification may not be a suitable way to valorize the PAA-delignification lignin. 

Due to the difficulties with determining reaction kinetics analysis for the model compounds, 

especially regarding muconic acid, it is not possible to make any conclusions regarding the 

process setup. Therefore, the experimental work in this project did unfortunately not lead to any 

useful results regarding the upscaling of an esterification process for oxidized lignin. The 

continuous sampling and GC/MS analysis of the vanillic acid esterification did however show 

good results, as the formation of the ethyl ester was clearly shown. This analysis confirmed that 

the vanillic acid was, to some extent, esterified at the given process conditions. 
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5 CONCLUSIONS 
The conclusions in this project are summarized in the list below, with the aim of answering the 

research questions given in section 2.6. 

1. The experimental work in this project could not provide any information regarding the 

reaction kinetics or total conversion for esterification with water and acetic acid present 

in the system. This was due to issues with the analysis, where muconic acid was difficult 

to analyze with the methods used in this project. However, GC/MS was shown to be a 

suitable method for analyzing the reaction procedure of vanillic acid esterification. 

 

2. This project confirmed that it is possible to esterify a PAA-oxidized lignin with ethanol. 

 

3. The PAA-delignification lignin is similar in structure to a PAA-oxidized LignoBoost lignin, 

where vanillic acid is obtained in significant amounts in both lignins. However, the PAA- 

delignification lignin also contains other compounds that may not be suitable for 

esterification. The structural differences in the lignins are likely due to initial structural 

differences, since a kraft lignin was used as starting material. 
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6 RECOMMENDATIONS 
As the PAA-delignification lignin contains other compounds than carboxylic acid, esterification is 

not applicable on the entire sample. However, the dehydrative esterification process proposed 

by Yagyu and coworkers, or a similar process, might be used to isolate the hydrophilic carboxylic 

acids in PAA-delignification lignin slurry. It is therefore of interest for further work to evaluate if 

dehydrative esterification is suitable for a system containing the compounds present in the PAA-

delignification lignin sample. To simplify these evaluations, model compounds such as muconic 

acid and vanillic acid could be used, since similar compounds are expected as products after 

PAA-delignification.  

One of the main issues during this project was the lack of a suitable analytical method for the 

model compounds. GC/MS was found to be effective in detecting both vanillic acid and its ethyl 

ester in the ethyl acetate phase after esterification, therefore it is proposed as a suitable method 

for analysis of vanillic acid esterification. However, the remaining aqueous phase was not 

analyzed in this project due to the lack of suitable analysis method and limited time to find one. 

If the concentration of the carboxylic acid and its ethyl ester in both the aqueous and ethyl 

acetate phase can be determined, it is possible to follow the kinetics. For further evaluation of 

the vanillic acid esterification, the acid should be silyliated for better peak separation and thus a 

more accurate determination of the reaction procedure.  

As muconic acid type structures are one of the expected products after PAA-delignification, 

further work should be emphasized on finding a suitable method to analyze these compounds. 

Instead of basing the conversion on the consumption of muconic acid, the evaluation might 

instead be focused on the formation of its ethyl esters. This should be a more accurate definition 

since the muconic acid seems to form other compounds in the systems that were analyzed in this 

project. Also, the acid catalyzed hydrolysis of muconic acid should be more carefully studied. 

Further work should also be emphasized on characterizing all the compounds and their 

abundance in the PAA-delignification lignin. It is of great importance for further work to have 

knowledge of what compounds that are present in the sample that is processed. Their solubility 

in water and organic solvents should also be evaluated. If the compounds in the lignin sample 

are more soluble in the organic solvent than in water, these compounds might also be isolated 

through dehydrative esterification. Reactive distillation with an alcohol of high boiling point is 

also of interest for further evaluation of lignin esterification, as it may increase the conversion 

since the process relies on removal of water. 

Further work should be emphasized on the “proof-of-concept” approach of the esterification of 

PAA-oxidized LignoBoost lignin, as the reactor setup is assumed to have a great impact on the 

result of the esterification. A reactor setup with sufficient agitation is crucial for providing 

favorable reaction conditions. The molecular sieve should not be used further trials as it is 

assumed to neutralize the catalyst and removing the molecular sieve also reduces the problems 

with agitation.  
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APPENDIX A 

Data from HPLC analysis 

 

Figure 34. HPLC-UV DAD chromatogram for S1M1. 

 

 

Figure 35. HPLC-UV DAD chromatogram for S2M1. 
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Figure 36. HPLC-UV DAD chromatogram for S3M1. 

  



 

 45 

 

APPENDIX B 

Pyrolysis GC/MS Peak Assignment  

 

Figure 37. Peak assignment for Py-GC/MS samples. 
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